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"As well ask whether the metric system 
avoirdupois system is false; whether Cartesian 
and polar coordinates are false. One geometry 
than another, it can only be more convenient. 
it is advantageous." 

is true and the 
coordinates are true 
can not be more true 
Geometry is not true, 

-Robert M. Pirsig, ~ and the Art of Motorcycle Maintenance 
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ABSTRACT 

Recent observations have highlighted the shortcomings of 

traditional thinking about faults and fault patterns. The slip model 

of faulting, developed by Ze'ev Reches, suggests that four sets of 

faults, arranged in orthorhombic symmetry about the principal strain 

axes, can accommodate general, three-dimensional strain. Classic 

conjugate faults are simply a special case of plane strain. 

Careful analysis of orthorhombic fault patterns and the tenets 

of the slip model has led to the development of a practical method 

for decoding the strain significance of fault systems developed in 

three-dimensional strain fields. The methods are implicit in a model 

here called the odd-axis model. This new model calls special attention 

to the odd axis: the one principal strain with sign opposite the other 

two, assuming a constant volume deformation. Odd-axis medel equations 

relate fault set geometry to principal strain magnitudes or ratios, 

the internal friction angle, ~, and the ratio of average fault slip to 

average spacing between faults of the same set, R. For systems where 

R < 0.1, the three principal strain ratios are given by tan2~, -sin2~, 

and -COS2~, where ~ is the strike of the fault set(s) measured in the 

plane perpendicular to the odd axis. The model also predicts slip 

vector orientations as functions of principal strain ratios and 

orientations. 

xii 
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The kinematic implications of the odd-axis model are compatible 

with those of the slip model. In this first quantitative field test, 

both fault models are applied to the Chimney Rock array, a system of 

orthorhombic faults in the northern San Rafael Swell of central Utah. 

The odd-axis model uses fault plane and slip vector data from Chimney 

Rock to predict principal strain ratios (E IE , E IE , and E IE ) of Y x Y z x z 

.20, -.16, and -.84. These compare extremely well with the observed 

values, based on fault separation measurements, of .17, -.15, and -.85. 

The value of E IE predicted by the slip model, -.16, matches exactly 
y z 

the value predicted by the odd-axis model and nearly matches the 

observed value, which is -.15. 

The success of the field test at Chimney Rock, and the 

conceptual agreement of both models, suggest that the new theory can 

accurately relate orthorhombic fault geometries and three-dimensional 

strain fields. Furthermore, the results underscore how important it 

is for geologists to recognize the sensitivity of fault geometry and 

kinematics to three-dimensional strain. 



CHAPTER 1 

INTRODUCTION 

The wide acceptance and application of conjugate fault theory 

by nost geologists has promoted Anderson's (1951) model as universal. 

Conjugate fault theory, however, is actually severely limited; it 

cannot explain the development of more than two coeval sets of faults 

and yet there is clear evidence in the field and in the laboratory 

of three or four coeval sets of faults in some systems. Recent 

laboratory, field, and theoretical observations have highlighted the 

short-comings of the conjugate fault model and provide the basis 

for a new fundamental fault model. 

Conjugate Faults 

In a classic work, Anderson (1951) defined conjugate faults 

as the two realized or potential orientations for coeval fau1.t sets, 

where a set represents any number of parallel faults (Figure 1). 

Conjugate faults intersect in the intermediate stress direction. 

The maximum and minimum prinCipal stress axes lie in a plane 

perpendicular to both fault sets and the intermediate axis. The 

maximum prinCipal stress bisects the ~cute angle between the conjugate 

sets and the minimum prinCipal stress bisects the obtuse angle. The 

angular orientation of each fault set is a function of ~ , the angle 

of internal friction. 

1 



Figure 1. Block Diagram of conjugate faults with principal strain axes 
and stereographic representation showing fault plane 
orientations and principal strains. 
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CO NJUGATE FAULTS: PLANE STRAIN 

Figure 1 



For conjugate fault systems where faults are equally 

developed in the two sets, the geometry described by Anderson (1951) 

can be directly related to principal strain axes. The conjugate fault 

sets intesect in the intermediate strain (£ ) direction. The 
y 

maximum principal strain (£x) and the minimum principal strain (£z) 

3 

axes parallel the minimum principal stress and maximum principal stress 

directions, respectively (Figure 1). 

The slip vectors for each fault set are then defined by the 

intersections of the two fault planes and the maximum-minimum stress 

or strain plane (Anderson, 1951; Hobbs, Means, and Williams, 1976). 

Because the slip vectors lie in the plane perpendicular to the 

intermediate direction, no intermediate strain can be accommodated. 

Conjugate faults must therefore be restricted to plane strain. 

Orth .1Ombic Faul ts 

The expression "orthorhombic fault system" refers to an array 

of four coeval sets of faults arranged in orthorhombic symmetry (i.e., 

the system contains three mutually perpendicular two-fold symmmetry 

axes and three mirror planes) (Figure 2). Fault systems with only 

three of the four potential sets have also been described as 

orthorhombic. 

Such fault patterns were first described by Oertel (1965) from 

patterns that emerged in soft clay deformed in three-dimensional (true 

triaxial) strain environments. Aydin (1977) described orthorhombic 

fault systems in the field, and attributed these to faulting within 

a three-dimensional strain field. With more than two coeval sets of 



Figure 2. Block diagram of orthorhombic faults with principal strain 
axes and stereographic representation showing fault planes 
(solid), common strike directions for pairs of faults 
(dashed) and principal strains. 
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ORTHORHOMBIC FAULTS: :3 - 0 STRAIN 

Figure 2 



faults, these examples could not be explained using conjugate fault 

theory or in the context of plane strain. 

The Slip Model 

5 

The need to understand orthorhombic fault geometries prompted 

Reches (1978, 1983) to reinvestigate fault mechanics. From his analysis 

emerged the slip model. The slip model reveals that four sets of 

coeval faults are necessary to accommodate general three-dimensional 

strain, and that the four sets of faults are most efficiently arranged 

in orthorhombic symmetry about the principal strain axes. 

Unlike many fault models which describe the failure of coherent 

isotropic materials, the slip model assumes that the body to be 

deformed contains many preexisting, randomly oriented planes of 

discontinuity. Reches (1983) proposed that, within a given strain 

field, the surfaces along which slip will first take place are those 

that are most favorably oriented with respect to the principal strain 

axes. Failure on each individual surface follows Coulomb frictional 

behavior. 

Reches (1983) applied tensor analysis to identify the preferred 

fault orientations and slip vectors. His analysis proceeded by 

simultaneously minimizing the differential stress and the energy 

dissipation necessary to initiate Slip. The model assumes a constant 

volume deformation. 

The precise orientation of fault planes that would slip first 

for a given strain field is in part a function of k, the ratio of 



intermediate to minimum extension, or 

E 

k = ---L 
E 

Z 

6 

(1) 

Extension, Ei' is defined as the change in length of a material 

line divided by the initial length, or 

E. 
~ 

fll. 
~ 

1. 
~ 

(2) 

where Ii is the initial length and flli is the change in length, both 

in the i-direction. Values for E. can range from -1 (infinite 
~ 

shortening) to ~ (infinite extension). Where no change in length in 

the i-direction has occurred, E. = O. For plane strain, E = O. 
~ Y 

Where E I 0, the strain field is three-dimensional. 
y 

Since -1 < E. < ~ and E > E > E, k may range from 0 to 
- ~- x- y- z 

1 (plane strain to prolate strain) or from 0 to -% (plane strain to 

oblate strain) (Figure 3). Orthorhombic fault geometry is also a 

function of cp. 

Reches (1983) derived the predicted fault sets as functions 

of k and cp, and presented these in the form of stereonet plots and 

equations for direction cosines of poles to faults and slip vectors. 

Appendix A lists these equations in slightly modified form. 

The slip model has seen little application to actual fault 

systems. Aydin and Reches (1982) and Reches and Dieterich (1983) 

presented the results of three-dimensional deformation experiments 

using cubic rock samples in a computer servo-controlled apparatus. 

In most cases, the resultant fault geometry matched that predicted 



\ 

Figure 3. The meaning of k. Each block diagram shows the undeformed 
cube and deformed parallelepiped corresponding to the value of 
k listed, along with the principal strain axis and designation 
of odd axis. Each principal strain axis shows the sign of 
extension. 
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by the slip model for the applied strain field. To date, no 

quantitative field application or test of the slip model has been 

conducted. Such a test requires a comparison of fault geometry in 

an orthorhombic system and predicted strain ratios to independently 

determined values. 

The Odd-axis Model 

8 

The concept of orthorhombic faults and three-dimensional strain 

fields, along with the geometric implications of Reches' (1983) slip 

model, provides the basis for a new fault model. The odd-axis model 

recognizes the unique aspects of one of the principal strains in a 

three-dimensional strain field, and relates fault geometry to principal 

strain orientations, magnitudes, and ratios. The two orthorhombic 

fault models are complimentary, and yield the same kinematic 

relationships, at least for some fault systems. 

The odd-axis model, however, yields a more complete kinematic 

analysis for a given fault system. In place of k, the new fault model 

derives equations for all three principal strain ratios as well as 

the magnitudes of the principal strains. These principal strains can 

be rigorously located by using an odd-axis construction. Finally, 

the equations for the odd-axis model are valid for both finite and 

infinitesimal strains; the limits of application for the slip model 

are not clear. 

Both the odd-axis model and the slip model can be readily 

applied to an array of orthorhombic faults in the northern San Rafael 



Swell of central Utah. The excellent exposure of the fault system 

facilitates complete geometric analysis and independent measurements 

of principal strains. Various predicted and observed parameters can 

be compared in what represents the first quantitative field test 

for either model. 

The odd-axis model, along with the slip model, provides 

opportunities for understanding orthorhombic fault systems in the 

context of three-dimensional strain. These models also yield 

fundamental implications for the conceptual analysis of faulting, 

especially for the conjugate fault model and other methods based on 

conjugate theory. 

9 



CHAPTER 2 

THE ODD-AXIS MODEL 

The odd-axis model represents an attempt to expla~~ multiple 

coeval fault sets in the context of three-dimensional, or true triaxial, 

strain fields. Based in part on the slip model of Reches (1978, 1983), 

which applies dynamic failure theory and stress-strain relationships 

to derive orthorhombic fault geometry, the odd-axis model uses the 

fundamental fault geometry as a starting point to derive basic kinematic 

relationships. The two models are both complimentary and compatible, 

and provide mutual support. 

The concept of the odd axis enhances understanding of the 

relationship of orthorhombic fault geometry to principal strain ratios 

as presented by Reches (1983). For example, the slip vector predicted 

for a given fault orientation can be directly related to the odd axis. 

These relationships provide the basis for a simple stereonet 

construction that locates the principal strains using fault plane and 

slip vector geometries. 

By extending the odd axis concept to systems of orthorhombic 

faults, the model can derive the strain significance of fault patterns 

expressed as equations that relate fault and slip vector geometry to 

both values and ratios of principal extensions. For some fault systems, 

the equations for strain ratios reduce to elementary functions of fault 

strike, as measured in a specific plane. The equations derived through 

10 
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the odd-axis approach are completely consistent with, and perhaps 

simpler to apply than, kinematic relationships presented in Reches' 

(1983) slip model. 

There is yet another use for the odd-axis model. It can be 

used to predict orientations for both the fault planes and slip vectors 

expected for a given strain field. By considering fields characterized 

by one vertical principal strain, the model predicts fault plane 

orientation and slip vector rake. Slip vector patterns predicted by 

the model yield important implications for reactivated faults. 

Together with the slip model, the odd-axis model can be a powerful 

tool in three-dimensional fault analysis. 

The Odd Axis 

The odd-axis model begins with the recognition that every 

three-dimensional strain field, assuming constant volume deformation, 

contains an odd axis: the one principal strain wit~ sign opposite the 

other two. The odd axis can be either the E axis or the E axis. 
x z 

It is either the one positive principal extension axis in a strain 

field containg two negative principal extension (shortening) axes or 

it is the one negative principal extension (shortening) axis in a strain 

field with two positive principal extension axes. The intermediate 

axis, E , and the similar axis share the same sign. The similar axis 
y 

must be E where the odd axis is E and vice versa. Since the model 
z x 

assumes constant volume deformation, and E > E > E , E > 0 and E < O. x- y- z x- z-
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Fault Set Rotation 

By applying the odd-axis concept to tbe slip model, two important 

geometric relationships emerge. The first relates the orientations 

of the predicted faults at the inception of failure to different 

values of the strain ratio, k. Figure 4A shows a pair of conjugate 

faults and a plane strain field with k = O. No odd axis can be defined. 

With the E oriented vertically, these are normal faults. The acute 
z 

angle between the faults is 28, where 

8 (Anderson, 1951). (3) 

Figure 4B shows a three-dimensional strain field containing 

a relatively small amount of positive extension in the E direction, 
y 

so that -% < k < O. The e: is now the odd axis, (E < 0, E > E > 0). 
z z x y 

The slip model predicts four sets of normal faults, arranged in two 

pairs. The faults of each pair intersect in the plane containing the 

intermediate and similar axes, here shown horizontal. The acute angle 

between the faults of each pair is 28'. For k < 0, 8' is the angle 

between the fault plane and the odd axis (e: ). 8' is also the z 

complement of the angle between the fault pole and E : 
z 

90° - cos-1[lL.o + Sin<P)%], 
2 

where N is the cosine of the angle between the fault pole and the 
z 

E axis (Appendix A). 
z 

Equation (4) can be reduced so that 

8' = 90° - 'P 
2 8. 

(4) 

(5) 



Figure 4. Predicted fault sets, k < O. Each block diagram shows the 
orientations of the 2 or-4 normal sets predicted for the 
value of k. The orientations rotate about the vertical E 

axis, which is the odd axis in B, C, and D. z 
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-.5< k< 0 

Figure 4 



Thus the angular relationship between the faults of each orthorhombic 

pair is the same as for conjugate pairs. a' and e are controlled by 

the friction angle and are independent of k. 

The angular relationship between the strikes of each pair, 

however, is a. function of the ratio of intermediate principal strain 

to minimum principal strain, k. For strain fields with greater 

relative intermediate extension (E ), as shown in the remainder of 
y 

Figure 4, the orientations of the two pairs of faults predicted for 

initial failure rotate about the E or odd axis. Where E = E , the 
z y x 

fault pairs strike orthogonally. Finally, where extension in the 

E direction is greater than that in the E direction (so that E 
y x x 

becomes E , and E becomes E ,) the fault orientations continue to 
y y x 

rotate about the odd axis until k = E ,IE, approaches zero and the y x 

14 

two pairs of predicted faults merge into one conjugate pair in a plane 

strain field (Figure 4E). The specific relationships between the strikes 

of each fault pair and the strain ratios for the fault system are 

discussed in the kinematics section. 

Similarly, predicted thrust fault orientations apparently 

rotate about the E axis as k ranges from zero (plane strain) to one 
x 

(three-dimensional strain) and back to zero (Figure 5). In this 

sequence the E axis, which is also the odd axis, is vertical. As 
x 

shortening in the E direction increases, four sets of thrust faults 
y 

emerge from two, rotate about the odd axis, and merge again under 

plane strain. This is not to imply that actual fault planes rotate 

during progressive deformation. Rather, the range of predicted fault 



Figure 5. Predicted fault sets, k > O. Each block diagram shows the 
orientations of the 2 or-4 reverse fault sets predicted for 
the value of k shown. The orientations rotate about the 
vertical € axis, which is the odd axis in B, C, and D. 

x 



® 

€x 
J----r---€-ye,7) 
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orientations can be described as a rotation of pairs of faults about 

the odd axis, and a given principal extension ratio, k, will produce 

one possible geometry out of that range. 

Slip Vectors 

The second geometric implication of the odd axis concerns the 

orientation of the slip vectors for the predicted faults. In plane 

strain, the slip vectors are defined by the intersections of the 

conjugate fault planes and the E -E plane (Hobbs, Means, and Williams, 
x z 

1976). For orthorhombic faults, none of the slip vectors lie in any 

of the principal planes. Instead, the slip vector for each of the 

faults can be defined by the intersection of the fault plane and a 

second plane containing the pole to the fault and the odd axis. 

Essentially, the slip vector, fault pole, and odd axis are coplanar. 

If the faults are rotated such that the odd axis is vertical, the slip 

vector for each fault set must be dip-slip in orientation (Figure 6). 

This geometric relationship of slip vector and fault pole to 

odd axis is inherent in the slip model. Since by definition the slip 
.... ... 

vector, S, lies in the plane of the fault, the pole to the fault, N, - ....... must be perpendicular to S. For a single plane to contain both Nand 

S and also the odd axis, 
~ 

the sum of the angle between S and the odd 
~ 

axis and the angle between N and the odd axis must equal 90°. The 

slip model direction cosine equations (Reches,1983) provide the basis 

for the proof of this relationship, which is given in Appendix B. 



Figure 6. 8tereonet illustrating the coplanar arrangement of fault 
pole (N), slip vector (8), and odd axis. Also shown are 
the fault plane defined by the pole (solid), the common 
strikes for the pairs of orthorhombic faults (dashed), 
and the similar and intermediate axes. 
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Odd-axis Construction 

A simple stereonet construction (Figure 7) can be used to 

solve for the odd axis, assuming that the fault and slip vector 

orientations are known. A plane containing a fault pole and the slip 

vector for the same fault is represented as a great cirlce. Several 

more great circles, each defined by another fault pole-slip vector 

pair, are added. The intersection of these great circles is the odd 

axis. (This construction for the odd axis is analogous to a Beta 

Diagram solution for the axis of a cylindrical fold (Ramsay, 1967).) 

For a large number of data pairs, statistical analysis can be used 

to determine the average great circle intersection. Alternatively, 

the mean orientation of fault poles and associated slip vectors for 

each fault set can define one great circle. 

Tite other two principal strains must lie in a plane 

perpendicular to the odd axis (Figure 7). The similar axis, which, 

will be either the E or the E axis, will bisect the clusters of 
z x 

great circles. The intermediate axis (Ey) can then be located 90° 

form both the odd and similar axes. 

Upon defining the orientation of the odd axis, one can 

distinguish whether it is the E or E axis on the basis of some 
x z 

additional structural geologic information. Fault systems with extension 

in the odd axis direction imply that EX is the odd axis. Conversely, 

shortening in the odd axis direction suggests that Ez is the 

odd axis. 

18 



Figure 7. Example of an odd-axis construction. Each great circle is 
defined by a fault pole and striation on that fault. The 
common intersection of the great circles is the odd axis, 
which must be E or E. The other two principal strains 
must be locatedZon th~ plane perpendicular to the odd axis 
(dashed). The similar axis, E or E , bisects the clusters 
of great cirlces defined by th~ faul~ poles and striations. 
The intermediate axis is located 90° from the similar axis. 
2a is the acute angle between the great circle clusters, 
measured in the similar-interlliediat~ plane. 
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Kinematic Implications of the Odd-axis Model 

The odd-axis concept becomes a powerful tool when applied to 

orthorhombic fault kinematics. The geometric relationships between 

fault planes, slip vectors, and the odd axis allow for determination 

of principal strains and strain ratios from fault geometries or for 

prediction of fault geometries for specific strain fields. Both 

finite and intl~itesimal strains can be modelled. Strain ratio 

calculations for some types of fault systems are especially simple. 

The derivation of these kinematic relationships is based on 

the symmetry of orthorhombic fault systems and on the geometric 

interdependence of the (1) fault plane, (2) slip vector, and (3) odd 

axis. Essentially, specifying the orientation of two of these elements 

defines that of the third. Because the four fault sets are symmetrical 

about the principal strain axes, anyone fault set can represent the 

other three. 

Derivation of the Principal Extensions 

The derivation begins by calculating the extensions in each 

of the principal directions as functions of the spacing between the 

parallel faults of one set, the average magnitude of fault slip, and 

the orientation of the plane representing the fault set relative to 

the principal strain axes. This orientation is expressed as ~, the 

angle between the intermediate axis and the strike of the fault (set) 

as measured in the intermediate-similar plane, and 0, the dip of the 

20 
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fault measured from the intermediate-similar plane (Figure 8). In the 

odd-axis construction (Figure 7), the angle between the clusters of 

great circles, measured in the intermediate-similar plane, is 2a. 

Equation (2) for extension, Ei , can be rewritten as 

61. 61. 
1. 1. 

E. 
1. l~ - 61. (6) l. 

1. 1. 1. 

where 1. is the initial length, l~ is the final length, and 61. is the 
1. 1. 1. 

change in length, all in the i-direction, so that 

l~ 
1. 

(7) 

For an orthorhombic fault array, the change in length in any 

one of the principal directions is given by 

n.S. 
1. 1. (8) 

where n. is the number of faults encountered in the i-direction and 
1. 

S. is the component of average slip in the i-direction. 
1. 

For one fault, the components of slip parallel to the principal 

strain direction (Figure 8) are simple functions of the fault strike 

and the average slip, S (positive for normal slip), and are given by 

and 

S. = Ssinacos6 , 
1.nt 

S . 
Sl.m 

Scosacos6 , 

Sodd = Ssin6 • 

(9) 

(10) 

(11 ) 



Figure 8. Three-dimensional strain field with vertical odd axis and 
section of an orthorhombic fault. a is the angle between 
the fault strike and the intermediate axis and 6 is the 
dip of the fault. The slip vector, S, is resolved into 
a horizontal component, Sh' and components parallel to 
the principal strain axes. 
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The number of faults (of one set) encountered in the i-direction 

is given by 

(12) 

where d. is the average distance between the parallel faults in the 
1 

i-direction. This distance is a function of the average fault spacing, 

d, measured perpendicular to the fault planes, and a and o. Interfault 

distances in the three principal directions are given by 

and 

yields 

and 

d 
dint = -s"':'i-n'::as~i-n~o- (13) 

d . S1m 
d 

cosasino 
(14) 

d 
coso (15 ) 

substituting equations (13), (14), and (15) into equation (12) 

n . S1m 

1: tSinasino 
1!1 

d 

1'. cosasino 
S1m 

d 

(16) 

(17) 

(18) 
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The change in length in the principal directions is derived 

by substituting equations (9) and (16), (10) and (17), and (11) and 

(18) into equation (8): 

and 

where 

I' S I! R int 1nt A lint = --~d~~sin2asin6cos6= --~2~~sin2asin26 , 

Cd . S1m 

1'. S S1m 
--~d~-rcos2asin6cos6 

I~ddS 
d sin6cos6 

S 
R =d 

1'. R S1m 
--~2~-rcos2asin26 , 

R represents the ratio of fault slip to fault spacing. 

(19) 

(20) 

(21) 

(22) 

The equations for extension in the principal directions due 

to one fault set are obtained by substituting equations (19), (20), 

and (21) into equation (6): 

E . Slm 

and 

I! 1nt 

I' R 
int . 2 . 26 2 S1n aSln 

1'. R slm 
--~2~-rcos2asin26 

I' . Slm 

l' R 
sim 

--~2~-rcos2asin26 

l~ddR 
2 sin26 

I~dd -
I~ddR 

2 sin26 

1 R. 2 • 2 - --Z-Sln aS1n 6 
(23) 

+os2asin26 
(24) 

(25) 
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The negative sign inserted in equation (25) signifies the 

opposite sense of strain in the odd axis direction. These equations 

express the principal extensions as functions of the fault strike and 

dip (as measured with the odd axis vertical) and the ratio of fault 

slip to fault spacing. The final length, Ii, has been factored out. 

The principal extensions produced by four sets of faults would require 

multiplying equations (23)-(25) by a factor of four. 

Ratios of a:incipal Extension 

Equations (23)-(25) can now be used to determine the ratios 

of principal extension: 

Eint 
(1 - +os2~sin26) 

tan2~ 

- ~in2~Sin26) E 
sim (1 

(26) 

E
int 

sin2~ 
(1 - ~in26) 

-
Eodd (1 - +in2~sin26) 

(27) 

and 

E 
sim (1 - ~in26) 

- COS2~ 
Eodd (1 - +os2~sin26) 

(28) 

These last equations express the ratios of principal extensions 

as functions of fault strike and dip (as measured with the odd axis 

vertical) and the ratio of fault slip to fault spacing. Because these 

equations describe ratios of strain, the number of fault sets involved 

is immaterial. Furthermore, the equations are applicable to fault 

systems with unequal development of faults among the four possible sets. 
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Because equations (26)-(28) were derived without restrictions 

on the magnitude of fault slip, they are valid for both finite and 

infinitesimal strains. The critical parameter is not the magnitude 

of strain but the ratio of average fault slip to average fault spacing. 

Simplified Equations for Strain Ratios 

For fault systems where the ratio of fault slip to fault spacing, 

R, is small, the extension ratio equations can be greatly simplified. 

As R approaches zero, the fractional portion in each of equations (26)-

(28) approaches one, so that 

and 

E 
int 

E . 
Sl.m 

E 
int 

Eodd 

(29) 

(30) 

(31) 

The accuracy of the simplified equations (29)-(31) relative 

to the complete equation (26)-(28) can be estimated by calculating 

the ratio of the complete equation to the simplified equation, where 

1.0 represents total accuracy. Figure 9 shows a series of curves that 

represent equal values of the ratio of equation (26) to equation (29) 

for various values of a and R. ~ is assumed to be 30°, and the curves 

are identical for 6 values of 30° or 60°. 

As seen in Figure 9, the accuracy of equation (29) increases 

as ~ increases or as R decreases. Equivalent plots (Figures 10 and 



Figure 9. Accuracy of simplified equation (29) for the ratio of 
intermediate to similar axis extension. The plot shows 
curves of equal value estimating the accuracy of equation 
(29) relative to equation (26) as functions of Rand a. 
1.0 represents complete accuracy. ~ = 30° and 6 = 30° or 
60°. For R < 0.1, equation (29) yields values accurate 
ito 96% or better for all values of a. 
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Figure 10. Accuracy of simplified equation (30) for the ratio of 
intermediate to odd axis extension. The plot shows curves 
of equal value estimating the accuracy of equation (30) 
relative to equation (27) as functions of Rand a. 1.0 
represents complete accuracy. ~ = 30° and 6 = 30° or 
60°. For R < 0.1, equation (30) yields values accurate 
to 96% or better for all values of a. 
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Figure 11. Accuracy of simplified equation (31) for the ratio of 
similar to odd axis extension. The plot shows curves 
of equal value estimating the accuracy of equation (31) 
relative to equation (28) as functions of Rand a. 
1.0 represents complete accuracy. ~ = 30° and 6 = 30° 
or 60°. For R < 0.1, equation (31) yields values accurate 
to 96% or bette; for all values of a. 
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11) for equations (27) and (30) and equations (28) and (31) show 

similar results. In general, for R values less than 0.1, equations 

(29)-(31) will yield errors of 4% or less for all values of a. 

Although the fault dip, 6, appears in equations (26)-(28), 

it factors out of the simplified extension ratio equation (29)-(31). 

These equations use only the fault strike, a, which can be measured 

from the odd-axis construction (Figure 7) or from field exposures or 

maps of fault systems with observed dip-slip vectors. Equations (29)-

(31) should be restricted to fault systems with R values less than 0.1. 

Odd-axis Model Kinematics and the Slip Model 

Equations (29)-(31) can also be compared with those of Reches' 

slip model. 

becomes 

For k > 0, the similar axis is £ and equation (29) 
z 

£int 
£ . 

S1.m 
(32) 

As shown stereographically in Figure 12, N', the horizontal projection 

of the fault pole, N, lies at an angle SN' from the £ axis, and ,z z 

SN',z = a· Thus 

. 2S 
S1.n N' ,z 
COS 2S

N
, ,z 

Using direction cosine notation (cos SA . 
,1. 

Substituting 

tan 2a 

N' 
z 

1 - (N') 2 
z 

(N' )2 

N 
z 

z 

1, 
(1 - N2)2 

x 

1 - cos 2S 
N' ,z (33) 

A.), equation (33) becomes 
1. 

(34) 

(35) 



Figure 12. Stereonet plot illustrating the relationships of the 
fault pole, N, the horizontal projection of the fault 
pole, N', the slip vector, S, and the principal strains. 
The fault defined by the pole strikes at at angle a from 
the E axis. N' trends at an angle eN' from the E 
axis. Y eN' = a. ,z x ,z 



31 

Figure 12 



32 

into equation (33) yields 

(36) 

Finally, substituting the equations of the slip model for k > 0 for 

Nand N (Reches, 1983 and Appendix A) yields 
x z 

tan2a 

which reduces to 

tan2a 

Therefore, 

1 - ~(1 + sinp) - ~(1! k)(1 - sinp) 

~(1 ! k)(1 - sinp) 

1 
1 - 1 + k 

1 
1 + k 

E 

1 + k - 1 
1 

.-L = tan2a 
E 

k, 
z 

k • 

(37) 

( 38) 

(39) 

which is the relationship defined by the slip model (Reches, 1983). 

e: Ie: 
y z 

A similar derivation for k < 0 and E as the odd axis yields 
z 

k from equation (30), demonstrating that the kinematic 

implications of the odd-axis model and the slip model are compatible, 

at least for small values of R. 

In general, both the odd-axis model and the slip model are 

most appropriate for fault systems where mechanical anisotropies and 

other structural complications are minimal, and where fault set 

geometry accurately reflects the finite strain field. As the 

magnitude of fault slip and the value of R grow larger, these conditions 

become more unlikely and fault plane or slip vector orientations can 

no longer be predicted accurately. ) 



Slip Vector Bitterns 

Because of the dependent relationship between the orientations 

of the slip vector, odd axis, and strain ratio, the model can be used 

to predict slip vector orientations. Slip vector orientations can 

be expressed in terms of the rake of the slip vector within any of 

the orthorhombic fault planes. The model is sensitive to small changes 

in principal strain magnitude or to changes in the orientations of 

the principal strains. Such changes can dramatically alter the 

predicted slip vector orientation. 

Slip vector geometries predicted by the odd-axis model can 

be applied to the concept of superimposed faults. Such faults, which 

may accommodate distinctly different strain fields, may also display 

distinctly multi-modal striation patterns. 

Determining Slip Vector Rake 

Figure 8 shows part of a fault representing one of four sets 

of orthorhombic faults. With a vertical odd axis, the fault dips at 

an angle 0, measured from the intermediate-similar plane. Where 

EX is the odd axis, 

6 = 90 0 
- !I! 

2 (40) 

and where £ is the odd axis, z 

90 0 + !I! 6 2 
(41) 

33 
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where ~ is the angle of internal friction, typically about 30° for 

rock materials. 

Where the odd axis is vertical, the model predicts 90°-raking 

slip vectors. This geometry is dictated by the coplanar arrangement 

of odd axis, fault pole, and slip vector as deduced from the slip model. 

Figure 13 shows a section of an orthorhombic fault with a vertical 

odd axis and down-dip slip vector. The fault strike makes an angle 

a with respect to the horizontal intermediate axis. The rake-of the 

slip vector, r odd ' is 90°. 

Horizontal odd axes produce slightly more complex relationships 

between slip vector rake and strain field. For horizontal odd axes, 

the rake of the slip vector is given by the angle between the slip 

vector and the intersection of the fault plane with the intermediate-

odd or similar-odd planes for vertical similar and intermediate axes, 

respectively (Figure 13). 

For a vertical similar axis, the rake is r . • Using the points 
S1m 

labelled in Figure 13, and assuming a unit length for the slip vector, 

BS, 

Also from Figure 13, 

and 

tanr. = AB 
S1m 

tana BD =--' 
AB 

coso = BD 

(42) 

(43) 

(44) 



Figure 13. Block diagram showing a section of an orthorhombic fault 
and three-dimensional strain field. With the odd axis 
vertical, the slip vector, S, rakes at an angle 1 dd = 90°. 
Also shown are the angles 1. and 1· t' which co~respond 
to the rake angles of the s~i~ vectofnwith vertical similar 
and intermediate axes, respectively. 
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substituting equations (43) and (44) into equation (42) yields 

Therefore, 

tan 'Y . 
s1m 

coso 
tana 

'Ysim 
= tan- 1 r. cos 0 ] l tana 

Equation (46) expresses the rake of the slip vector for a vertical 

similar axis as a function of the angles a and o. 

36 

(45) 

(46) 

For fault systems with small values of R (see equation (22», 

equation (29) is valid and can be written as 

tanOt ~ [ :i~t ]% 
S1m 

Substituting equation (47) into equation (46) yields 

'Y . ~ tan-1 [~~so %] 
S1m ~ 

E 
sim 

Equation (48) expresses the rake of the slip vector for a vertical 

similar axis as a function of the angle 0 and the intermediate to 

similar extension ratio. 

An analogous derivation for a vertical intermediate axis 

yields 

and 

tan'Y int 
tana 
coso 

tan- 1 r. tana J l coso 

(47) 

(48) 

(49) 

(50) 
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Equation (50) expresses the rake of the slip vector for a vertical 

intermediate axis as a function of the angles a and 6. 

Substituting equation (47) into equation (50) yields 

l' int ~ tan- 1 [~ %] (51) 
cos 

which expresses the rake of the slip vector for a vertical intermendiate 

axis as a function of the angle 6 and the ratio of intermediate to 

similar extension. 

Equations (46), (48), (49), and (51) can be expressed 

graphically. Figure 14 shows the rake angles of the slip vectors 

expected for vertical odd, similar, and intermediate axes, assuming 

~ = 30 0
• The expected rake angle is plotted as a function of the angle 

a or the ratio of intermediate to similar extension (assuming R < 0.1). 

For a vertical odd axis, Figure 14 predicts slip vector rake 

angles of 90° for all values of a or extension ratios. Only dip-slip 

displacement (i.e. pure normal or reverse-slip) is possible where the 

odd axis is vertical. 

For a vertical similar axis, Figure 14 displays two curves. 

The upper curve represents rake angles expected where E is the odd 
x 

axis and the lower curve represents rake angles expected where E is 
z 

the odd axis. Both curves predict 90 0 -raking slip vectors where 

a = 00
, steeply raking slip vectors for intermediate values of a, and 

moderately raking slip vectors for a values close to 45°. 

For a vertical intermediate axis, Figure 14 again displays 

two curves corresponding to E as the odd axis (upper curve) and to 
x 



Figure 14. Plot of predicted slip vector rake angles (r) as a function 
of a or E. IE. • The horizontal line represents the 
constant ~Bt r~R~ angles expected for systems with vertical 
odd axes. The two curves with negative slopes represent 
rake angles expected for vertical similar axes; the upper 
curve is for E as the odd axis and the lower curve is 
for E as the ~dd axis. The two curves with positive z 
slopes represent rake angles expected for vertical 
intermediate axes; the upper curve is for E as the odd 
axis and the lower curve is for E

Z 
as the o~d axis. 

The plot assumes ~ = 30°. 
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E as the odd axis (lower curve). Both curves predict horizontal slip z 

vectors where a = 0°, shallowly raking slip vectors for intermediate 

values of a, and moderately raking slip vectors for a values close 

Figure 14 graphically displays some important implications 

for natural fault systems with one vertical principal strain. Anderson 

(1951) and Hobbs, Means, and Williams (1976) suggest that one principal 

strain must be vertical near the earth's surface. Alternatively, 

strain fields in mechanically-layered bodies may be oriented such 

that principal strains are layer-parallel and layer-normal. Such bodies 

may be rotated so that the layer reference plane is horizontal. 

The model predicts faults with distinct slip vector patterns. 

For small values of a and Eo IE 0 , predicted slip vectors rake either l.nt Sl.m 

extremely steeply or nearly horizontally. Intermediate slip vector rake 

angles (20-50°) are possible only where both a and Eo tIE 0 are large l.n Sl.m 

(a > 35°; Eo tIE 0 > 0.5) and where the odd axis is horizontal. For l.n Sl.m 

intermediate values of a and £int/£sim' the model predicts three distinct 

slip vector rake angles for each of the three permutations of vertical 

strain axis. Of course, the oblique sense of the slip vector for 

each orthorhombic fault set in systems with horizontal odd axes must be 

sympathetic to th~ overall strain field. 

Figure 14 =an also be applied to fault systems where none 

of the principal strains is vertical by rotating the strain field so 

that one principal strain is vertical, locating the slip vector,- and 

rotating back to the original orientation. 
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The model suggests that a slight change in the relative 

magnitude of the intermediate strain can dramatically alter the expected 

slip vector rake. This is especially true for strain fields where 

small changes in strain magnitude cause the designations of odd, 

intermediate, and similar axes to change. For example, a strain field 

where E . tiE . = 0.1 should yield gOo-raking slip vectors for a vertical J.n sJ.m 

odd axis but 55 0 to 65°-raking slip vectors for a vertical similar 

axis. Such a change in axis designation could be accomplished by 

changing a small positive intermediate extension to a small negative 

intermediate extension. 

Superimposed Orthorhombic Faults 

Although a given strain field yields unique fault plane and 

slip vector orientations (with orthorhombically symmetrical 

variations), a given fault plane orientaion can be generated by 

three different strain fields with appropriate values of a and 6 or <P • 

Figure 15 shows a single fault plane along with the three strain fields 

permissable for that orientation. 

Figure15 also shows the slip vectors predicted for each 

of the possible strain fields. Although the fault orientation is 

identical, each strain field yields a distinctly different slip vector 

orientation. Thus both the fault plane and slip vector orientations 

must be known to constrain the choice of strain field. 

The model suggests two important implications for superimposed 

strain fields and resultant fault and slip vector geometries. The 



Figure 15. Stereonet plot of an orthorhombic fault plane and three 
possible slip vectors. Each slip vector corresponds 
to the strain field and parameters listed below, all 
of which produce the same fault plane. Predicted rake 
angles range from 100 S to 57°N. 
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first concerns the patterns of striations produced on anyone fault 

plane. Assuming that the subsequent strain field yields a fault 

orientation similar to the initial strain field, the model predicts 

either identical slip vector orientations (where the two strain fields 

are identical) or distinctly different slip vector orientations 

(where the two strain fields are different). Superposition of two 

different strain fields may then produce bi-modal striation patterns 

on each fault. 

For example, strain fields 2 and 3 shown in figure 15 yield 

the same fault plane orientations as predicted by the odd-axis model. 

Both strain fields require that E be the odd axis. Strain field 2, z 
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with a vertical odd axis, produces dip-slip striations. Strain field 3, 

with a vertical intermediate axis, produces nearly horizontal striations 

on the same fault plane. 

The second implication concerns the effect of preexisting fault 

planes on superimposed strain fields. Existing planes of weakness may 

strongly influence the strain produced by applied stress fields. Taking 

this concept a step further, the fault sets produced by the initial 

episode of three-dimensional strain may actually control subsequent 

strain fields. According to the model, each fault orientation, along 

with its orthorhombically symmetrical variations, allows only three 

different strain fields, each with a distinct slip vector. Any other 

strain fields would require new faults in different orientations. In 
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this deterministic context, small changes in the strain field cannot 

be accomplished by slight variations in slip vector orientation. Rather, 

an established orthorhombic fault system permits only quantum changes 

in superimposed strain fields with constrained and distinctly different 

slip vectors. 

Figure 16 shows three stereonets each of which represents the 

strain field as labelled. a = 20° and ~ = 30° for all three plots. 

Each stereonet also shows one of the four fault orientations and the 

slip vector expected for that fault. 

Although there are slight differences in strike and dip of the 

three fault planes, their orientations are similar. Within the range 

of orientations found in nature, such similar fault orientations may 

not be detectable. Superposition of any of these three strain fields 

would very likely reactivate faults produced by the initial episode, 

although with very different striation orientations. 

Superposition of strain fields A and B, for example, which both 

contain the same relative strain magnitudes, requires a 90° rotation 

about an east-west axis to exchange the principal shortening axis and 

the intermediate shortening axis. Principal extension remains east-west. 

The hybrid faults produced should display both steeply-raking and nearly 

horizontal striations. 

Summary 

The odd-axis model recognizes that three-dimensional strain 

fields contain one principal strain with sign or sense opposite that 

of the other two. This odd axis represents an axis of rotation for 

predicted orthorhombic fault set orientations as principal strain ratios 



Figure 16. Three stereonet plots showing similar fault planes 
produced by different strain fields. Each plot shows 
the fault plane, pole to the fault, N, and the slip vector 
that correspond to the strain field plotted. a = 20° 
and ~ = 30° for all three plots. Superposition of two 
or more of these strain fields might produce hybrid 
faults with multimodal straition patterns. 
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change. Because the odd axis, the fault poles, and the slip vectors for 

each fault set must be coplanar, a simple construction can solve for 

the principal strain axes using fault pole and slip vector data. 

Using the same geometric relationships, the odd-axis model 

also relates fault set orientation to principal strains and strain 

ratios. For fault systems where slip on individual faults is small 

relative to fault spacing, the strain ratios are very simple functions 

of fault "strike", measured in the plane perpendicular to the odd axis. 

These kinematic relationships can be neatly reconciled with the 

slip model of Reches (1983). 

Finally, the odd-axis model presents equations for predicting 

the slip vector rake for strain fields with one vertical principal 

strain. The model predicts distinct slip vector patterns for different 

strain fields and suggests that preexisting orthorhombic faults may 

control superimposed strain fields and slip vector orientations. 



CHAPTER 3 

AN EXAMPLE OF AN ORTHORHOMBIC FAULT SYSTEM: 

THE CHIMNEY ROCK FAULT ARRAY 

Together, the odd-axis model and the slip model of Reches (1983) 

offer a comprehensive theoretical context for analyzing fault patterns 

and strain fields. The practical value of these models can best be 

appreciated when applied to a system of orthorhombic faults in the 

field. The Chimney Rock fault array of central Utah contains four 

sets of faults arranged in orthorhombic symmetry. With nearly complete 

and ideal exposure, the Chimney Rock area proves to be an outstanding 

place to study orthorhombic faults and to apply the models. 

General Characteristics 

The Chimney Rock fault array contains nine major normal faults, 

and at least twice as many minor faults, within a 25 km 2 area 

characterized by nearly ideal exposure. Located in a simple geologic 

setting, with easy access, the Chimney Rock area constitutes a natural 

laboratory for the study of faults and fault structures. 

Location 

The Chimney Rock fault array is located in the northern San 

Rafael Swell of central Utah (Figure 17), between latitudes 39°11'30"N 

and 39°16'N, and between longitudes 110 0 29'W and 110 0 32'30''W. The 

fault array occupies a relatively flat plain immediately east of Cedar 
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Figure 17. Study area location map. The Chimney Rock fault array is 
in the northern San Rafael Swell, and can be reached by 
the Green River Cut-off Road (dashed). 
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Mountain and covers all or part of sections 24, 25, 35, and 36 of 

T1BS R12E, and sections 18, 19, 30, and 31 of T1BS R13E of the 

Chimney Rock and Dry Mesa 7~' USGS topographic quadrangles. 
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The Chimney Rock area, like all of the San Rafael Swell, is 

almost completely undeveloped and uninhabitated. The uranium boom of 

the 1950's however, left behind not only innumerable tunnels and adits, 

but also rough roads and trails leading to most parts of the Swell. 

The Chimney Rock fault array can be reached by a gravel road (the 

Green River cut-off) which leads from u.S. Highway 6 and roughly follows 

the route of an abandoned railroad grade (Figure 18). This grade, 

constructed during the period 1880 to 1883 and still clearly visible 

in many places, was to be the route of the Rio Grande Western 

Railroad, but was abandoned before completion (McClenahan, 1986). 

Geologic Setting 

The northern portion of the San Rafael Swell, a major Laramide 

uplift (Kelley, 1955; Davis, 1978), can be approximated as a broad, 

north-plunging dome-like anticline (Figure 19). The Chimney Rock fault 

array occupies the gently flexed strata near the crest of the anticline. 

Bedding in the study area dips 4° to 8° eastward. 

Strata exposed in the study area include the upper 50 m of the 

Jurassic Navajo Sandstone, which is estimated to be 145 m thick 

locally (Kiersch, 1950; Hintze, 1973). "The Navajo Sandstone contains 

a series of magnificently cross-bedded clean quartz sandstone units, 

including a continuous 115 m thick upper sandstone sequence. This 



Figure 18. Photograph of abandoned Rio Grande Western railroad 
grade. Chimney Rock and Cedar Mountain can be seen on 
the left. The fault array occupies the flat plane on 
the right. 
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Figure 18 



Figure 19. Structure contour map of the San Rafael Swell, drawn on 
the top of the Chinle Formation. Structure contour values 
are given in feet above or below mean sea level. Heavy 
lines represent faults, including the Chimney Rock array 
(CRA). Also shown are Price (P) and Green River (GR). 
After Baker (1935). 
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massive sequence overlies a 10 m thick section of thin shale and 

1imey sandstone (Figure 20)(Kiersch, 1950). 
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The study area also contains the lower 50 m of the Jurassic 

Carmel Formation. The lower Carmel Formation consists of thin-bedded 

silt~tone, mudstone, sandstone, and limestone arranged in a stratigraphic 

sequence consistent over the entire study area (Figure 21). These beds 

prove to be quite useful as markers for determining fault location and 

separation. 

No complicating major structures are exposed in or near the 

study area. 

Ptevious Work 

The faults of the Chimney Rock array were first mapped by 

Gilluly (1928) as part of his regional mapping and analysis of the 

San Rafael Swell. Gilluly's mapping provided the basis for all subsequent 

map compilations, including the various editions of the Utah state geologic 

map. Cass (1955) and Orkid (1954,1955) included the Chimney Rock array 

in photogeologic maps published at the quadrangle scale. 

The Chimney Rock Faults 

The faults at Chimney Rock are exceptionally well-exposed 

and complete structures. Easily measured fault planes, with abundant 

striations, comprise four sets arranged in true orthorhombic symmetry. 

The complete exposure permits accurate measurements of fault 

separation. Principal strains for the system can be calculated frum the 

separation measurements and orientation data. 



Figure 20. Diagramatic column of the Navajo Sandstone. As measured 
in Buckhorn Wash, several kilometers southwest of the 
Chimney Rock array, the Navajo Sandstone is 145 m thick, 
including a 115 m thick upper massive sandstone sequence 
above a lime- and shale-rich member. 
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Figure 21. Photograph of the lower Carmel Formation. Cliff exposure 
on the right shows the entire sequence. Slope on the 
left exposes key marker beds. 
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Figure 21 
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Fault Characteristics 

aate I re9resents an attempt to convey the exceptional nature 

of the Chimney Rock array. From the Far fault in the north to the LaSal 

fault in the south, the area exposes a wealth of detailed fault structure. 

All of the major faults, for much of their length, are exposed 

as fault-line scarps, especially the North fault, Glass fault, and 

Blueberry fault (Figure 22-24). These scarps preserve the uppermost 

Navajo Sandstone and range in height from less than 1 m to more than 20 m. 

Where fault line scarps are not exposed, as along the western Short 

fault, offset stratigraphic markers provide a basis for accurately 

locating fault traces. Over most of the study area, horizontal error 

in fault location is less than 10 m. 

Fault exposures in the Navajo Sandstone commonly present 

well-preserved fault surfaces with abundant polish, grooves, and 

striations (Figure 25). Where best preserved along the Glass fault, 

the glassy fault polish resembles freshly frozen ice (Figure 26). 

Fault traces in the Carmel Formation rarely preserve actual fault 

surface. These appear as hematite-coated and striated surfaces 

in the sandstone beds or as calcite-filled zones in the limestone units. 

Unlike the rigidly planar unfolded Navajo Sandstone, the Carmel Formation 

commonly displays minor drag folding adjacent to the major faults, as 

well as small scale monoclines that extend beyond the surface exposure 

of faults (e.g. western Wrong mult). 



Figure 22. Photograph of a small fault-line scarp. The geologist 
is standing on the upper contact of the Navajo Sandstone, 
which is displaced 2 m upward to her right along the fault 
surface shown. 
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Figure 22 



Figure 23. Photograph of a fault-line scarp, looking east along the 
Hidden fault. Vertical separation ranges from 6 m in 
the foreground to 13 m in the background. 
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Figure 23 



Figure 24. Photograph of a fault-line scarp, near the point of maximum 
vertical separation along the North fault. Separation 
between the upper Navajo Sandstone contact in the footwall, 
at the top of the scarp, and the hanging wall, exposed 
in the wash below, is 22.5 m. Note figure, center, for 
scale. 
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Figure 24 



Figure 25. Photograph of striated fault surface exposed on the Glass 
fault. The geologist on the left sits on one of the lower 
Carmel Formation marker beds. Vertical separation at this 
location is 28 m. 
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Figure 25 



Figure 26. Photograph of fault surface details. This intensely 
grooved, striated, and polished fault surface is located 
at the exposure shown in Figure 25. The pencil points 
up dip. 
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Figure 26 
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The Chimney Rock faults are distinguished by a variety of 

fault-rock lithologies derived from the Navajo Sandstone. Most common 

is an angular breccia, with clasts ranging in size from .25 to 4.0 cm. 

The breccia constitutes a fault-parallel zone .25 to 1.0 m thick in 

most places, and grades structurally downward into highly fractured 

Navajo Sandstone with slightly disrupted bedding. The fractured zone 

grades into cohesive, unfractured sandstone. Locally, the breccia zone 

is capped by a thin layer of white gouge, composed of finely crushed 

quartz grains. In some locations, the fault zone rocks contain 

blueberry-sized (4-10 mm) concretions of azurite-cemented sandstone. 

Each of the major faults is actually a narrow fault zone fro~ 

one to several meters thick. These zones contain nlmerous fault surfaces 

of minor displacement. The fault surfaces are anastomosing in both cross 

section and plan view. Multiple major surfaces are also common, and 

can be seen to be parallel, branching, or locally antithetic (Figure 27). 

The fault zones contain abundant joints and deformation bands (Aydin 

and Johnson, 1983). Intersections of major faults produce the most 

intense fracture patterns of all, with rock that appears "shattered". 

Fault Geometry 

As seen in both map pattern (Figures 28 and 29) and in 

stereographic projection (Figure 30), the faults at Chiney Rock 

clearly comprise four sets: a pair striking west-northwest with one 

set dipping to the northeast and the other to the southwest, and a pair 

striking east-northeast with one set dipping northwest and the other 

to the southeast. Fault dips range from 55° to 85° and average 72°. 



Figure 27. Sketch of fault zone along the North Fault. The fault 
zone includes several minor surfaces nearly parallel to 
the main fault, as well as minor antithetic surfaces. 



® 

5m 

® 

NAVAJO SANDSTONE 

I~ 
I , " '\ 

\ ' \ 
\ " 
\ \ 
\ \ 
\ \ 

\ \ 
\ 
\ 
~ 
\' \' \ , 

Figure 27 

~MAIN FAULT 

.. ~ ... "0 ....... 

\ 
\ 
\ 

61 



Figure 29. Simplified map of the Chimney Rock array. The array 
contains only normal faults, distributed among four sets. 
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Figure 30. Stereonet plot of poles to faults and striations. The 
fault poles define four sets, each with an associated 
cluster of striations. Also shown are the Fisher mean 
and a

95 
confidence circle for each cluster. 
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Most striation orientations rake steeply, with a few moderate rakes. 

The Fisher mean for striations associated with each fault set lies 

nearly dip slip on the average fault plane for that set, as shown on 

Figure 30. 
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Northwest-dipping major faults are the most numerous and include 

the Far fault, the North fault, the Cottonwood fault, the Short fault, 

the Hidden fault, the Wrong fault, and the Blueberry fault. Of the 

two remaining major faults, the Glass fault dips to the southwest and 

the La Sal fault dips to the northeast. Numerous minor faults, 

including some that dip to the southeast, complete the four sets. 

Figure 30 shows the stereographic clustering of fault poles and 

striations. The Fisher mean and Q 95 confidence circle are provided 

for each cluster. The configuration of these can be described as 

orthorhombic, with symmetry axes close to north-south, east-west 

and vertical. 

Mutual cross-cutting relationships between the four sets require 

coeval development of all four fault sets. Among the major faults, 

the northwest-striking Glass fault truncates the northeast-striking 

North fault while the northeast-striking Blueberry fault truncates 

the northwest-striking La Sal fault. Fault displacement and slip 

vectors for these major intersections can be kinematically reconciled 

(see discussion below). Minor faults of each set truncate and are 

truncated by those of the other three sets. Thus the four sets require 

coeval development and the Chimney Rock array represents a true 

orthorhombic system. 



Fault Spacing 

The pattern of spacing between parallel, adjacent faults (i.e. 

faults of the same set) exhibit intriguing relationships. Figure 31 

shows a plot of horizontal distances between adjacent faults, based 

on measurements perpendicular to strike spaced every 100 m. The plot 

displays a systematic series of peaks of measured fault distances that 

are multiples of 120 m. Most common is a fault spacing of approximately 

120 m, a pattern clearly visible on the fault array map (Figures 28 

and 29). 

If the average fault dip is assumed to be 72° (Figure 30), 

a horizontal fault spacing of 120 m implies a perpendicular spacing 

between faults of 114 m. This distance is nearly identical to the 

115 m thickness of the upper, massive sandstone section of the Navajo 

Sandstone, which rests on a shale and lime-rich sequence. The 

mechanical contrasts of the Navajo sequence may have directly influenced 

the development and spacing of the faults at Chimney Rock. 

Fault Separation 

All of the macroscopic fault separations observed and measured 

at Chimney Rock are normal. Figure 32 shows the magnitude of vertical 

fault separation along both the major and minor faults. The arrows 

point toward the footwall and the lengths are proportional to separation 

magnitude. Based on careful direct measurements or field surveys, 

the mean error for vertical separation is less than 0.5 m. 
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Figure 31. Plot of relative frequency of horizontal distance between 
parallel, adjacent faults. The plot shows a series of 
peaks coincident with multiples of 120 m. 
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Figure 32. Map of vertical separation patterns along the faults at 
Chimney Rock. The arrows point toward the hanging wall 
with lengths proportional to separation magnitude. Most 
of the faults can be traced from termination to termination, 
or termination to intersection with another fault. 
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Fault separations range from 0 to up to 33 m on the Glass Fault. 

Major faults can be traced from termination to termination (Far fault) 

or from termination to intersection with another fault (Wrong fault). 

Horizontal gradients of vertical separation range from 5 m/km to 

30 m/km and average 16 m/km along the major faults. 

Fault zones that contain mUltiple major surfaces exhibit 

consistent net separation along strike, even though separation magnitude 

on individual surfaces varies, Figu~~ 33 shows a horizontal view of 

one such zone on the North fault, constructed from detailed survey 

measurements. While the magnitude of separation on the secondary 

surfaces varies, the total separation for the zone remains constant. 

Figure 34 shows a photograph of the North fault at this location. 

Separation patterns are also very consistent at major fault 

intersections. Figure 35 shows a detailed survey of the Blueberry-

La Sal fault intersection. The Blueberry fault strikes east-northeast. 

On the east side of the intersection, this fault displays a vertical 

separation of 15 m. Although the Blueberry fault branches as it is 

followed to the southwest the total separation remains constant at 

15 m. Ultimately, the south branch of the Blueberry fault truncates 

the north-northwest striking La Sal fault. The La Sal fault displays 

10 m of separation just southwest of the intersection. The next 

measurement to the southwest on the Blueberry fault reveals 25 m of 

separation, indicating that the offset of the truncated fault has 

been absorbed. 

Figure 35 also shows a vector diagram representing the 

horizontal components of fault slip. Each component is based on the 



Figure 33. Diagramatic view of multiple fault zone on the North fault. 
This horizontal view, constructed from detailed field 
surveys, shows how vertical separation for the entire 
zone remains constant while separation on the secondary 
surfaces varies. 
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Figure 34. Photograph of the North f'ault at the location described 
in Rigure 33. The major fault surface is visible as a 
fault-line scarp crossing the photograph. One of the 
secondary surfaces can be seen among the trees in the 
left background, uphill from the down-ward curving major 
fault-line scarp. 
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Figure 35. Close-up diagram of the Blueberry Fault/La Sal fault 
intersection. The Blueberry fault truncates the La Sal 
fault and absorbs the vertical separation on the La Sal 
fault. The insert at right shows a vector circuit 
representing the horizontal components of displacement 
at the intersection. The neat closure of the circuit 
suggests that the blocks behaved rigidly and moved 
contemporaneously. 
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local separation, fault strike and dip, and striation measurements. 

The neat closure of the vector circuit suggests that the three fault

defined blocks behaved rigidly at the intersection point and moved 

contemporaneously. This behavior is reflected in the field by the 

change in striation rake on the Blueberry fault from approximately 

dip-slip on the southwest side of the of intersection to steeply 

southwest-raking on the northeast side. The La Sal fault displays 

dip-slip striations. 

Intriguing patterns exist at fault terminations. For example, 

as the Blueberry fault is traced to the northeast, separation can be 

seen to decrease systematically. From a maximum of 15 m immediately 

east of the intersection discussed above, the separation decreases 

to O. At the fault termination, many steep north-northwest striking 

faults, each with a centimeter or two of separation, branch from the 

major surface of the Blueberry fault (Figure 36). In detail, these 

additional surfaces define the same orthorhombic symmetry as do the 

large faults, and help to distribute the shear strain at the very 

end of the major fault (Figure 37). 

Kinematic Analysis 

Before applying the fault models to the geometries at Chimney 

Rock, principal strains must be determined so that observed and predicted 

kinematic parameters may be compared. Because of the symmetry of fault 

sets about the north-south, east-west, and vertical directions, these 

must be the principal strain axes. Furthermore, for an array of normal 

faults with dip-slip displacements, the horizontal principal strains 



Figure 36. Photograph of orthorhombic splays near the east termination 
of the Blueberry fault. These splays, which strike north
northwest, distribute vertical separation on the main 
surface, which strikes north-northeast and crosses the 
photograph. The main surface here displays about 0.5 m 
of separation. 
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Figure 37. Sketch map of eastern Blueberry fault. Separation decreases 
from 2 m on the west to 0 on the east, where the fault 
becomes a fracture zone without measurable offset. The 
map also shows the orthorhombic splays discussed in 
figure 36. 
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must be extensional. Finally, for constant volume deformation, a 

reasonable assumption for the brittle deformation at Chimney Rock, 

the vertical principal strain must be a shortening direction. Thus 

E is north-south, E east-west, and E vertical. x y z 

Calculating Observed Principal Strains 

The horizontal principal strains at Chimney Rock were estimated 

by determining the strain along each of 45 horizontal transects, 19 

parallel to north-south and 26 parallel to east-west. The transects 

were evenly spaced at 200 m and covered the entire ~tudy area. 

The strain value for each transect was based on the summation 

of the components of fault slip parallel to the transect, and each 

component calculation included fault strike, fault dip, and vertical 

separation at the point where the transect intersected a fault. Slip 

vectors were assumed to be uniformly dip-slip; the error produced by 

neglecting slight variations in slip vector rake angle is negligible. 

Once horizontal strains were determined, vertical strains were 

calculated assuming constant volume deformation. 

Observed Values of Principal Strains 

Table 1 lists the observed average and maximum values for 

horizontal strains, expressed as extension values. The E and E 
x y 

values represent the results of the 45- horizontal transects. E values 
z 

were calculated from the other two. 

E values average .0041, and reach a maximum of .0066 in the 
x 

center of the fault array. E values decrease systematically to both 
x 
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TABLE 1 

Observed values of principal extension calculated for the Chimney 

Rock fault array. 

Average Maximum 

e: (north-west) .0041 ± .0018 .0066 x 

e: (east-west) .0007 ± .0004 .0012 y 

e: 
z 

(vertical) -.0048 ± .0022 -.0078 
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the east and the west, suggesting a concentration of north-south 

extensional strain in the study area. 

Ey values average .0007, and range from .0001 to .0012. Unlike 

the E values, E values exhibit no regular pattern and vary randomly 
x y 

from north to south across the study area. 

Based on the average and maximum values of E and E , the x y 

average and maximum values of E
Z 

are -.0048 and -.0078, respectively. 

North-south transects in the center of the array exhibit zero 

net east-west strain (perpendicular to the transects), suggesting that 

horizontal strain is equally distributed between west-northwest and 

east-northeast striking fault sets. The net zero horizontal shear 

strain on these north-south transects confirms that this direction 

is one of the principal strain directions. 

Interpretation of the Observed Principal Strains 

All of the extension magnitudes in Table 1 are less than .01 

(1%) and are therefore in the range of infintesimal strain. The faults 

at Chimney Rock have accommodated relatively little strain, and thus 

the faults should accurately reflect the strain field at the time 

of deformation. 

The non-zero value of E expresses the three-dimensional nature 
y 

of the strain field at Chimney Rock. Both the intermediate and 

maximum principal strains are positive extension directions. The 

minimum principal strain is a negative extension (shortening) direction. 



Applying the Odd-axis Model 

With the geometric data from the Chimney Rock fault array, and 

the calculated values of the principal strains, the odd-axis model 

and the slip model can be applied and tested. Each model uses the 

fault geometry to predict one or more geometric or kinematic parameters, 

which can then be compared to calculated values for the Chimney Rock 

fault system. 

Odd-axis Construction for Chimney Rock 

Figure 38 shows an odd-axis construction for Chimney Rock, 

using the Fisher means for each fault set and associated striation 

cluster to define the four great circles. These great circles 

intersect in a number of points grouped about a line plunging 84° to 

the west. This average intersection, which is an estimate of the odd 

axis orientation, trends westward, and is inclined 6° from vertical, 

perpendicular to bedding. 

The plane perpendicular to the odd axis, which must contain 

the other two principal axes, is therefore bedding parallel and is 

shown on Figure 38 by the dashed curve. The similar axis must bisect 

the acute angle between the great circles defined by the fault poles 

and striations, and trends 359°. The intermediate axis, which bisects 

the obtuse angle and which lies 90° from the similar axis, trends 089°. 

At Chimney Rock, the similar and intermediate axes trend but one 

degree counterclockwise from north-south and east-west, respectively. 
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Figure 38. Odd-axis construction for Chimney Rock. The mean fault 
poles for each set, and associated striation means, define 
four great circles. The great circles intersect in a 
number of points, the average of which defines the odd 
axis. At Chimney Rock, the odd axis plunges steeply to 
the west. The similar axis, which bisects the acute 
angle between the great circles, and the intermediate 
axis are located the plane perpendicular to the odd axis 
(dashed), and trend 179° and 089°, respectively. a, one
half of the acute angle between the great circles, measured 
in the intermediate-similar plane (dashed), is 24°. 
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Because the Chimney Rock array contains faults that are 

exclusively normal, the near-vertical odd axis must be £z' the principal 

shortening axis. The other two axes, which share the same sign or 

sense of strain, must be of opposite sign than the odd axis, and are 

therefore both extensional. The similar axis, and the intermediate 

axis, £ , predicted by the odd-axis model match the sense of strain y 

expected for normal faults. These designations and orientations of 

the principal strains match those assumed for the calculations of the 

observed principal strains once the slight eastward tilt of bedding 

is corrected. 

The angle a is one-half the acute angle between the great 

circles measured in the intermediate-similar (dashed) plane (Figure 38). 

The odd-axis construction for Chimney Rock reveals an a value of 24°. 

The average fault dip, 6, is 72°. 

Estimating R 

Before applying the odd-axis model equaitons, R, the ratio 

of fault slip to fault spacing must be estimated. For many fault 

systems, including Chimney Rock, determining R can be difficult. 

Two different approaches can be used. 

The first method involves transects made perpendicular to fault 

strike in area of several parallel faults. Such a transect across 

the northwest-dipping faults in the south-central part of the study 

area, from the western Short Fault to the eastern Blueberry Fault, 

yields an average fault spacing of, d, of 300 m, an average fault slip, S, 

of 8.5 m, and an R value of .03. 
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The second method uses only the major faults. At Chimney Rock, 

spacing between parallel major faults ranges from 100 m to 1 km or 

more, and averages 350 m. Based on the separation patterns of Figure 

31, the average slip on major faults is estimated to be 7.5 m. These 

values yield an R of .02. 

Although these values of R are only rough estimates, they are 

certainly less than 0.1 and the simplified equations of the odd-axis 

model can be applied. For purposes of further calculations, an average 

R value of .025 will be used. 

Iredicted Principal Strain Values and Ratios 

Table 2 lists the predicted values and ratios for principal 

strains at Chimney Rock, using the odd-axis model equations and the 

values for a, 6, and R listed. Table 2 also includes the observed 

values and ratios of principal strains based on the values in Table 1. 

The magnitudes of the predicted principal strains are 

significantly larger than the observed values, by a factor of 4 

compared to the maximum observed prinCipal strains. 

Agreement of predicted and observed principal strain ratios 

is much better. Equations (29), (30), and (31) yield predicted ratios of 

-.16, and E . IE dd = -.84, respectively. 
Sl.m 0 

These predicted values agree quite well with both the average 

observed ratios, E IE = .17, E IE = -.15, and E IE = -.85, and 
y x y z x z 

the maximum observed ratios, c Ie = .18, E IE 
y X Y z 

E It:. = -.85. 
x z 

-.15, and 



TABLE 2 

Predicted and observed geometric and kinematic parameters for 

the Chimney Rock fault array. a = 24° 0 = 72° R = .025 

Predicted 

£ sim .024 

£int .0049 

£odd -.029 

e:
int tan 2 .20 

e: 
sim 

e:int -.16 
e:
odd 

e: sim -.84 
e: odd 

kpredicted 

tana .45 

-.16 

Observed (average) 

e: 
x 

£ 
Y 

£ 
z 

e: 
--L = 

e: 
x 

e: 
--L = 

e: 
z 

e: x --= e: 
z 

.0041 

.0007 

-.0048 

.17 

-.15 

-.85 

k 
observed 

Fault Encounter Ratio: 

n 
-L = .41 

n 
x 

Observed 

.0066 

.0012 

-.0078 

.18 

-.15 

-.85 

-.15 

82 

(maximum) 



83 

Fault Encounter Ratio 

Although the geometry of the fault sets at Chimney Rock is 

orthorhombic, the dominance of northwest-dipping faults makes the 

system non-ideal. Another parameter can be used to check the 

application of the odd-axis model. 

The expected ratio of fault encounters in the principal 

horizontal directions is given by the ratio of equations (16) and (17): 

nint 
n . 

Sl.m 

= sina 
COSa 

= tana (52) 

Table 2 includes the expected (.45) and the observed (.41) ratios of 

fault encounters in the intermediate and similar directions. The close 

agreement reflects the true orthorhombic nature of the Chimney Rock 

fault system and supports the application of tha odd-axis model. 

Applying the Slip Model 

To apply the slip model of Reches (1983), fault poles and 

associated striations must first be corrected for tilt and declination 

so that the principal strain directions lie north-south, east-west, 

and vertical on the stereonet. All of the poles are then reflected 

into a common quadrant (northeast) using rules of orthorhombic symmetry 

(Reches, 1983) (Figure 39). The striation measured on the fault plane 

represented by each pole reflects accordingly. The reflected fault 

poles in Figure 39 define a cluster with a Fisher mean trending 024° 

and plunging 18°. 

Figure 40 shows this mean reflected fault pole plotted on the 

slip model net for normal faults, k < 0 (Reches, 1983). The slip model 



Figure 39. Stereonet plot of contoured fault poles and striations. 
Before contouring, the data points of figure 30 were 
rotated to bring the principal axes parallel to north-south, 
east-west and vertical. Next, all fault poles were 
reflected into the northeast quadrant using rules of 
orthorhombic symmetry. The striation associated with 
each fault pole reflects accordingly. On the fault plane 
defined by the mean reflected pole, the maximum of 
striations lies exactly down-dip as the odd axis predicts. 
A second striation maximum also lies on the same fault 
plane (see text for discussion). 
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Figure 40. Mean reflected fault pole from figure 39 plotted on the 
slip model net for normal faults, k < 0 (Reches, 1983). 
The net suggests a value for a of -.16 and for ~ of 54°. 
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predicts k = -.16 ± .05, using the a
95 

confidence circle of the mean 

reflected pole to set the error limits. This k value is identical 

to the value of Eint/Eodd predicted by the odd-axis model, and nearly 

a match for the observed value of E IE = -.15. y z 

Slip Vector Geometry 

Figure 39 also shows the pattern of "reflected" striations. 

For the fault plane defined by the mean pole (294 0
, 72 0 SW), the mean 

striation direction is very nearly dip-slip. The maximum of contoured 

striations lies exactly down dip, just as the odd-axis model predicts 

for a vertical odd axis. The observed dip-slip orientation of the 

mean slip vector supports assumptions made earlier during calculations 

of observed principal strains. 

A second, faint striation maximum rakes gently to the southeast 

on the same average fault plane (Figure 39). This maximum displays the 

orientation expected for striations on that plane if the intermediate 

principal strain was a shortening direction and E was the (horizontal) 
x 

odd axis. 

Although not statistically significant, these low-raking 

striations suggest that the Chimney Rock fault system experienced a 

superimposed strain field with east-west shortening (E < 0) at some y 

stage of development, and that the change in sign of the intermediate 

principal strain produced a major change in slip vector orientation 

consistent with odd-axis model predictions for superimposed strain 

fields. 



Discussion 

With one exception, the odd-axis model predicts both geometric 

and kinematic parameters that agree very well with observed values 

for the Chimney Rock fault array. The ratios of principal strains, 

predicted from only the angle a, nearly match the ratios for both average 

and maximum observed principal strains. The model predicts these 

parameters quite accurately. 

The agreement between the predicted and observed values for 

the horizontal fault encounter ratio, a geometric parameter, also 

supports the application of the odd-axis model as well as the orthorhombic 

nature of the Chimney Rock system. 

The only discrepancy occurs between the predicted and observed 

values for principal strains. The predicted magnitudes are roughly 

four times greater than the maximum observed strains, and even greater 

than the a~erageobser~edpr1ncipal strains. The odd-axis model 

equations for strain magnitude include the parameter R, the ratio 

of fault slip to fault spacing. Although the rough estimate of R for 

Chimney Rock was accurate enough to justify using the simplified 

equations for principal strain ratios, the discrepancy in strain 

magnitude suggests that the estimate of R is perhaps too large 

by a factor of four. 

Both estimates for R were based on the dominant, north-west 

dipping fault set. This set contains several times more major faults 
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than the other three sets. As a result, the values of R calculated 

for this set may be several times too great to represent the entire 

fault system. A lower R value would have yielded smaller predicted 

and observed principal strain values. 
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The slip model fares exceedingly well in its first quantitative 

field application. The value of k, the ratio of intermediate to 

minimv~ strain, predicted by the model nearly matches the observed 

value, which falls well within the error limits. 

The slip model and the odd-axis model have been shown to be 

neatly complimentary. The value of k predicted by the slip model 

matches exactly the ratio of intermediate to odd axis strain, which 

reflects the agreement of equivalent geometric parameters determined 

from the odd-axis construction and the slip model stereonet. 



CHAPTER 4 

CONCLUSIONS 

The results from Chimney Rock justify several conclusions about 

the nature of the fault system and the application of the odd-axis 

model, as well as the slip model. The development and success of 

these fault models have broad implications for general fault theory, 

especially for conjugate fault-based interpretations. 

Conclusions for the Chimney Rock Array 

Conclusions offered for Chimney Rock include both geometric 

and kinematic concepts. Geometrically, the Chimney Rock array is 

clearly a true orthorhombic system, with four sets of symmetrically 

arranged, coeval fault sets. Although the unequal distribution of 

major faults among the four sets makes the syst@m less than ideal, 

the symmetry axes parallel the principal strain axes and are 

conveniently oriented north-south, east-west, and vertical. 

Slip vectors at Chimney Rock are dominantly normal slip, with 

a maximum density of striations oriented exactly dip-slip, corrected 

for bedding dip. A second, less significant striae concentration rakes 

obliquely on the same average fault plane. Both of these slip vector 

orientations are consistent with the predictions of the odd-axis model 

for both the observed strain field and a presumed superimposed 

strain field containing a component of east-west shortening and causing 

reactivation of the existing fault planes. 
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Kinematic analysis at Chimney Rock reveals a three-dimensional 

strain field, with two horizontal principal extension directions, 

including the intermediate principal strain. Assumptions of constant 

volume deformation require vertical shortening. 

Both the orthorhombic geometry and the three-dimensional strain 

field preclude any possible application of conjugate fault theory. 

Rather, the Chimney Rock array can be neatly interpreted by both the 

odd-axis model and the slip model in the context of orthorhombic faults. 

The odd-axis construction uses fault and striation data to 

locate principal strain axes parallel to observed axes, once corrected 

for bedding dip. The horizontal strains are bedding- or layer

parallel. Observed fault and slip vector geometry agree quite well 

with predictions. The odd-axis model equations (simplified form) 

predict principal strain ratios nearly identical to observed values. 

Predicted strain magnitudes, however, are too large by a factor of 

four. This discrepancy may reflect the unequal populations of the 

fault sets at Chimney Rock. 

In its first quantitative field test, the slip model of 

Reches (1983) fares very well. The slip model uses fault geometry 

at Chimney Rock to predict a value for k, the ratio of intermediate 

to minimum extension, that matches exactly with the value predicted 

by the odd-axis model and is nearly the same as the observed value. 

The demonstrated orthorhombic geometry and abundance of geometric 

data at Chimney Rock make the slip model and the odd-axis model 

easy to apply. 



Fundamental Implications 

The results of both the theoretical analysis and the field 

application offer a number of implications for fundamental concepts 

of faulting. 

Conjugate fault theory cannot explain more than two coeval 

sets of faults. Because slip vectors for conjugate faults lie in the 

maximum-minimum plane, conjugate faults cannot accommodate strain in 

the intermediate direction and must be restricted to plane strain. 

Three-dimensional strain produces four coeval sets of faults 

arranged in orthorhombic symmetry about the principal strain axes. 

For orthorhombic fault systems, none of the slip vectors lies in any 

of the principal planes. The slip model of Reches (1983) suggests 

that orthorhombic fault geometry is a function of principal strain 

ratio and internal friction angle. 

Every three-dimensional constant volume strain field contains 

an odd axis: the one principal strain with sign or sense of strain 

opposite that of the other two. The similar axis and the intermediate 

axis share the same sign. These axes can be readily located for a 

given fault system by using fault plane and striation orientation 

data for an odd-axis stereonet construction. 

The odd-axis model relates orthorhombic fault geometry to 

principal strain magnitudes and ratios. For some types of fault 

systems, strain ratios are elementary functions of fault strike as 

measured in the plane containing the intermediate and similar axes. 
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These relationships apply to both finite and infinitesimal strains. 

For some fault systems, the strain ratio equations simplify to 

elementary functions of the fault strike as measured in the 

intermediate-similar plane. 

Slip model geometry requires that the odd axis, the pole to 

any orthorhombic fault set, and the slip vector for that fault set 
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be coplanar. With the odd axis vertical, the slip vectors for any 

orthorhombic fault system must be dip-slip. The odd-axis model relates 

slip vector rake to strain ratio and internal friction angle for 

systems with horizontal odd axes. The model predicts nearly strike

slip or dip-slip striations for systems with relatively small 

intermediate strains. Oblique-slip striations are predicted only 

where the intermediate strain is relatively large and the odd axis 

is horizontal. 

The geometric and kinematic implications of the odd-axis model 

complement those of the slip model. Both relate orthorhombic fault 

geometry to ratios of principal strain. The odd-axis model yields 

more complete kinematic analysis, including both principal strain 

magnitudes and ratios. The utility of either model for analyzing 

fault systems depends on the kind and quality of data available. 

The odd-axis model depends on slip vector orientation data, while the 

slip model assumes that the symmetry axes of the system are known. 

Finally, geologists must approach fault analysis with care. 

Given the kinematic constraints of conjugate fault theory, it should 

be applied only where plane strain can be clearly demonstrated. 



Any analytical method that assumes that slip vectors always lie in 

a principal stress or strain plane should also be restricted to 

plane strain systems. 

Orthorhombic faults and three-dimensional strain represent 

the general case of fault deformation. Any fault system with three 
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or four sets of faults may be the product of three-dimensional strain. 

The odd-axis model, along with the slip model, will help to identify 

those systems that are truly orthorhombic, and will provide the means 

for effective kinematic analysis of those systems. 



APPENDIX A 

The fQllowing equations, Modified from Reches (1983), express 
~ 

the orientations of the poles to the preferred faults, N, and the 
~ 

slip vectors, S, as functions of the ratio of intermediate to minimum 

extension, k, and the internal friction angle,~. Each orientation 

is given as three direction cosines with respect to the principal 

strain axes, E > E > E. The four fault set orientations and associated 
x - y - z 

slip vectors are generated by using the sign perll!utations listed below. 

(../212)(1 + sin 
1: 

For k > 0: N ~)2 
.J( 

~~(l- 1: 
N 1: sin ~)2 y 2 12k 1 ~ N 1: __ '2(1 _ sin ~) z 2 1 + k 

(./2/2)(1 
1: 

S - sin ~)2 x 

1: ~~(1 + 
1: 

S 2 sin ~)2 y 12k 1 1: 
5 1: T"+"k'2(1 + sin ~)2 

z 2 

1: 1: 
For k < 0: N (../2/2)(1 + k) 2(1 + sin ~)2 x 

1: 1: 
N (liI2)(-k)2(1 + sin ~)2 

y 

(..{i12)(1 
1: 

N _ sin ~) 2 
Z 

1: 1: 
S (../2/2)(1 + k)2(1 - sin sin q» 2 

x 
1, 1: 

S (liI2)(-k) 2(1 - sin ~)2 y 
1: 

S (..[2/2)(1 + sin ~) 2 
Z 

Fault set I: N x' N , and N z' 5 x' S y' and S . 
Y z 

Fault set 2: N x' -N and N ; 5 x' -5 y' and 5 . y' z z 
Fault set 3: N x' -N and -N . S x' -5 y' and -S . y' z' z 
Fault set 4: N Ny, and -Nz; 5x' 5y ' and -Sz. x' 
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APPENDIX B 

-For a single plane to contain both the slip vector, S, and the 

-pole to the fault set, N, as well as the odd axis, the sum of the .. .:. 
angle between N and the odd axis and the angle between S and the odd 

axis must equal 90°. For k < 0, the odd axis is E (Figure 41). z 

The angles that must sum to 90° are SN and Ss • Proving that the ,z ,z 

cosine of the sum is zero is equivalent to proving that the sum is 90°. 

To start, 

!z(1 + 1) 1, 

or 

!z( 1 - sin ~) + ~(1 + sin ~) = 1. 

Substituting the direction cosines, listed in Appendix A yields 

or 

or 

which is the same as 

cos S cosS 
N,z S,z 

or 

cosS cosS - sinS si~S 0 N,z S,z N,z S,z 

or 

~ ~ 

Thus the sum of Sand S must be 90°, and Nand S are coplanar N,z S,z 

with the odd axis (E). A similar proof can be constructed for k > O. 
z 

95 



Figure 41. Stereonet plot of an orthorhombic fault plane in a three
dimensional strain field. aN is the angle between the 
fault pole, N, and the E aX1s~ as is the angle between 
the slip vector, S, and fhe E axis!z 

Z 
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Figure 41 
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