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Abstract—There are currently three major competing views on the essential geometrical, mechanical,

and mathematical nature of faults. The standard view is that faults are (possibly segmented and

heterogeneous) Euclidean zones in a continuum solid. The continuum-Euclidean view is supported by

seismic, gravity, and electromagnetic imaging studies; by successful modeling of observed seismic

radiation, geodetic data, and changes in seismicity patterns; by detailed field studies of earthquake rupture

zones and exhumed faults; and by recent high resolution hypocenter distributions along several faults. The

second view focuses on granular aspects of fault structures and deformation fields. The granular view is

supported by observations of rock particles in fault zone gouge; by studies of block rotations and the

mosaic structure of the lithosphere (which includes the overall geometry of plate tectonics); by

concentration of deformation signals along block boundaries; by correlation of seismicity patterns on

scales several times larger than those compatible with a continuum framework; and by strongly

heterogeneous wave propagation effects on the earth’s surface. The third view is that faults are fractal

objects with rough surfaces and branching geometry. The fractal view is supported by some statistical

analysis of regional hypocenter locations; by long-range correlation of various measurements in

geophysical boreholes; by the fact that observed power-law statistics of earthquakes are compatible with

an underlying scale-invariant geometrical structure; by geometrical analysis of fault traces at the earth’s

surface; and by measurements of joint and fault surfaces topography.

There are several overlaps between expected phenomenology in continuum-Euclidean, granular, and

fractal frameworks of crustal deformation. As examples, highly heterogeneous seismic wavefields can be

generated by granular media, by fractal structures, and by ground motion amplification around and

scattering from an ensemble of Euclidean fault zones. A hierarchical granular structure may have fractal

geometry. Power-law statistics of earthquakes can be generated by slip on one or more heterogeneous

planar faults, by a fractal collection of faults, and by deformation of granular material. Each of the three

frameworks can produce complex spatio-temporal patterns of earthquakes and faults. At present the

existing data cannot distinguish unequivocally between the three different views on the nature of fault

zones or determine their scale of relevance. However, in each observational category, the highest resolution

results associated with mature large-displacement faults are compatible with the standard continuum-

Euclidean framework. This can be explained by a positive feedback mechanism associated with strain

weakening rheology and localization, which attracts the long-term evolution of faults toward progressive

regularization and Euclidean geometry. A negative feedback mechanism associated with strain hardening

during initial deformation phases and around persisting geometrical irregularities and conjugate sets of

faults generates new fractures and granularity at different scales. We conclude that long-term deformation

in the crust, including many aspects of the observed spatio-temporal complexity of earthquakes and faults,

may be explained to first order within the continuum-Euclidean framework.
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1. Introduction

Earthquakes are processes associated with objects that are called fault zones.

Earthquake physics is thus dictated to a very large extent by fault zone properties. In

this paper we review conceptual frameworks and data on the character and properties

of earthquake fault zones, guided by the following three questions: 1) What are the

geometrical properties of a fault zone? 2) What is the best theoretical framework to

describe fault mechanics? 3) How do the answers depend on scale? Figure 1 illustrates

the complexity involved in addressing these questions. On the global plate-tectonics

scale, all ofwesternCaliforniamaybe considered as a fault zone between thePacific and

North American plates. It appears granular in the sense of having crustal blocks that

translate and rotate to accommodate the deformation. It contains several strands of

localized deformation that form the major sub-parallel faults in the San Andreas

system, bordered by a network of subsidiary faults with complex geometry. Focusing

down in scale to the main trace of the San Andreas fault reveals a core of crushed rock

containing multiple shear localizations, bordered by zones of intense fracturing and

damaged rock. Numerous bends and jogs along the main strands tend to be sites of

additional structural complexity. The California plate boundarymay thus be viewed as

a nested hierarchy of shear localizations within shear localizations, each surrounded by

a granular or a continuum matrix. A fundamental question is whether this complex

structure is self-similar geometrically and mechanically, or whether different frame-

works are required at different scales. A related key issue is whether all components of

the visible complex structure, or perhaps just a few or even one, play a dominant role in

accommodating the long-term tectonic deformation.

As suggested by the foregoing description, the three major competing views on

the essential geometrical, mechanical, and mathematical (GMM) nature of faults are

continuum-Euclidean, granular, and fractal. Each of these frameworks carries a very

different set of implications. In the first standard view, faults are collections of planar

or tabular Euclidean zones in a continuum solid. In the continuum-Euclidean

framework, the underlying ‘‘macroscopic’’ GMM structure is fundamentally smooth

and continuous (e.g., FUNG, 1977). This implies the possibility of stable or

convergent averaging of abrupt fluctuations over smaller space-time scales that are

referred to as ‘‘microscopic,’’ and clear separation between the microscopic and

macroscopic scales. The suitably averaged macroscopic description has gradual

variations of all fields. Slip on Euclidean faults in a continuum solid can be analyzed

in terms of fracture mechanics, friction, and other constitutive laws measured in

laboratory rock-mechanics experiments. The constitutive laws, like all other

functions, vary smoothly with the ongoing deformation. Stress transfer from a slip

region falls in the far field like 1/r3 with r being the distance from the source. This

provides an estimate for the size of expected correlation of stress and other dynamic

variables in a continuum solid. In a medium governed by a strain weakening

rheology, deformation processes and structures are expected to evolve toward the
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continuum-Euclidean framework. This is because strain weakening produces zones

of localized deformation and strength reduction, leading to further strain localization

and strength reduction. In an ideal homogeneous quasi-static case, this positive

feedback mechanism cascades into deformation that is concentrated on a planar fault

in a surrounding elastic continuum. In actual cases, heterogeneities of material

Figure 1

Schematic map views of fault structures at different scales, each with possible Euclidean, granular, and

fractal geometrical features. At the largest scale containing boundary regions of different plates, shear is

distributed over a network of faults. At a plate boundary scale, individual major faults in the network

consist of a quasi-linear array of subparallel strands. At internal fault-zone scale, each strand consists of a

distributed band of intense fracturing containing one or more tabular zones of strain localization and

intense fragmentation. The arrows between the different scales suggest the possibility that the key

structural elements repeat at different scales.
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properties and applied fields, dynamic branching, etc. produce complications that

prevent complete localization. Nevertheless, the long-term deformation in a brittle

solid governed by a strain weakening rheology will still be dominated by Euclidean

structures of size comparable to that of the overall medium dimensions (e.g., depth of

seismogenic zone), surrounded by a more-or-less continuum matrix that contains a

variety of lesser structures.

The second view focuses on granular aspects of fault structures and deformation

fields. In the granular framework, the fundamental GMM structure is discrete and

strongly heterogeneous. Abrupt fluctuations of fields are present and cannot be

averaged out. Load is supported mostly along a few ‘‘connectivity chains’’ rather

than the whole medium, producing strong macroscopic anisotropy of all fields (e.g.,

JAEGER et al., 1996). As a consequence, correlation lengths of dynamic variables

exhibit strong directivity effects. For example, stress transfer along the connectivity

chains can decay much slower than 1/r3, at the expense of much faster decay in other

directions. While deformation of granular media includes strong fluctuations, it is

still possible to use concepts from fracture mechanics and friction with appropriate

modifications. In contrast to a continuum description, however, constitutive laws of

granular material may vary abruptly at places. The granular framework is expected

to hold in a medium governed by a strain hardening rheology that creates a negative

feedback mechanism opposite to that associated with strain weakening. This leads to

ongoing creation of new fractures, overall distributed or diffused deformation, and

structures of relatively small size compared to the overall dimensions of the

deforming domain.

The third view is that faults are fractal objects with rough surfaces and branching

geometry. In the fractal framework, the fundamental GMM structure is irregular,

discrete, and heterogeneous on all scales (e.g., MANDELBROT, 1983). If we take the

fractal framework at face value, differential calculus and associated continuum-based

concepts like stress, strain, fracture, and friction are not valid. At present there are no

corresponding mathematical and mechanical quantities, or effective constitutive

laws, to describe deformation in a solid with a truly fractal geometry. The fractal

framework implies a dynamic balance between strain weakening and strain hardening

processes that is perfectly or critically tuned to produce neither positive nor negative

overall feedback during deformation. In such a case, the long-term deformation is

accommodated by a collection of structures that have no preferred size scale, i.e.,

structures following a power-law frequency-size distribution. Fractal geometry has

been reported to characterize brittle deformation structures in the crust over several

bands of length scales, from regional fault networks through main traces of

individual faults to the internal structure of fault zones. In this study we examine

critically these observations and the mechanical significance of the fractal structures

for long-term accommodation of slip on faults.

In the following sections we review observational evidence on the GMM

character of faults from a number of different categories of imaging methods and
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data sources. For each category we discuss several classes of observations,

distinguished by their imaging resolution and by whether they apply to regional or

fault specific studies. The existing data cannot distinguish unequivocally between the

three major views on the nature of faults. However, in each observational category

the highest resolution results associated with large-displacement mature faults are

compatible, in general, with the standard continuum-Euclidean framework. Here the

term mature designates an evolutionary stage for which the GMM properties of a

fault zone achieve asymptotically stable values. The term mature fault also implies a

through-going structure at the largest available scale of a fault network that

dominates the tectonic slip accommodation. The observational data, as well as

modeling results, indicate that rock deformation has a relatively short initial

transient phase involving strain hardening and the creation of granularity and band-

limited fractal structures at several hierarchies. With small increasing deformation

under the same applied loads, and high enough strain rate compared to the rate of

healing, this process is replaced by strain weakening and localization to tabular zones

that become the main carriers of subsequent deformation. At that stage, most of the

complex initial structure becomes mechanically passive and the dominant localized

fault zones evolve with continuing deformation toward Euclidean geometry and

progressive simplicity and regularization. Fault offsets, kinks, and bends, end regions

of earthquake ruptures and faults, and transition zones between different tectonic

regimes with several active sets of faults, continue to produce local complexity at

different scales. However, the overall structural evolution at different hierarchies is

toward progressive regularization. Global transient phases of renewed generation of

complexity at different scales occur when a mature fault zone rotates away from a

favored orientation compatible with the remote loading.

2. Surface Fault Traces and Structure of Exhumed Fault Zones

The category of studies discussed in this section is based on direct observations of

structural elements ranging from the geometry of surface traces and topography

of the wall rocks to the internal geometry of fault zones and particle size distribution

of the gouge.

2.1. Detailed Geological, Geophysical, and Geochemical Measurements

on Exhumed Fault Zones

The data from these works provide multi-disciplinary information on specific

fault segments over a range of length scales varying from sub-mm to several km.

These studies have broadband widths of both resolution and fault slip and they form

the core of the discussion in this section. CHESTER and LOGAN (1986, 1987), CHESTER

et al. (1993), EVANS and CHESTER (1995), CHESTER and CHESTER (1998) and SCHULZ
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and EVANS (2000) give extensive field and lab results on the structure of the San

Gabriel and Punchbowl faults in southern California. These faults are large

abandoned branches of the San Andreas fault system with total slips of several tens

of km, and the studied sites have exhumation depths of 3–5 km. Figure 2 shows a

mapping example at an intermediate resolution level from the Punchbowl fault zone.

At first sight, the figure exhibits all the elements associated with the three different

frameworks. The map contains a complex network of faults that divides the medium

into blocks of different sizes forming a hierarchy of granularity and shear

localizations. However, detailed mapping and a variety of related quantitative

analyses have established that most of the 40 km or so of slip on the Punchbowl fault

occurred in a contiguous narrow layer of ultracataclasite that is only 10–20 cm wide.

This extremely narrow Euclidean layer is parallel to the macroscopic slip vector and

is referred to as the ‘‘core’’ of the fault zone (CHESTER and CHESTER, 1998; SCHULZ

and EVANS, 2000). Moreover, much of the slip appears to have been accommodated

along a single surface within the narrow core layer that is nearly planar in all mapped

sections and is referred to as the ‘‘principal fracture surface.’’ The ultracataclasite

core layer is surrounded by a few m thick cataclasite layer, which in turn is

surrounded by a tabular zone of damaged rock, 100–200 m thick at the Punchbowl

Figure 2

Structure of the Punchbowl fault. The core of the fault consists of an ultracataclasite layer of shear

localization with a thickness of cm to tens of cm containing a single planar slip surface labeled ‘‘principal

fracture surface’’ that accommodated several tens of km of slip. The ultracataclasite layer and principal

fracture surface preserve their simple Euclidean character in all exposures in the field area of CHESTER and

CHESTER (1998) and SCHULZ and EVANS (2000). The core structure is surrounded by a tabular zone of

cataclastic material that is few m thick and a broader tabular zone of highly fractured rock with various

fault branches that is several hundred m wide. Modified from CHESTER and KIRSCHNER (2000).
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fault zone, with higher fracture density than the regional background level. The

granulation process and shear localizations in the 100–200 m thick damage zone do

not appear to have accommodated significant shear strain beyond that associated

with their initial formation.

Similar observations characterize the structure of the San Gabriel fault (e.g.,

CHESTER et al., 1993; EVANS and CHESTER, 1995), the structure of the Kern Canyon

fault at sites with total slip of about 15 km and exhumation depth over 5 km (NEAL

et al., 2000), and the structure of various faults in the Sierra Nevada at sites with slip

up to 150 m and exhumation depth in the range 4–15 km (EVANS et al., 2000). In all

those cases, the fault zone structures have a narrow Euclidean core layer (2–3 mm

thick in small faults with 10 cm of slip in the Sierra Nevada; 10–20 cm thick in the

Punchbowl fault with 40 km of slip) that accommodates most of the deformation,

surrounded by a tabular damage zone that is several orders of magnitude wider and

is largely passive in slip accommodation. The great similarity in the detailed

structures of these faults, having slips and lengths that range over several orders of

magnitude, indicates that localization to a dominant narrow core fault zone layer

occurs at a very early stage of the shear deformation.

The faults at the Sierra Nevada sites in the study of EVANS et al. (2000) underwent

an earlier development phase associated with reactivation in shear of a pre-existing

set of cooling joints (e.g., SEGALL and POLLARD, 1983; MARTEL, 1990; MARTEL et al.,

1988). In this earlier phase, reactivated joints formed small strike-slip faults that

linked to create a larger through-going shear structure. Further deformation within

the network of linked faults then localized to primary slip surfaces at one or both

edges of the newly formed fault zone. The earlier phase of fault zone formation by

linkage of pre-existing joints may be common to rock domains with a suitably

oriented set of joints (e.g., WILLEMSE et al., 1997). However, the progression from

initial activation of a complex network to localization onto a few planar structures is

essentially the same as that observed in the other cases described in this section.

AYDIN and JOHNSON (1978, 1983) documented another style of early development of

fault zones in porous sandstone, where deformation bands combine initially to form

zones of deformation bands which are then spanned by through-going slip surfaces

that become the main carriers of continuing slip. Here too, distributed shear in

relatively complex initial structures collapses with slight slip onto simple Euclidean

surfaces.

An early transition from an initial complex deformation with a regional network

of joints and faults to a narrow localized dominant tabular zone was also pointed out

by TCHALENKO (1970), based on several scales of observations, including the rupture

zone of the 1968 Dasht-e Bayaz earthquake in Iran and ‘‘Riedel’’ and ‘‘shear box’’

laboratory experiments with clays. TCHALENKO (1970) described the deformation

structures in all these and other cases cited in his paper as progressing along three

main stages associated with peak strength, post peak strength, and residual strength

of the material. The structures in the three stages are formed by creation and different
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arrangements of Riedel, conjugate Riedel, P, and Y shear zones. In the first stage,

around the peak shear resistance, there is a transition from relatively homogeneous

bulk shear to deformation dominated by localized Riedel zones, at angles of about

10�–15� to the direction of loading, and a conjugate set of Riedel shears. With

increasing displacement of about half the slip-weakening distance in the laboratory

experiments, the Riedel shears rotate to shallower angles and become connected by P

and Y shear zones, while the conjugate Riedel zones are left abandoned. At this

stage, estimated by TCHALENKO (1970) to occur in the rupture zone of the Dasht-e

Bayaz earthquake at about 250 cm of slip, the Riedel, P, and Y shear zones are

concentrated in a relatively narrow and contiguous tabular zone. With additional slip

for which the strength in the laboratory experiments achieves a stable residual value,

estimated by TCHALENKO to be about 300 cm for the Dasht-e Bayaz earthquake, the

structure reached a mature stage and slip becomes concentrated in one or sometime

two ‘‘principal displacement zones’’ that are parallel to the direction of loading

(Figure 3).

It is interesting to note that the work of TCHALENKO (1970) is often referred to as

showing structural complexity at different scales, although he emphasized the

similarity at different scales of early structural evolution toward simple narrow zones

that accommodate the continuing deformation. A similar evolution from a distributed

complex initial deformation toward a simple localized shear is seen clearly in the high

resolution acoustic emission experiments of LOCKNER et al. (1992) with different

rocks, and in additional types of data discussed below.

2.2. Analysis of Rupture Surface Topography

These observations involve specific rupture sites and they have a resolution of

sub-mm. In most cases the study sites in this class are joints or fault surfaces with

very little slip. Thus the rupture topography data typically describe properties of

faults at very initial stages. BROWN (1995) summarized field and lab observations of

rough fracture surfaces having self-affine distributions of topography. POWER and

TULLIS (1991) found that roughness of natural fault surfaces in the direction parallel

to that of the slip deviates significantly from self-similarity for length scales larger than

about 1 mm, and has a considerably smaller amplitude than the roughness in the

direction normal to the slip. The latter is approximately self-similar in the data of

POWER and TULLIS (1991) from about 10)2 mm to about 10 m. A likely explanation

for the differences between the amplitude and character of the roughness in the

different directions is that cumulative slip tends to smooth the fault surface and make

it increasingly more Euclidean-like.

2.3. Evolution of Fault Trace Complexity with Cumulative Slip

These works have a resolution on the order of a km and they fall between those

analyzing regional fault networks and those examining specific fault structures.

684 Yehuda Ben-Zion and Charles G. Sammis Pure appl. geophys.,



WESNOUSKY (1988, 1994) and STIRLING et al. (1996) measured the density of fault

steps larger than 1 km per unit distance along strike for some 30 strike-slip fault

zones, and assembled frequency-size statistics of earthquakes on these faults. They

found that the step density of the examined fault traces decreases as a function of

cumulative slip (Fig. 4a), showing an evolution with continuing deformation from a

disordered network of linked fault segments to simpler dominant localized fault

zones. These results provide examples of structural regularization at larger scales of

fault length and slip than the examples of sections 2.1 and 2.2. WESNOUSKY (1988)

documented an increase in the average segment length of a fault with increasing total

slip, consistent with the idea that increasing slip progressively destroys the small-scale

structure and produces a more linear fault. AN and SAMMIS (1996) simulated fault

Figure 3

Mature residual structures illustrating localization of deformation at different scales into narrow shear

zones that accommodate most of the displacement. (A) Dasht-e Bayaz earthquake in Iran. (B) Riedel

experiment with clay. (C) Shear-box experiment with clay. (D) Details of shear-box sample. The rose

diagrams show Riedel, P, and principal shear directions at the various scales. From TCHALENKO (1970).
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Figure 4

(A) Density of fault steps per unit distance along strike as a function of total strike-slip displacement from

STIRLING et al. (1996). (B) Similar results fromWESNOUSKY (1989) converted to average segment length per

total fault length as a function of total strike-slip displacement. The data are compared with a computer

simulation (automaton) by AN and SAMMIS (1996) of crack growth and coalescence at zero slip.
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traces using an automaton model that incorporated physically based rules for the

nucleation, growth and interaction of fractures (Fig. 4b). The number of segments

per unit fault length for the initial through-going structure was consistent with the

scaling found by WESNOUSKY (1988) in the limit of zero slip.

The compiled frequency-size earthquake statistics of WESNOUSKY (1994) and

STIRLING et al. (1996) show a transition from the Gutenberg-Richter power-law

distribution on relatively disordered immature faults with small slip, to the

characteristic earthquake distribution on relatively regular mature faults with large

cumulative slip. These different types of observed statistics as a function of disorder

in fault zone properties are compatible with computer simulations and analytical

results for models of seismicity patterns along fault systems with different levels of

heterogeneity (BEN-ZION and RICE, 1993, 1995; BEN-ZION, 1996; FISHER et al., 1997;

DAHMEN et al., 1998). We note that observed power-law earthquake statistics are

often assumed to imply an underlying fractal network of faults (e.g., KAGAN, 1992,

1994). However, the above observational and theoretical studies reveal that it is

possible to obtain power-law earthquake statistics on individual heterogeneous fault

systems occupying narrow or even planar regions of space.

A structural evolution toward increasing localization and simplicity is an

expected outcome for deformation in a medium governed by any strain weakening

rheology. Figure 5 from LYAKHOVSKY et al. (2001) presents examples of structural

evolution in computer simulations of coupled evolution of earthquakes and faults in

a model consisting of a seismogenic zone governed by damage rheology over a

viscoelastic half space. The employed damage rheology is a generalization of

Hookean elasticity to a nonlinear continuum mechanics framework accounting for

large strain and irreversible deformation (LYAKHOVSKY et al., 1997). The evolving

damage in the seismogenic layer simulates the creation and healing of fault systems

as a function of the deformation history. The upper crust is coupled viscoelastically

to the substrate where steady plate motion drives the deformation. A parameter

space study for this model (BEN-ZION et al., 1999; LYAKHOVSKY et al., 2001) indicates

that the types of generated fault structures and earthquake statistics are governed by

the ratio of the time scale for material healing (s
H
) to the time scale for loading (s

L
). In

general, each brittle failure is associated locally with both strength degradation and

stress drop. The value of s
H
depends on the rheology and it controls the time for

strength recovering after the occurrence of a brittle event. The value of s
L
depends on

the boundary conditions and large-scale parameters (which also determine the

average time of a large earthquake cycle) and it controls the time for re-accumulation

of stress at a failed location. Relatively high ratios of s
H
/s

L
(left panels) lead to the

development of geometrically regular fault zones and frequency-size statistics of

earthquakes compatible with the characteristic earthquake distribution. Relatively

low ratios of s
H
/s

L
(right panels) lead to the development of highly disordered fault

zones and frequency-size event statistics compatible with the Gutenberg-Richter

distribution. Interestingly, intermediate cases of s
H
/s

L
produce a ‘‘mode-switching’’
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Figure 5

Map views of evolving fault structures in a model consisting of a seismogenic upper crust governed by

damage rheology over a viscoelastic substrate. The top central panel shows an initial damage distribution

with uncorrelated random heterogeneities. The other panels show evolving damage patterns (fault zones)

for cases with relatively slow (left) and fast (right) material healing compared with loading rate. From

LYAKHOVSKY et al. (2001).
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behavior in which the fault zone structures and seismicity patterns alternate between

time intervals associated with relatively regular structures and characteristic

earthquake distribution and intervals associated with relatively disordered structures

and the Gutenberg-Richter statistics. The results are compatible with the observa-

tions of WESNOUSKY (1994), STIRLING et al. (1996), MARCO et al. (1996), and

ROCKWELL et al. (2000), as well as with the theoretical results of BEN-ZION and RICE

(1993, 1995), BEN-ZION (1996), FISHER et al. (1997), and DAHMEN et al. (1998) for

various cases of a heterogeneous planar fault in a continuum solid.

2.4. Scaling Analysis of Surface Traces of Faults, Internal Fault Zone Structures,

and Fault Networks

These studies may be considered ‘‘regional at different hierarchies’’ and they have

various nominal resolutions from sub-mm to several km. However, at each

hierarchical level the statistical analyses mix structural units from different

deformation phases that may have played significantly different roles in long-term

strain accommodation. Thus it is important to try to separate results dominated by

structural units reflecting short-lived initial deformation processes from results

reflecting properties of long-lived mature surviving structures. Various studies have

argued that traces of individual faults have a fractal structure. AVILES et al. (1987)

used a ruler method to measure the dimension of the main trace of the San Andreas

at several locations. They found dimensions in the range D0 ¼ 1 ± 0.004. OKUBO

and AKI (1987) used a variant of the standard box counting algorithm to measure the

capacity dimension of the main trace plus parallel strands and splays of the San

Andreas at several locations, and found a slightly higher dimension D0 ¼ 1.2 ± 0.2.

These low fractal dimensions close to 1.0 are consistent with shear localization to an

essentially Euclidean structure on the active trace of the San Andreas. It is not clear

at this point whether the parallel strands and splays analyzed by OKUBO and AKI

(1987) are active participants in slip accommodation or are relict structures from an

earlier phase of deformation.

Several ideas for the possible mechanical significance of fractal fault traces have

been proposed. OKUBO and AKI (1987) suggested that fault segments with an

anomalously high fractal dimension may act as barriers to slip propagation by

delocalizing shear onto amore complex set of sub-faults. POWER et al. (1988) proposed

that a fractal fault roughness could provide a mechanism by which fault zones grow

wider with increased displacement. While these suggestions are interesting, it is

important to note that they are non-unique. For example, BEN-ZION and ANDREWS

(1998) proposed another explanation, based on the continuum-Euclidean framework,

in which fault zone width increases with slip due to wear caused by successive

localization of dynamic rupture at the interface between a relatively compliant fault

zone layer and a stiffer surrounding host rock. As another example, ANDREWS (1989)
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and HARRIS and DAY (1993) analyzed quantitatively the capacity of fault bends and

offsets to act as barriers using planar fault surfaces and continuum mechanics.

MARONE and KILGORE (1993) suggested that the ‘‘critical slip distance’’ (DC) in

rate- and state-dependent friction may reflect a characteristic strain in granular

layers, and thus be proportional to the width of fault zone gouge. This can have

important implications since the size of the minimum unstable slip patch (and hence

the size of the maximum stable nucleation zone) is proportional to DC multiplied by

rigidity and divided by strength drop (e.g., DIETERICH, 1986; RICE, 1993; BEN-ZION,

2001). However, the existence of narrow core layers and principal slip surfaces in the

large-displacement fault zones of section 2.1, and the observation of very small

earthquakes on the San Andreas fault (down to about magnitude M ¼ )1 (e.g.,
NADEAU et al., 1994) with the available recording resolution), indicate that values of

DC on mature faults are not very different than those measured in the lab (and hence

are not associated with wide granular fault zone layers or other significantly scaled-

up feature).

Other studies have found evidence for fractal-like features in the internal

structure of fault zones. Three structures that are observed to scale are: 1) the

topography of the wall rock, 2) the particle distribution of the breccia and gouge, and

3) hierarchical shear localizations. Item 1 was discussed in section 2.2. SAMMIS et al.

(1987) and SAMMIS and BIEGEL (1989) found a power-law particle size distribution

over a range of particle diameters from 10 lm to 1 cm with a fractal dimension in

planar cross section of D0 ¼ 1.6 ± 0.1. AN and SAMMIS (1994) measured the particle

distributions of a suite of natural fault gouges by direct counting. They used sieves

for particles in the range 62.5 lm < d < 16 mm and a Coulter-Counter for those in

the range 1 lm < d < 62.5 lm. The volumetric fractal dimension of the Lopez

Canyon gouge was found to be 2.7 ± 0.2, in agreement with D0 ¼ 1.6 ± 0.1

measured in 2-D section by SAMMIS et al. (1987). They also examined particles from

gouges of the San Andreas and San Gabriel fault zones in southern California and

found a correlation between the peak particle size (by weight) and the fractal

dimension. They observed that finer gouges tended to have a higher fractal

dimension which they interpreted as being the consequence of the existence of a

‘‘grinding limit’’ at about 1 lm (see, e.g., PRASHER, 1987). CHESTER et al. (1993)

analyzed the particle size distributions of cataclasites from the North Branch of the

San Gabriel fault. They also found power-law particle distributions with a fractal

dimension near D0 ¼ 2.6. Particles from the Euclidean ultracataclasite layer have a

very small upper fractal limit of about 0.1 mm consistent with strain concentration in

this layer.

SAMMIS et al. (1987) proposed a mechanism, which they dubbed ‘‘constrained

comminution,’’ for generating power-law (fractal) particle size distribution in fault

gouge based on the geometry of nearest-neighbor inter-grain loading. This term was

chosen to distinguish fragmentation under high confining pressures where particles

are not able to change neighbors, from the more common crushing and ball milling
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processes where the particles are free to move relative to each other. These latter

processes are known to produce Rosin-Ramler and other exponential particle

distributions (PRASHER, 1987). However, when the particles are constrained to a

given neighborhood during the fragmentation process, their fragility is controlled by

the relative sizes of their immediate neighbors. More specifically, a particle is most

fragile when it is loaded by neighbors of its size since this configuration produces a

bipolar load and maximum tensile stress within the particle. Starting with the largest

(weakest) grains in the distribution, constrained comminution selectively eliminates

nearest neighbors of same size at all scales. This process leads to a distribution that

has no neighbors of the same size at any scale. Sierpinski gaskets and carpets have

exactly this property. Further, they are characterized by a fractal dimension of

D0 ¼ 1.58 in 2-D or D0 ¼ 2.58 in 3-D, similar to that observed in natural gouges. As

discussed below, however, the fragmentation process becomes saturated at a

relatively small amount of strain and is replaced after an initial transient phase by

slip along a dominant localized surface.

BIEGEL et al. (1989) produced power-law distribution of particle sizes in the

laboratory, which they characterized over the range 0.02–0.6 mm, by deforming a

3 mm thick layer of 750 lm rock fragments between the sliding rock surfaces of a

double-shear friction apparatus. After a shear strain of only about 1, the distribution

had evolved into one that looked very similar to the cross sections from natural fault

zones (Fig. 6 top). Measurements of the fragment size distribution yielded D0 ¼ 1.6

in 2-D section, consistent with measurements in natural gouges. MARONE and

SCHOLZ (1989) also produced fractal gouge in the laboratory using a triaxial saw-cut

testing configuration. STEACY and SAMMIS (1991) used a computer automaton to

show that the systematic elimination of same-sized nearest neighbors does indeed

lead to a random fractal distribution with a dimension D0 ¼ 2.6 in 3-D. BIEGEL et al.

(1989) demonstrated that the initial evolution to a fractal particle size distribution is

closely related to the transition from a velocity strengthening to a velocity weakening

friction commonly observed in granular layers (Fig. 6 bottom). Initially, shear strain

is accommodated mostly by grain fracturing, which is inherently a strengthening

process. However, with the emergence of a fractal distribution, an increasing

proportion of shear is accommodated by slip between the grains that is associated

with time-dependent contact strength leading to velocity weakening. The elimination

of same-sized neighbors in the initial transient deformation phase minimizes the

fragility of grains, thereby suppressing fracture. The same process also minimizes

dilatancy, thereby enhancing slip. SAMMIS and STEACY (1994) used the friction data

from BIEGEL et al. (1989) in a ‘‘grain-bridge’’ model to quantify this change in

friction behavior.

Deformation within fault zones is usually localized on a set of Riedel shears (e.g.,

Fig. 3) as noted earlier on by TCHALENKO (1970). Occasionally one finds a nested

hierarchy of Riedel shears within Riedel shears. A well documented example of such

a hierarchy was discussed by ARBOLEYA and ENGELDER (1995) who observed three
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Figure 6

Transition from grain crushing (hardening) to shear localization (weakening) in a granular layer deformed

in simple shear. The upper panel shows cross sections of a portion of the layer after 1, 5 and 10 mm of

shear displacement. Note the isolation of particles of all sizes leading to the formation of a fractal grain

structure as proposed by SAMMIS et al. (1987). The lower panel shows the evolution with slip of the

combination of parameters a ) b of the rate and state-dependent friction law. The friction has a transition

from velocity strengthening (a > b) and stable slip to velocity weakening (b > a) and potentially unstable

slip. The figures are from BIEGEL et al. (1989) who argue that the change in mechanical behavior is due to

the establishment of a fractal grain distribution.
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Figure. 7

A nested hierarchy of shear localizations from ARBOLEYA and ENGELDER (1995). The mapped section is

shown on top and the interpretation as a nested hierarchy of Riedel shears is given at the bottom.
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nested sets of Riedel shears in the Cerro Brass fault zone in the Appalachian valley

and ridge province in central Pennsylvania (Fig. 7). The evolution of a hierarchical

set of nested Riedel shears may be closely related to the evolving grain structure.

Once a band-limited power-law distribution of grain sizes is established between

upper and lower scales related to physical properties of the system, diminished

dilatancy will cause strain to localize into Riedel shears. The whole process then

repeats at the smaller scale. A band-limited fractal distribution emerges within the

Riedel shear that leads to localization to a set of Riedels within the Riedel, and so on.

As mentioned earlier, however, these structures typically form early on and they do

not accommodate large slip. Ultimately, the grinding limit is reached and slip

remains localized on a through-going Y shear parallel to the macroscopic slip vector

as discussed in section 2.1. The planar zone of shear localization that was found in

the Punchbowl fault zone by CHESTER and CHESTER (1998) is probably an example of

such a structure.

The idea that most fault gouge and breccia are formed at low strains is supported

by SIBSON (1986) who identified three categories of natural gouge: a) attrition breccia

due to wear, b) distributed crush breccia formed by the destruction of local asperities,

and c) implosion breccia formed by sudden decreases in fault zone pressure (usually

at dilatational jogs and bends). Of the three, only the first is associated with

significant fault slip. It is characterized by rolled clasts and is relatively rare. The

other two are characterized by pervasive microfractures and a jigsaw texture and are

far more common.

At the plate boundary scale, deformation is accommodated on a network of

faults often having a width on the order of tens of kilometers. Various studies

claimed that fault networks also have fractal structure. HIRATA (1989) found that the

mapped surface traces of fault systems in Japan are self-similar over scales from 2 to

20 km. He used a box-counting technique to measure a fractal dimension of 1.5 to

1.6 in the more heavily faulted central part of the Japan Arc. SAMMIS et al. (1992)

also used a box-counting algorithm to demonstrate that the surface expression of the

fault network in the Geysers geothermal field in northern California has a fractal

dimension of D0 ¼ 1.9 over the range from 0.8 to 10 km. LEARY (1991) discussed

results based on analysis of various quantities in geophysical boreholes (e.g., sonic

velocity, mass density, porosity) and seismic coda waves. From long-range

correlations in these data he concluded that the fracture density in the crust follows

a fractal distribution.

OUILLON et al. (1996) used a wavelet analysis to measure the structure of fault

networks on the sedimentary cover of Saudi Arabia at scales from 1 cm to 100 km.

They found a multifractal pattern in which the fractal dimension and anisotropic

fabric were different for distinct ranges of scale-length separated by characteristic

dimensions that correspond to known rheological and lithological units in the

Arabian crust. SCHOLZ (1991) noted a transition in geometrical properties of fault

segments in the San Andreas system and the rupture zone of the Dasht-e Bayaz
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earthquake in Iran at a size scale corresponding to the width of the seismogenic zone.

The fault networks at these locations appear self-similar at length scales smaller than

the seismogenic depth. However, at larger scales the network is replaced by a single

through-going structure. As with other items in this section it is not clear whether all

the fractures and faults in the regional networks have long-term mechanical

significance, or whether most of the displacement is carried by a few dominant

structures. The last two references and fractal analyses of regional seismicity

discussed below suggest the latter.

Why such structures exhibit fractal characteristics is still an open question.

KING (1983) pointed out that 3-D brittle deformation is accommodated in general

by several faults, and that fault bends, junctions, and other geometrical irregular-

ities lead to generation of additional smaller scale faults. He suggested that the

attractor of this process is a fractal network of faults and showed that such a

network can accommodate complex deformation patterns. The process envisioned

by KING (1983) is based essentially on purely geometrical considerations in a

uniform solid and it involves a cascade of deformation structures from large faults

to small ones. However, evolution of material properties that accompanies faulting

and slip, not considered by KING (1983), can lead to structural evolution in the

opposite direction. The multi-disciplinary observations reviewed in this paper

suggest that ‘‘large-to-small’’ cascades of structures characterize transient phases of

deformation at different scales that are superposed on ‘‘small-to-large’’ longer-term

evolution involving smoothing of geometrical irregularities, coalescence of small

segments, and the weakening-localization positive feedback mechanism discussed

earlier.

ROBERTSON et al. (1995) suggested that faulting is an example of a percolation

process. In this explanation, the fractal structure observed at the surface

corresponds to the percolation threshold. However, they suggested that once the

percolation threshold is achieved, deformation localizes to the percolation

backbone since this is the through-going structure that can accommodate the

plate boundary motion. We return to this issue in section 5. Another possibility is

that brittle deformation at plate boundaries granulates the entire crust. As

discussed for internal fault zone structures, fragmentation in shear with strong

constraints on dilatation, as expected to exist at seismogenic depths with normal

pore pressure conditions, produces a band-limited fractal distribution of block

sizes having a fractal capacity dimension of D0 ¼ 1.6 in planar section. In this

interpretation, faults are the boundaries of the blocks. Major faults such as the

San Andreas represent major shear localizations within the block structure.

GALLAGHER (1981) proposed such a block model for crustal deformation in China

based on regional satellite images. FREUND (1974) and NUR et al. (1989) made

similar suggestions for the crust in Israel and California. A blocky crustal model

is also supported by concentration of deformation signals along block bounding

faults (e.g., BEN-ZION et al., 1990), long-range correlation of precursory seismic
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activity (e.g., KEILIS-BOROK and KOSSOBOKOV, 1990), and rotated

coherent terrains (e.g., LUYENDYK, 1991). However, the strong anisotropy of

fields implied by a truly blocky (granular) structure is not observed in general.

This is indicated, for example, by successful routine modeling of regional seismic

(e.g., WALD, 1992; ZHU and HELMBERGER, 1996) and geodetic (e.g., SEGALL and

DAVIS, 1997; BURGMANN et al., 2000) fields generated by earthquakes in terms of

dislocation surfaces in elastic solid. As discussed earlier, the complex regional

fault patterns often visible at the surface are probably relic structures of earlier

deformation phases that do not contribute significantly to the long-term slip

accommodation.

Most studies discussed in this section are based on direct observations of fault

zone properties although they are limited to structures that are presently at the

surface. One possible objection to these observations is that they may not represent

structures that are currently active at seismogenic depths. In general, fault structures

at seismogenic depth are expected to be simpler than shallow structures because

increasing pressure and temperature tend to suppress brittle branching and other

sources of structural complexity. In the next section we summarize observations of

in situ fault structures at seismogenic depths, based on various indirect geophysical

imaging methods.

3. Inversions of Geophysical Data

This category of works involves inferences relative to the geometry and material

properties of faults using standard geophysical techniques including gravity,

electromagnetic surveys, and seismology.

3.1. Gravity Anomalies

These are regional studies, although they can center on specific faults, with a

resolution on the order of a few km. STIERMAN (1984) found a Bouguer gravity low

along the San Jacinto fault in southern California and concluded from modeling the

data that the fault at seismogenic depth is surrounded by a several km wide tabular

zone of damaged rock with reduced mass density. WANG et al. (1986) obtained a

similar conclusion from a gravity study across the Bear Valley section of the central

San Andreas fault.

3.2. Electromagnetic Signals

These are also regional studies that may center on specific faults. In general, the

resolution of these and seismic studies depends on the spatial distribution of sources

and receivers, ranges of frequencies generated by the sources and detectable by

the (surface or sometimes shallow borehole) receivers, the portion of the source-
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receiver path spent in the fault zone itself, and whether travel time or whole

waveform observations are used. EBERHART-PHILLIPS et al. (1995) reviewed various

electromagnetic and seismic techniques and concluded based on synthetic data tests

that typical electromagnetic studies have a resolution on the order of a few km. A

dense instrument spacing may increase the resolution of electromagnetic surveys to

500 m or so (UNSWORTH et al., 1999). The electromagnetic methods provide an image

of structural resistivity (or conductivity) that may be interpreted in terms of various

manifestations of damaged fault zone rock (high fluid pressure, clay minerals, and/or

deposited conductive minerals). EBERHART-PHILLIPS and MICHAEL (1993), MACKIE

et al. (1997), and UNSWORTH et al. (1999) found that various sections of the San

Andreas fault are associated with prominent tabular resistivity structures.

3.3. Seismic Reflection/Refraction and Travel-time Tomography

These methods are lumped together here because they all use seismic travel time

(and sometime also amplitude) information, as opposed to waveform modeling.

Studies in this class have typically a resolution of up to about 500 m, and like the

previous two classes they are regional surveys that may center on specific faults.

EBERHART-PHILLIPS et al. (1995) give an excellent review of various seismic (and

electromagnetic) methods, and their ability to image fault zone properties.

Additional reviews of reflection/refraction seismology and travel-time tomography

are given by MOONEY (1989) and THURBER (this volume). Reflection/refraction

surveys are not well suited for imaging narrow vertical structures. They have been

used widely to image sub-horizontal structures and results typically show, within the

imaging resolution, Euclidean fault structures (e.g., MOONEY and BROCHER, 1987;

FUIS and MOONEY, 1990). Travel-time tomography has a better ability to image

vertical structures; in the first application of body-wave tomography to fault

imaging, AKI and LEE (1976) found a tabular low velocity fault zone layer along the

San Andreas fault south of Hollister.

One general shortcoming of regular seismic tomography is that P and S body

waves tend to avoid low velocity media. This, together with the fact that each

travel time is a function of the entire source-receiver path, limits considerably the

ability of body-waves tomography to image narrow low-velocity structures. An

improvement in the imaging resolution may be obtained by adding travel-time

information of phases that spend much of their travel path along the fault zone

structure. BEN-ZION et al. (1992) developed a joint travel-time tomography of

body waves and fault zone head waves that propagate along material interfaces in

the fault zone structure. Application of the method to a small data set from the

Parkfield segment of the San Andreas fault led to separate depth profiles of

seismic velocities for the different sides of the fault, consistent with the existence

of a sharp Euclidean contrast across the fault. Regular tomographic inversions of

large data sets of body-wave arrivals at Parkfield show a several km wide
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transition zone of P and S wave velocity across the fault with a possible internal

low velocity layer (e.g., LEES and MALIN, 1990; MICHELINI and MCEVILLY, 1991;

EBERHART-PHILLIPS and MICHAEL, 1993). Similar tomographic images are found

along other sections of the San Andreas and other faults (e.g., Feng and

MCEVILLY, 1983; MICHAEL and EBERHART-PHILLIPS, 1991; EBERHART-PHILLIPS

and MICHAEL, 1998).

3.4. Seismic Fault Zone Guided (Head and Trapped) Waves

The highest imaging resolution of fault zone structure at depth with surface or

shallow observations is probably provided by waveform modeling of seismic fault

zone head and trapped waves. These studies can have a resolution on the order of

meters to tens of meters and they involve specific fault segments. Fault zone head and

trapped waves can exist only in structures that are sufficiently Euclidean and uniform

to act as a waveguide. As mentioned above, fault zone head waves propagate along

material interfaces in the structure. Fault zone trapped waves are generated by

constructive interference of critically reflected phases within low-velocity fault zone

layers.

Fault zone head waves have been observed along the subduction zone of the

Philippine Sea plate underneath Japan (FUKAO et al., 1983), the Parkfield segment of

the San Andreas fault (BEN-ZION and MALIN, 1991; BEN-ZION et al., 1992) and small

fault segments in the aftershock zone of the 1992 Joshua-Tree California earthquake

(HOUGH et al., 1994). Fault zone trapped waves were observed along the Philippine

Sea plate underneath Japan (FUKAO et al., 1983), the Middle America Trench near

Mexico (SHAPIRO et al., 1998), a small normal fault in Oroville, California (LEARY

et al., 1987), several segments of the San Andreas (LI et al., 1990, 1997; MICHAEL and

BEN-ZION, 2002) and San Jacinto (LI et al., 1998) faults, and the rupture zones of the

1992 Landers, California (LI et al., 1994; PENG et al., 2000), 1995 Kobe Japan (LI

et al., 1998; NISHIGAMI et al., 2000; KUWAHARA and ITO, 2000), and 1999 Izmit

Turkey (BEN-ZION et al., 2000) earthquakes.

At present there are still considerable uncertainties in the interpretation of these

observations due to the nonuniqueness of modeling and the limited scope of the

analysis to date (BEN-ZION, 1998; MICHAEL and BEN-ZION, 2002). Collectively,

however, the observations of fault zone head and trapped waves along a number of

fault and rupture segments where detailed data are available indicate that fault

that are tens to hundreds of meters wide. The inferred low-velocity fault zone layers

are in good correspondence with the tabular damage zone around the narrow core

slip regions discussed in section 2.1.

None of the geophysical imaging techniques can resolve dominant slip zones

and fracture surfaces, and the tabular damaged zones imaged by the methods of

sections 3.1–3.3 are probably blurred versions of the true structures. These tabular

698 Yehuda Ben-Zion and Charles G. Sammis Pure appl. geophys.,

structures at depth have coherent Euclidean interfaces and /or low-velocity layers



damaged zones may have important implications for fluid flow in the crust and a

variety of related issues, however they are probably not the key mechanical

structures accommodating the major long-term cumulative slip. To find evidence

for properties of the key mechanical structure at seismogenic depth we discuss in

the next section relations between various model predictions and earthquake

observations.

4. Model Predictions

Since theoretical models of earthquakes and seismicity are predicated on an

assumed GMM formulation, their success or failure at predicting observations bears

directly on the problem of identifying the most suitable GMM framework. We now

review several classes of theoretical models from this perspective. The spatial extent

and resolution of the different classes depend on the observations used to validate

model prediction and are not specified explicitly as done in sections 2, 3, and 5.

4.1. Seismic Radiation

Amajor triumph of modern seismology is the development in the last few decades

of a quantitative ability to model successfully, with Euclidean surfaces and

continuum-elastodynamics, seismic waves at all observed frequencies (e.g., AKI

and RICHARDS, 1980). Some rupture and wave propagation models assume a self-

similar collection of slip patches; however, those are modeled as occurring along

planar surfaces in a continuum solid so mechanically the corresponding models still

belong to the continuum-Euclidean framework. For example, ANDREWS (1980, 1981)

pointed out that observed x)2 spectral decay of ground acceleration and b-value of

frequency-size (FS) earthquake statistics of about 1 can be generated by self-similar

distributions of slip and stress on a planar fault. ZENG et al. (1994) and HERRERO and

BERNARD (1994) simulated strong ground motion compatible with observed

accelerograms with frequencies up to several tens of Hz by summing contributions

from a self-similar distribution of slip patches, each radiating a dislocation pulse with

a random phase, on a planar fault. It is of course possible that higher frequency

waves that attenuate within the source region and do not reach the receivers are not

compatible with slip on planar surfaces. To constrain the mechanical structure at the

earthquake source region we must consider source phenomena that are observable at

the earth surface. This leads us to predictions of mechanical models associated with

spatio-temporal seismicity patterns.

4.2. Earthquake Triggering and Migration

Various studies have modeled observed changes of seismicity rates and space-time

patterns of earthquake failure sequences in terms of stress transfer between frictional
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planar fault surfaces in a continuum solid (e.g., HARRIS, 1988; KING and COCCO,

2001, and references therein). As examples, SIMPSON and REASENBERG (1994) used

such a framework to model changes of seismicity rates in the San Francisco Bay area

following the 1989 Loma Prieta earthquake. STEIN et al. (1994) demonstrated that

the main spatio-temporal characteristics of moderate to large earthquakes and their

aftershock sequences in southern California over recent decades may be explained by

interactions governed by elastic stress transfers between frictional planar faults.

HARRIS and SIMPSON (1996) showed that space-time patterns of earthquakes in

southern California in the 100 years following the great 1857 earthquake are

compatible with elastic stress transfer generated by a continuum-Euclidean model of

that event. Perhaps most impressively, STEIN et al. (1997) calculated with such a

model elastic stress transfers associated with the remarkable 1942–1992 progression

of ruptures along the North Anatolian fault. Significantly, the two largest subsequent

earthquakes on the fault, the August and November 1999 M > 7 events, occurred

along segments that fall within a region predicted to have high triggering stress by

these calculations. NALBANT et al. (1998) modeled evolving seismicity in the more

complex western end-region of the North Anatolian fault with elastic stress transfers

between numerous frictional planar faults.

4.3. Rupture along a Material Discontinuity Interface

WEERTMAN (1980), ADAMS (1995), ANDREWS and BEN-ZION (1997) and others

studied properties of dynamic rupture along a frictional planar interface between two

different elastic solids. The studies indicate that a material discontinuity interface is a

mechanically favored surface for rupture propagation. The sharp material contrast

across the rupture plane leads to several additional model predictions. These include

(1) a mode of rupture in the form of a narrow self-healing pulse associated with low

generation of frictional heat, (2) asymmetric motion on the different sides of the

fault, and (3) preferred direction of rupture propagation as that of the slip in the

more compliant material (Fig. 8). Item (1) is compatible with inferred earthquake

properties (e.g., HEATON, 1990; BRUNE et al., 1993), however it may also be generated

by a number of other mechanisms (see BEN-ZION, 2001, for a recent review).

Figure 8

(Top) Particle velocities at a given time for rupture along a material interface (thin horizontal line)

separating elastic solids with 20% contrast of shear-wave velocities and mass densities. The slipping region

is marked by the short thick segment on the fault and is propagating to the right. The existence of a

material contrast across the fault produces an asymmetric motion in the different media that is especially

prominent near the fault. (Bottom) A closer view around the fault (note changes in scales). Particle

velocities in the more compliant material (y > 0) are larger than in the stiffer medium (y < 0). This leads

to dynamic reduction of strength at the rupture front that enables slip to occur as a narrow wrinkle-like

pulse. Spontaneous propagation occurs only in one direction, that of the slip in the more compliant

medium. From BEN-ZION (2001).

c
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However, item (3) and to a lesser extent also item (2) are specific to rupture along a

material interface.

RUBIN and GILLARD (2000) examined space-time properties of high-resolution

locations of small earthquakes, obtained by a waveform cross-correlation technique,

along the San Andreas fault north of San Juan Bautista, California. They found that

the number of immediate aftershocks near the edges of prior ruptures to the

northwest is more than double the number to the southeast. The strong asymmetry of

aftershocks in the different directions was interpreted by RUBIN and GILLARD (2000)

to be a manifestation of item (3), associated with rupture along a material contrast

across the fault in that region. MCGUIRE et al. (2000) analyzed source properties of

about 30 global large earthquakes and found that rupture propagation of most

events was predominantly unidirectional. This observation is compatible with a

tendency of rupture to localize along a material interface between a relatively

compliant fault zone layer and a stiffer surrounding rock, in agreement with the

prediction of the above continuum-Euclidean models. Direct field studies also

indicate that rupture commonly localizes near the boundary between a damaged fault

zone layer and the host rock (MARTEL et al., 1988; BRUHN et al., 1994; SIBSON, 1999).

4.4. Statistics and Patterns of Earthquakes

KAGAN and KNOPOFF (1981) and KAGAN (1982) argued that earthquakes and

faults are rough fractal processes and objects in space-time. Their argument is based

on analysis of hypocenter locations discussed in the next section, and extrapolations

of aftershock decay rates and strong ground motion to zero space and time distances

from the generating sources, assuming strict self-similarity on trajectories having

singularities at the sources. Since in situ measurements directly at the earthquake

source are non-existent, such extrapolations are permissible in principle; however they

are certainly not required by the available data. As noted in section 4.1, seismic

radiation can be explained at all observed frequencies by heterogeneous distribution

of dislocation sources on a planar fault. In continuum-Euclidean models, aftershock

rates are truncated at short time due to initial build-up processes before instabilities

associated with nonlinear rheology (e.g., DIETERICH, 1994; LOCKNER, 1998). This is

reflected empirically by the positive constant c in the modified Omori law for

aftershock rates, Dn=Dt � (t + c)
)p
, where n is number of events, t is time, and the

exponent p is close to 1. Observed values of c are derived based on incomplete

recordings close in space-time to the mainshock and other uncertainties, so it is

possible that c is essentially zero. However, UTSU et al. (1995) examined this

possibility and concluded from high-resolution and corrected observations that actual

c values are positive. DIETERICH (1994) showed that Omori’s law can emerge directly

from delayed nucleation associated with rate- and state-dependent friction observed

in the laboratory, and does not require a fractal structure (see also LOCKNER, 1998).
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KAGAN (1992, 1994) summarized various power-law distributions of earthquakes

and concluded that the scale-invariant statistics and great irregularity of earthquake

occurrence imply underlying fractal structures. Again, this is possible but not

required since power-law statistics and complex space-time patterns can be generated

by heterogeneous continuum-Euclidean models with many degrees of freedom, as

well as by other models. For example, BEN-ZION (1996), FISHER et al. (1997), and

DAHMEN et al. (1998) showed numerically and analytically that heterogeneous planar

idealizations of segmented faults in an elastic solid can produce frequency-size,

temporal, and spatial statistics of earthquakes that are compatible with observations

covering broad ranges of space and time scales. In fact, for some parameter values

these models generate fractal slip patterns (FISHER et al., 1997). Thus the complex

earthquake phenomenology does not necessarily imply by itself any specific

framework.

Another approach for imaging the geometry of faults is based on hypocenter

distributions. Hypocenters provide an image of nucleation zones of brittle instabil-

ities rather than entire fault zones, and they tend to cluster around geometrical and

mechanical heterogeneities. Thus geometrical properties of hypocenters are probably

more complex than those of earthquake ruptures and faults. Nevertheless, high

resolution hypocenter locations appear to collapse on simple structures, as discussed

in the next section.

5. Hypocenter Distributions

The spatial distribution of hypocenters helps to illuminate the geometry of the

faults on which they occur. For individual faults, accurately located hypocenters

should give a measure of the width of the slip localization zone and reveal evidence of

spatial heterogeneity. For fault networks, hypocenters preferentially illuminate the

most active elements and help to determine how the system accommodates regional

strain.

5.1. Spatial Correlations among Routine Locations in Regional and Global Catalogs

These are regional studies and they have a resolution on the order of a few km.

KAGAN and KNOPOFF (1980) and KAGAN (1981a, 1981b) estimated the spatial

structure associated with seismicity patterns by calculating 2-, 3-, and 4-point

correlation functions among hypocenters in the central California earthquake

catalog. KAGAN (1981b) concluded in a summary of this set of works that the

hypocenter locations reside on a self-similar volumetric branching structure. KAGAN

(1991) measured the pair correlation of hypocenters in a global earthquake catalog to

estimate the spatial fractal dimension of global seismicity. He obtained a correlation

dimension of D2 ¼ 2.1–2.2 for shallow seismicity, 1.8–1.9 for intermediate depth
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events, and 1.5–1.6 for deep focus events. It is important to verify the results of these

works by independent new studies using higher resolution data. We also note that a

volumetric branching structure of hypocenters does not necessarily imply that the

ruptures themselves do not reside, to a good approximation, on a collection of

Euclidean surfaces.

5.2. Geometry and Analysis of Improved Locations

These are also regional studies but they have a resolution varying from a few

hundred meters to about a km. ROBERTSON et al. (1995) used a 3-D box-counting

algorithm to find the capacity dimension D0 of seismicity in relocated aftershock

sequences in southern California. They found the surprising result that the fractal

dimension is only 1.8 in 3-D for those catalogs that had the smallest location errors,

and a slightly larger value for catalogs with lower resolution. The low dimension was

interpreted as evidence for localization of seismicity on the backbone of a critical

percolation structure in 3-D, which is also 1.8. This interpretation is consistent with

our hypothesis that most of the active deformation is localized on a small subset of

the regional network, much of which is remnant from earlier phases of deformation.

The results indicate that the entire fault network is not populated with earthquakes.

Only the subset of faults that form a connected structure and allow finite shear (the

percolation backbone) is active. More recently, RICHARDS-DINGER and SHEARER

(2000) relocated the 1975–1998 seismicity in southern California using a distribution

of station corrections that varies as a function of the earthquake positions. They have

not attempted a fractal analysis, however visual inspection indicates that the

relocated hypocenters tend to collapse, compared to the original locations, toward

tabular Euclidean structures.

5.3. High-resolution Relocations of Local Network Catalogs

The highest-resolution locations are based on waveform cross correlation,

sometimes done jointly with other methods (e.g., POUPINET et al., 1984; ITO, 1985;

GOT et al., 1994; NADEAU et al., 1994; DODGE et al., 1995; SHEARER, 1997; RUBIN

et al., 1999; WALDHAUSER et al., 1999; RUBIN and GILLARD, 2000). These results

apply to specific fault segments or aftershock sequences and they have a resolution

on the order of meters to tens of meters. In all these studies the hypocenters collapse

toward regular Euclidean structures consisting of one or more planar subparallel

segments. In no case do the high-resolution results show a fractal branching structure

emerging from the original cloud of the standard locations.

The hypocenter locations on fault segments which have a large component of

aseismic creep (NADEAU and MCEVILLY, 1997; NADEAU and JOHNSON, 1998; RUBIN

et al., 1999; RUBIN andGILLARD, 2000) show interesting spatio-temporal patterns such

as repeating events, linear streaks, clustering of immediate aftershocks along edges of
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Mode II crack shapes, and preferred direction of rupture propagation. These patterns

have been interpreted in terms of strength heterogeneity on a fault plane (SAMMIS et al.,

1999; SAMMIS and RICE, 2001; BEELER et al., 2001), standard fracture mechanics

(RUBIN and GILLARD, 2000), and rupture along a sharp material contrast across the

fault (see section 4.3).

6. Discussion

We now return to our original questions: what is the best framework for

modeling crustal deformation and how does the answer depend on scale? The multi-

disciplinary results reviewed in the paper suggest consistently that fault structures

tend to evolve with cumulative slip (Fig. 9) toward geometrical simplicity and the

continuum-Euclidean framework at all scales. The observed geometrical complexity

appears to be largely a relict structure reflecting the superposition of many

deformation phases in a long convoluted history. Structural complexity is generated

primarily during initial deformation phases associated with strain hardening and

low-slip organization phenomena that precede localization at various scales.

Localization of deformation at a given scale is accompanied by a transition at that

scale from strain hardening to weakening. Continuing slip leads to overall

progressive structural regularization at the different scales.

Table 1 summarizes the evolution toward geometrical simplicity at four specific

hierarchies. At scales of less than about 10 m representing internal fault zone

structure, regularization of geometrical incompatibilities on the fault surface with

progressive slip produces a tabular zone of granular rock that becomes fault gouge.

Initially, shear deformation of the granular gouge zone is mostly accommodated by

crushing particles, which is a hardening phenomenon and thus distributed across

the layer. However, relatively small deformation leads to the development of a

band-limited fractal distribution of grain sizes that suppresses further grain

crushing and favors shear localization. The initial localization may be followed by

several transient phases of delocalization, however the end result is localization

onto a single surface within the gouge zone parallel to the direction of shear. Once

this primary slip surface forms, the fractal granularity and oblique Riedel shear

structures do not appear to play a significant role in subsequent slip. There is no

evidence for persisting fluctuations between localized and delocalized deformation

necessary to maintain active deformation on the entire fractal and/or granular

structures.

A related evolution toward simplicity with increasing slip occurs on single

fracture surfaces at scales on the order of a few cm or less. Fresh fractures with little

or no slip have fractal surface roughness over broad ranges of scales. Often these are

tensile fractures that are reactivated in shear, or shear fractures formed by the

coalescence of many smaller shear fractures. With subsequent slip the surfaces
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Primary
Slip Surface

Secondary
Slip Localization

(relict of initial
shear localization)

Fault
Core

10's of centimeters

("Riedel Shear")

(crushed rock with power
law particle distribution)

(site of major
long-term
cumulative slip)

Host
Rock

Tabular Damage Zone Width
    100's of meters

C) LARGE DEFORMATION

A) INITIAL DEFORMATION

B) INTERMEDIATE DEFORMATION
    AT SMALL STRAIN

Figure 9

A conceptual representation of fault structures at three main evolutionary stages. (A) Initial deformation is

associated with strain hardening. At this stage there is creation of granularity and band-limited fractal

structures at several hierarchies. (B) After a relatively small initial strain there is localization to tabular

primary slip zones accompanied by a transition to strain weakening. (C) Large deformation is dominated by

strain weakening and overall evolution at different scales toward Euclidean geometry and progressive

geometrical simplicity and regularization. The initial complex structure becomes largely passive at this stage.
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become more planar in the shear direction while becoming increasingly separated by

a layer of crushed rock as discussed above. The same regularization of slip zone

geometry can also be observed on a fault system at scales greater than one kilometer

where jogs and bends in the fault zone are smoothed with increasing displacement.

Finally, at plate boundary scales on the order of 100 km or more, a regional network

of faults accommodates deformation. Whether such networks originate as shear

localizations in a granular matrix of crustal blocks or by the nucleation, growth and

interaction of individual fractures is not known. However, active seismicity does not

appear to populate the entire network, but is rather limited to a lower dimension

subset. Again, the implication is that the active elements of the network are evolving

toward a simpler more Euclidean structure.

The results suggest that long-term accommodation of crustal deformation may be

described to first order by the continuum-Euclidean framework. Episodes of

hardening and distributed deformation may be triggered by geometrical incompat-

ibility associated with bends, jogs, and growth of individual faults, or the finite strain

rotation of Euclidean structures to unfavorable orientations. However, these are

transient perturbations on an irreversible trend toward overall progressive weakening

and geometrical simplicity. The ubiquitous observation of complex seismicity

patterns is often interpreted as evidence for a correspondingly complex structure.

However, modeling studies have found that strong geometrical and material

heterogeneity on an ensemble of planar faults can produce complex spatio-temporal

patterns of seismicity including fractal distributions, spatio-temporal clustering,

repeating earthquakes, linear streaks of microearthquakes, and other observed

features.

In many situations deformation is accommodated by (or partitioned among)

several sets of active faults with different orientations. Prominent examples include

transition zones between different tectonic domains (e.g., the western North

Anatolian fault near the sea of Marmara and the southern San Andreas fault near

the Salton sea), areas near large bends of faults (e.g., the Los Angeles basin), and

places where different sets of faults are juxtaposed as a result of slip on other

faults. These examples and others exhibit high apparent complexity manifested by

Table 1

The Geometrical, Mechanical, and Mathematical (GMM) mode of deformation evolves at different scales

from (1) to (2) to (3) with progressive slip

Dominant GMM Mode � Granular Fractal Continuum-

Euclidean

SCALE �
Fracture Surface (<1 cm) (1) (2)

Gouge Zone (<10 m) (1) (2) (3)

Fault System (>1 km) (1) (2)

Fault Network ‘‘Plate Boundary’’ (>100 km) (1) (2) (3)
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a diversity of fault types and earthquake focal mechanisms. Such complexity,

however, can still be modeled by a collection of Euclidean surfaces and zones in a

continuum matrix, as is done for example in routine seismological derivation of

fault plane solutions. The regularization processes summarized by Figure 9 and

Table 1 should be understood in such situations as operating separately on each

active set.

We note that while our focus here is on mechanics, structural properties of faults

are important to a variety of other issues including fluid flow in the crust and

propagation of seismic waves. In these applications the relative importance of

various structures is essentially the reverse of that for the mechanics discussed above.

The crushed gouge zone and shattered wall rock, which are relict structures from the

mechanical point of view, are the controlling structures for permeability and seismic

velocity. The primary shear surfaces, which appear to dominate the mechanics of all

but the most immature faults, play little role in determining properties of seismic

waves. However, the damage zones around the primary shear localizations can guide

seismic waves, and the complex crack population in the bulk controls the velocity,

attenuation and scattering of seismic waves in the crust. From the hydrological point

of view, the gouge and shattered wall rock provide a conduit for fluid flow in the

crust. However, the primary shear localization and core ultracataclasite layer, which

are the main carriers of slip, create a barrier to flow normal to the fault zone.

The main result of our review of current information on the geometrical,

mechanical, and mathematical properties of fault zones is that strain weakening,

geometrical simplicity, and continuum-based description provide a long-term

attractor for structural evolution at all scales. This gives an organizing principle

that may be used to integrate the diverse and often conflicting reports on fault zone

properties. Since fault zones at seismogenic depths are not accessible for direct

observation, the available information on their character is still coarse and sparse. A

better understanding of the GMM character of fault zones will require additional

geological and geophysical studies employing high-resolution high-penetration

techniques.
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