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ABSTRACT

Textura! examination of fault gouge deformed In triaxial friction
experiments has revealed differences in the orientations of secondary
shear sets between the stably sliding and stick-slip sampies, In order to
determine whether such differences can be identified in natural fsults,
maps of recently active breaks along the San Andreas fault from Point
Arena to Cajon Pass, California, were examined to compare the types
and orlentations of secondary structures mapped in the creeping and
Jocked sections. The fault zone was divided into 52 geometrically
defined segments of uniform strike, which were then grouped into 7
sections: 4 straight and 2 curved sections, and Cholame Valley, One of
the straight sections is the creeping section between San Juan Bautista
and Cholame in central California; the rest of the sections are locked,
Many of the gross peometric characteristics of the individunl seg-
ments, such as length, width, and stepover size, reflect their position in
either a straight or a curved section. In contrasi, with respect to the
orientstions of the recent breaks within the segments, the single creep-
ing section differs from all of the locked sections, bath straight and
curved, as follows: (1) the traces of recent breaks with a more west-
ward orientation than the local strike of the fault zone (P traces)
dominate over those with a more northward orlentstion (R traces) In
the creeping section, whereas the opposite refationship bolds in the
Jocked sections, and (2) the more northward-oriented (R) traces make
farger angles to the local strike of the fault zone in the Jocked sections
than in the creeping section. The latter. 'result s consistent with the
orientations of R shears in our various haborstory samples, The
former result was unexpected, because of the predominance of R
shears in most hboratory samples, but a smafl number of samples are
analogous fo the creeping section In terms ol their P-shear abun-
dances, R-shear orlentations, and stiding behavior. The causes of these
. distinguishing characteristics are not yet understood,

INTRODUCTION

A genenal correlation has long been made between the fracture pat-
terns of patural fsult zones and those that develop during laboratory shear
box and friction tests (for example, Tchalenko, 1970; Wallace, 1973;
Rutter and others, 1986). In recent years, we bave conducted petrographic
studies of fault gouge deformed in many triaxial friction experiments
(Moore and others, 1986a, 1988, 1989). A major result of this work is that
we have been able to distinguish between the stably sliding and stick-slip
samples on the basis of the degree of development of subsidiary shears and
their orientations relative (o the boundaries of the gouge layers. We then
wished to determine whether these experimental results could be applied
to natural faults. To this end, we have studied the surface rupture patterns
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along the San Andreas fault zone, with emphasis on a comparison of the
creeping and locked parts. This paper presents the first results of our study
ol San Andreas fanlt geometry and their evaluation in the light of our
labonatory observations. :

The analysis of fault geometry, and in particular fault segmentation, is
becoming increasingly important because of the many recent demonstra-
tions of correlations between earthquake rupture patterns and the locations
of bends and stepovers along a fault (for example, Weaver and Hill, 1978;
Bakun and others, 1980; Lindh and Boore, 1981; Sibson, 1985, 1986;
Barka and Kadinsky-Cade, 1988). The geometric features identified in this
investigation, therefore, may be applicable 1o the study of earthquake
processes along the San Andreas fault zone.

EXPERIMENTAL BACKGROUND

The structural features produced during shear box, rotary shear, and
Riedel experiments have been studied over many years (for example,
Cloos, 1928; Riedel, 1929; Morgenstern and Tchalenko, 1967; Mandl and
others, 1977), and investigators of rock mechanics have examined the fault
patterns developed during friction experiments {for example, Logan and
others, 1979, 1981; Rutter and others, 1986; Logan and Rauenzahn,
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Figure 1. Labeling scheme and sign convention of Logan and
others (1979) for selected secondary shears developed in gouge layers
that were deformed in triaxial friction experiments. From comparison
with our experimental results, the R and P shears make angles of at
most 135° to the boundaries of the fault zone. The fault zone bs
orienied with & northwest trend (o compare with the northwest-
trending, right-stera] San Andreas (ault. In the discussion of San
Andreas fault traces, those recent breaks making positive angles to the
Jocal fauli strike, as indicated in the figure, are referred (o as “porth-
ward"™ traces, and those making negative angles are termed “west-
ward” traces.
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TABLE ). CHARACTERISTICS OF GEOMETRICALLY DEFINED SEGMENTY
OF THE SAN ANDAEAS FAULT BETWEEN POINT ARENA AND CAJON PASS, CALIFORNIA
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1987). The laboratory experiments yield a variety of secondary shears
oriented at different angles 1o the fault tone boundaries, along with tension
fractures at about 45° to the principal direction of shear strain. Only three
sets of shears, R, P, and Y, are important for this discussion (Fig. 1). The Y
shears are approximately parallel to the strike of the fault rone, whereas
the R and P shears make small to moderate angles of opposite sign (Fig. 1)
1o the trend of the fault zone. The sense of shear of all three sets of
secondary shears is the same as that of the principal displacement zone.
The various types of laboratory faulting experiments cited above have
yielded similar styles of fault zone evolution, which bave been explamed in
terms of Coulomb theory (Morgensten and Tchalenko, 1967; Tchalenko,
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1970; Mand! and others, 1977; Naylor and others, 1986; Mandl, 1988,
Sylvester, 1988). According to this theory, during standard simple-shear
tests on materials such as sand and clay, the R shears form first as Cou-
lomb shears. (The conjugate Coulomb shear, R’, would be oriented at
about 60°-70° to the fault zone boundary; as & result, the conjugate
Coulomb shears tend to be poorly developed.) The establishment of the R
shears causes changes in the stress fields in the intervening areas, which in
turn leads to the development of smaller-angle R shears, Y shears, and P
shears in those areas. The original, larger-angle R shears are not well
orieoied to accommodate large amounts of slip, so that displacement
gradually becomes more and more concentrated along the smaller-angle
shears.

We have examined many samples of natural and simulated fault
gouge that were deformed in laborstory triaxial friction experiments; the
gouge materials tested include granitic rock flour, pure quartz sand, serpen-
tine, and clay gouge rich in illite or montmorillonite (Moore and others,
19864, 1988, 1989). The samples consisted of layers of gouge from 0.1 to

. 4.0 mm thick that were inserted along 30° sawcuts in granite cylinders. A

maximum of about 15 mm offset along the ;awcut was possible in the
triaxial testing equipment, The friction experiments were run under 2
range of temperature, confining pressure, fluid pressure, and velocity con-
ditions, which yiclded many samples each of stable and stick-slip dis-
placement (Summers and Byerlee, 1977; Byerlce and others, 1978; Moore
and others, 1983, 1986a, 1986b). o

In our samples that contained subsidiary shears, R and Y shears
dominated, consistent with the other laboratory results; P shears were sot
uncommon, but with a few exceptions that are described later, their pres-
ence was restricted 10 short segments connecting other shears. The degree
of localization of shear and the orientation of the R shears could be
correlated with the sliding behavior of the samples. With respect to the
illite-rich gouge (Moore and others, 1989), for which the most data are
available, the samples with a pervasive deformation fabric and few or no

 subsidiary shears slid stably. The samples with deformation localized along

subsidiary shears slid stably if the Iargest angle between the R shears and
the boundary of the gouge layer (termed the “Ricdel angle™) was fess than
10°, and stick-slip displacement occurred only if the maximum Riedel
angle was larger than 14°, Samples with maximum Riedel angles between
10° and 14 had transitional behavior, that is, either stable slip, partially
stable and partially stick-slip displacement, or stick-slip with small stress
drops. The samples with the largest Riedel angles displayed the largest
stress drops during the experiments. Similar relationships between gouge
texture and sliding behavior were found in the other gouge types exam-

" {ined, although for the gouge composed of quartz sand, the R shears in the

stably stiding samples made angles as large as 24° to the strike of the fault
zone, and those in the stick-slip samples made angles of as much as 35°
(Mocre and others, 1988).

PRESENT STUDY
pe .

This work uses the six maps of recently active breaks along the San
Andreas faull zone between Point Delgada and Cajon Pass, prepared at
scales of 1:24,000 and 1:62,500 by geologists of the U.S. Geological
Survey (Ross, 1969; Vedder and Wallace, 1970; Brown, 1970, 1972,
Brown and Wolfe, 1972; Sarna-Wojcicki and others, 1975). A genenal
view of this part of the San Andreas, with important Jocality names and
the extent of each map, is presented in Figure 2. The study area north of
San Francisco (Brown and Wolfe, 1972) was restricted to the on-land
parts between Point Arena and Bolinas Bay, South of Cajon Pass, the San

.i'
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Figure 2. Msp of the San Andreas fsult between
Point Arena snd Cajon Pass; U.S. Geological Survey strip
maps of recently active breaks slong this part of the San
Andreas are the focus of this study. The extent of each
strip map s indicated by tick marks on the fanht, which
correspond to the map designations on the right: map A,
Point Delgads to Bolinas Bay (Brown and Wolfe, 1972;
only the part south of Point Arena has been examined);
msp B, San Mateo County (Brown, 1972); map C, Santa
Cruz Mountsins to northern Gabilen Range (Sama-
Wojcicki and others, 1975); map D, northern Gabilan
Range to Cholame Valley (Brown, 1970); map E, Cholame
Valley to Tejon Pass (Vedder and Wallace, 1970): map F,
Tejon Pass to Cajon Pass (Ross, 1969). That part of the
fault from just south of San Juan Bautists to near Cholame
constitules the creeping section of the San Andress; the
rest of the fault is locked. HF, Hayward fault; CF, Calave-
ras [ault; GF, Garlock fault.

Andreas system splits into several major splays, Three maps of recently
active fault traces have been compiled for parts of this area (Hope, 196%;
Sharp, 1971; Clark, 1984), but they have been excluded from the present
study because of the complicated nature of [aulting in this part of southern
California. They will be examined in the future, along with maps of the
Hayward and Calaverss fault zones prepared by Radbruch-Hall (1974)
and Herd (1977, 1978).

For this initial study, the dats in the six maps were sot modified with
information from other sources, because the maps were prepared as part of
the same project, with general guidelines set for the identification and
depiction of the recent breaks. As a result, map-to-map variations arising
from differences in mapping procedure should be minimized. Davis and
Duebendorfer (1987) remapped the southeastern half of the area covered
in Vedder and Wallace (1970); this map is considered separately to test the
effect of differences in mapping technigue on the results.

At s given locality, the San Andreas fault zone may consist of one or
more individual fault traces—the recenty sctive breaks—in s band as
much as 2.5 km wide (Table 1). The recent breaks were identified by a
combination of field and aerial-photograph examinstions; becauvse of inac-
cessibility or time constraints, not all of the features identified in the
photographs were verified by field examinations. Topographic criteria for
recent movement include scarps, trenches, offset streams, sag ponds, and
lines of springs or trees (details of the mapping procedures are contained in
the descriptions accompanying the maps). Many of these features are
ephemeral, and their degree of preservation varies with climatic condi-
tions, the rate of sedimentation or erosion, and the amount of human
activity. Thus, the data set is probably incomplete, and some parts of the
fault, such as arid regions, may yield a somewhat longer record of faulting
than do others.

Procedures

The principal purpose of this study was to compare the orientations
of the individua! recent breaks to the local strike of the fault zone. Because
the strike of the San Andreas varies markedly along its length (Fig. 2), we
divided the fault zone into segments of uniform strike. Thus, the fault
segments are defined solely on the basis of geometry, so that a given
segment is a straight stretch of the fault 20ne that is separated front adjoin-
ing segments by geometric discontinuities such as bends or stepovers
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(Barka and Kadinsky-Cade, 1988; Knuepfer, 1989). Specifically, the
length of a segment is the straight-line distance (the average trend or strike
line) that can be traversed while remaining within the zone of recently
sctive breaks. This usage differs from that of seismogenic or earthquake-
rupture segments, which are defined on the basis of characteristic earth-
quakes that repeatedly rupture the same length of fzult (Schwartz and
Coppersmith, 1984).

The average tread line for a given scgment was drawn as close as
possible to the main trace of the fault zone, and segment boundaries were
placed, where possible, at marked changes in the faulting pattern. Fault
relations at several segment boundaries are concealed by recent alluvial
deposits or construction. In such cases, the boundary was inferred. If
projections of the average trend lines of the adjoining segments intersected
within the gap, then the boundary was designated as a simple bend;
otherwise, the smallest stepover width between the average trend lines in
the gap was reported. Problems in defining segments were encountered

TABLE 1 GROUMNG OF AN ANDREAS FAULT EEGMENTS INTO
STRAIGHT AND CURYED SECTIONS
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principally in the complexty faulted parts of maps C and E, where the zone
of rupturing is wide and the main fault trace is hard to identify. The
southeastern half of map F near Cajon Pass was also problematic because,
although the fault trend is not quite straight, the fault lacks obvious points
of subdivision. Altlemative divisions were examined for thesz parts of the
fault; use of the alternative segment configurations does not affect the
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- F-4 F=S5a —»
. OVERLAP. |
o F-5a ) l ) ' F:-Sb _..—
OFFSET
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. UNDERLAP
Figure 3. Terminology of segment boundaries, after Barka and
Kadinsky-Cade (1988) with modifications from Biddle and Christie-
Blick (1985). The iltustrations are traced from the strip maps of re-
cently active breaks in the San Andress fault zone; the tick marks and
segment boundaries show bow these traces were subdivided for
measurements of length and orientation. A smooth bend ks one in
which the change in orientation between adjoining segments Is grad-
ual. The position of such & boundary, therefore, is approximate. A
sharp bend is characterized by an abrupl, although not necessarily
Iarge, change in the orientations of the recent breaks on either side of
the boundary. The terminology of stepovers indicates the relationships
slong strike between adjolning segment ends. Dot-dashed Enes mark
the segment boundaries, and dotted lines in three of the skeiches
indicate the positions of the average trend lines. The dashed, closed
lines In the area between pegments A-4 and A-S mark the sites of
swamp and a lake,
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conclusions about comparative fault geometry reached in this paper.
Measurements of fauli-zone width were made along each segment,
fault-zone width being defined in this study as the width of the zone of
mapped recently active breaks, measured perpendicular to the strike line of
the segment. :

The strikes and lengths of all of the recent breaks within each segment
were then measured. A small pumber of traces that appear to be landslide
scars rather than fault ruptures were not considered. As in the case of the
fault xone as a whole, the individual traces are seldom straight lines, and
where necessary, they were divided into smaller lengths of relatively uni-
form trend. Subdividing rather than averaging was done, because the
longer breaks, particularly the main fault trace, may have formed through
the linkage of shorter, en echelon traces the orientations of which are the
primary interest of this paper. Some examples of subdivided traces sre
shown in Figure 3, Subdivision of the traces is in many cases a subjective
process because the changes in strike along a given fault trace are com-
monly gradual rather than abrupt. Efforts were made 10 ensure consistency
in the manner of subdividing traces in the various maps. It should be kept
in mind, however, that the rose diagrams and histograms of fault length
and orientation and any numbers derived from them in this paper are to be
considered in & comparative rather than an absolute sense.

Sets of the six maps containing the basic data for this report are
available for inspection at five repository libraries, included with copies of
Moore and Byerice (1989). The maps show the exact positions of the
segment boundaries &nd average trend lines, the subdivision of the individ-
ual fault traces for measurements of length and orientation, and the alter-
pative segment boundaries that were considered. The locations of the
libraries housing these maps are listed on page 19 of Moore and Byerles
(19%89). .

RESULTS o
General Segment Characteristics

Iz all, 52 segments were defined along the examined 700 km of the
San Andreas (Fig. 4 and Table 1), ranging from 4.6 to 66 km in length
(Table 1) and averaging about 14 km. The average value is consistent with
the 12- to 13-km-long, geometrically delimited segments of Bilham and
Williams (1985) on the southern San Andreas and with the abundance of
12-km-long geometric segments defined by Bilham and King (198%) along
the San Andreas between Cape Mendocino and the United States-Mexico
border. All of the segments are Jess than 30 km long, except for one
66-km-long segment (D-4). Segment D4 is on Brown's (1970) map,
which was prepared at 2 1:62,500 scale rather than the 1:24,000 scale used
in most of the other strip maps. Irregularitics in this segment may assume a
greater prominence at the larger scale, leading 1o its division into smaller
segments. As illustrated in Figure §, the San Andreas is discontinuous at
various scales, and moving from any given trace to the pext closest one
involves a change in strike or a stepover. The fault segments delimited in
Figure 4 and Table 1 represent larger-scale discontinuities along the length
of the zove of active faulting.

Among the segment boundaries, there sre approximately equal
pumbers of simple beands and combined bends/stepovers, and a much

_smaller number of stepovers without bends. Unless otherwise noted, the

bends listed in Table 1 are sharp bends (Fig. 3). The largest azimuthal
difference between adjoining segments is 20°, measured between segments
E-14 and E-15. Among the stepovers, overlaps and underlaps sre more
common designations than are offscts. All but three of the stepovers be-
tween segments are to the right, A right step on a right-lateral fault should
be associsted with extension (Crowell, 1974a, 1974b; Rodgers, 198(;

C m——
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Figure 5. Tracings of represents-
tive segments from the (a) locked
(A-5), and (b) creeping (C-B) parts of
the San Andreas fault, with the aver-
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age trend lines drawn directly beneath
for reference, (On the original data
maps of Moore and Byerlee, 1989, the
average trend lines are drawn in the
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Segall and Pollard, 1980; Sibson, 1985, 1986), and the boundary between
scgments A-4 and A-5 is a good illustration of this. The stepover ares
between these segments contains a lake and a swamp (Fig. 3), suggesting
subsidence accompanying extension,

The maps examined in this study contsin no information on the
geological or structural relationships adjacent to the San Andreas fault
zone. Comparison with the Davis and Ducbendorfer (1987) map, how-
ever, which covers a 6-km-wide strip coincident with part of mep E, shows
that the segment boundaries delimited in that area are commonly located

at the intersections of other faults with the San Andreas. At least some of

our geometrically defined segments, therefore, also appear to have a struc-
tural significance. -

Grouping of Segments into Sections

The strike of the San Andreas is relatively uniform over long
stretches, but it changes markedly within a short distance along a major
bend northwest of Tejon Pass (the western end of the Big Bend of many
guthors) and slong a second, more subtle bend northwest of San Juan
Bautista (the San Juan Bautista Bend of Crowell, 1979) (Fig. 2). The
segments of these two bends differ in many of their characteristics from the
segments in the more uniform stretches of fault, and we used these differ-
ences 1o devise an informal grouping of the segments into straight and
curved sections (Fig. 6 and Table 2). The term “curved section™ is used

here instead of “bend,” to avoid confusing these large-scale features with

the bends between individual segments. In this study, the northern limit of
section 2 (northern curved section) and the southemn limit of section 6
(southern curved section) are placed at the sites of large azimuthal changes

between adjoining segments (11° and 20°, respectively). The southem -

timit of section 2 and the northern Limit of section 6 are situated at large,
abrupt changes in fauli-zone width (Fig. 4). The boundary between sec-
tions 2 and 3 also coincides with the southern termination of surface
rupture accompanying the 1906 San Francisco earthquake and the north-
ern limit of observed fault creep on the San Andreas,

The average segment length is about 17 km in the straight sactions
but only 8 km in the curved sections. The strike of adjoining segments in
the straight sections tends to vary uniformly and gradually; the largest

CREEPING SECTION

{SAN JJAR BAUTISTA to ALMADEN WINERY)

single bend is 6°, In conirast, the segments of the curved sections have a
wide range of orientations, and the strike of adjoining segments tends to
shift in a zig-zag (or sawtooth, Bitham and Williams, 1985) pattern. For
example, between segments E-11 and E-15 in the southem curved section,
the fault strike varies as follows: N68°W-NE2°W-NTI°"W-NO"W-
N70°W (Fig. 4, Table 1). The width of the zone of recent breaks is
narrower overall in the straight sections, being in general less than 300 m
and st most about 1,600 m in width (Fig. 4). The two paralle] traces near
Parkfield in the central creeping section are approximatety 1,400 m spart.
On the other hand, the maximum fault width is about 2,500 m in the

- porthern curved section and 2,300 m in the southern one.

. Cholame Valley consists of only two, parallel segments, and it does
not correspond to either a straight or a curved section (Fig. 6 and Table 2).
Nevertheless, it is the site of a pronounced discontinuity in the trend of the
fault zone in central Californis, and it marks the southern end of the
section of fault creep. Cholame Valley is generally viewed as a large, right
stepover (Fig. 4; Dickinson, 1966; Sims, 1988; Shedlock and others,
1990); yet, because the main fault traces within the valley are of compara-
bie length to the other segments in Table 1, it represents a higher-order
stepover than those delimited between the individual segments and merits
separate consideration. :

Individual Fault Traces (Recently Active Breaks) in Segments

For each segment, the total length of fauli traces with a given orienta-
tion was determined and plotted on & rose disgram (Fig. 7), to show the
azimuthal range of the receotly active fault traces. The rose disgrams vary
widely from segment (0 segment, in part reflecting differences in segment
length and density of faulting; even so, some trends can be seen. The
diagrams with a oarrow range of fault ofientations are genenally derived
from segments of the straight sections. In contrast, the segments with a
relatively wide range of fault orientations are concentrated in the curved
sections, Nevertheless, within the entire study area, only two short traces
are oriented more than 60° off the local average trend, and nearly 99% of
the tota] fault length in Figure 7 is oriented within 35° of the Jocal fault
strike. The mode of fault length in a given rose diagram only rarely
coincides with the average trend, instead diverging as much as 8° from it.
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Figure 6. Grouping of the segments of the San
Andreas fault into aliernating straight and curved
sections: 1, northern locked section; 2, morthern

PT. ARENA

MOORE AND BYERLEE

1 (A=1 to B=2)

N
curved section; 3, central creeping section; 4, Cho- FORT Ros3
lame Valley; 5, central locked section; ‘6, southern TOMALES PT.
curved section; 7, southern Jocked section. General BOUNAS ™
characteristics of the sections are listed in Table 2. SAN FRANCISCO

Segments F-7 and F-8 are not included in the south-
ern locked section (Tabie 2) because the strike of the
fault changes by 11° along their 19-km combined
length. These two segments may mark the beginning
of 1 bend at the southern end of the study area.

=
n
%

The recent breaks of the creeping section are confined to 8 narrower
angular range than sre those of the locked sections (Fig. 8). All of the fault
traces in the creeping section are oriented within 30° of the local average
trend line, On the northward side shown in the histogram in Figure 8a,
with the sole exception of two breaks at 426°, the fault traces make no
more than a +15° angle to the local fault strike. Indeed, 97% of all of the
fault traces in the creeping section are oriented within +15° of the average
trend. On the other hand, the histogram of the locked segments in Figure
8b tails off gradually to the 35° limits of the plots, and only 87% of the
total fault length is contained in the range (+15° to -15°). If the shapes of
the histograms in Figure 8 are compared, then the histogram for the
creeping segments is skewed toward the westward (-} side, whereas that
for the locked segments is skewed toward the northward (+) side. Ex-
pressed another way, for the creeping segments (Fig. 8a), the sum of the
fault lengths for a given angle is generally greater on the westward side
than on the northward side of the average trend; the opposite is true for the
locked segments (Fig 8b). Comparison of the histograms in Figure 9 shows
the concentration in the curved sections of fault traces making large angles
to the average trend; nevertheless, such traces are aiso present in the locked
straight sections. The bistogram of the curved sections bas less of a central
peak than the one for the locked straight sections; both histograms, how-
ever, are skewed toward the northward side. Histograms for the individual

TABLE 1. SEPARATION OF RECENT BREAXS INTO PARALLEL,
NORTHWALD, AND WESTWARD FAULTS
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segments (Mocre and Byerlee, 1989) have more scatter, but the same
overall trends are scen as described above for the grouped data.

The differences in the shapes of the histograms in Figures 8 and 9 are
considered in more detail in Table 3, in which the fault lengths in the
histograms are separated into three groups: those traces that are approxi-
mately paralle] to the average trend, and those with either a more north-
ward or a more westward orientation than the local fault strike. These
groups are referred to as “parallel,” “northward,” and “westward,” respec-
tively, Six separate sets of calculations were made, for definitions of paral-
le] faults ranging from 0° only (the average trend) to +5° to -5°; the results
were almost the same for each case. Two of the intermediate sets of
calculations are given in Table 3, as examples of relatively restricted (+1°
to -1°) and relatively generous (-4° to +4°) definitions of the parallel
faults, respectively; for each case, Table 3 lists the lengths of paralle],
northward, and westwand [aults for the four groupings of segments in
Figures 8 and 9. Because of the different total lengths of recent breaks in
the histograms, two ratios were calculated to facilitate comparisons: the
ratio of westward to sorthward faults, and the ratio of parallel faulis to the
total length of recent breaks in & given group of segments.

In both cases, the westward breaks dominate over the northward
ones in the creeping section, whereas the opposite is true for the various
groupings of locked segments (Table 3). The ratio of westward to north-
ward traces is about 1.35 for the creeping segments and only 0.63 for all of
the locked segments. These ratios differ by slightly more than a factor of 2;
thus, relative to some unit length of northward traces, the creeping section
contains more than twice the length of westward traces than do the locked
sections. The ratio of westward to porthward traces is higher for the locked
straight sections than for the curved sections, but the former value still
differs from the ratio for the creeping segments by s factor of 1.8 10 1.9,
The proportion of parallel traces to the total length of recently active
breaks is about the same for the creeping and the locked straight sections;
for the narrower definition of paralle] traces (case 1), the ratio is about
0.25 for both groups of segments, and for the wider definition of paralle}
breaks (case 2), the ratio is approximately 0.55 for both groups. The ratio
of parallel traces to total fault length is Jowest for the curved sections.
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DISCUSSION with time, with the relatively young Calaveras (Page, 1982) and Hayward

Comparison of Straight and Curved Sections

Severa! differences in the overall geometry of segments in the straight
end curved sections of the San Andreas have been noted in this study. The
curved sections are characterized by relatively short segments that are
amanged in a sawtooth pattern. Both the stepovers and bends between
adjoining segments tend to be larger in the curved sections, and the scg-
ments themselves occupy relatively wide and complex zones of faulting.
These differences are consistent with the presence of an immature fault
geometry in the curved sections and a more mature fault geometry in the
straight sections. For example, Wesnousky (1988) proposed that the trace
of & strike-slip fault becomes progressively more smooth with time. Wes-
nousky's index of smoothness was keyed 10 the number and sizes of
stepovers; other logical consequences of progressive fault smoothing, how-
ever, would be the cutting off of high-angle beads and an increase in the
average length of the fault scgments.

The differences in fault patterns between the curved and straight
sections cannot be ascribed 1o differences in their total ages and amounts of
offset. Instead, the curved sections may be original festures of the San
Andreas that, because of tectonic constraints, were unable to straighten. A
seoondpossibﬂityislhnthcmedncﬁonsoﬁginuedthmbthemt
bending of a formerly straight section of the fault, causing the fault patterns
to become “reset.” No conclusions can be drawn sbout the northern
curved section at this time, because its tectonic history is not well under-
stood (Aydin and Page, 1984). Crowell (1979} inferred, however, that this
bend is & recent, superposed feature that is becoming more pronounced

faults developing as splay faults in response to the bending.

Two bypotheses have been advanced that may sccount for the pres-
eace of the southern curved section. Several workers have correlated the
development of this large-scale bend with displacement on the Garlock
fault. As summarized by Sylvester (1988), the modern San Andreas origi-
nated at about 24 Mas and bas sbout 330 km right-lateral offset; the
Garlock fault, which meets the San Andreas at the southeast end of the
southern curved section (Fig. 2; see also Davis and Duebendorfer, 1987),
has accumulated sbout 60 km lefi-lateral displacement since 10 Ma
(Loomis and Burbank, 1988). The Garlock fault has been interpreted by
Davis and Burchfiel (1973) as 2 continenta! transform fault that accom-
modates east-west, Basin and Range extension on the north side of the
fault, with the relatively stable Mojave block on the south side. At the time
of inception of the Garlock fault, the San Andreas of the southern curved
section may have been straight and in line with the sections of the fault to
the north and south of it (Bohannon and Howell, 1982); since then,
progressive lefi-lateral offset on the Garlock fault has caused the San
Andreas to be increasingly deflected to the west.

Alicroatively, Crowell (1979) suggested that the San Gabriel fault
was originally the main strand of the San Andreas in southern California.
At about 4 Ma, perbaps in associstion with the opening of the Gulf of
California, this strand was replaced by the current trace of the San Andreas
between the Big Bend and the San Gorgonio Bend. The new trace would
include both the southern curved and southern locked sections of this
study. Comparison with the northern straight section, much of which
originated in the past 4 m.y. (Atwater, 1970; Atwster and Molnar, 1973),
suggests that a mature fault geometry, such as that exhibited by the south-
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em locked section, could develop in that time. In contrast (and in common
with the previous hypothesis), the bending in the southern curved section
may be reinforced by offsets on the Garlock and Wlmc Wolf faults
(Crowell, 1979, p. 300)
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This study of mently active breaks of the San Andreas fault zone bas

revealed some distinctive fextures to compare with our experimental re- -

sults. The segmenis 'of the curved and locked straight sections, described
above, can be distinguished on the basis of their internal as well as external
geometry, in that the curved sections have a lower proportion of parailel

- faults and a lower ratio of westward to northward traces than do the
locked straight sections. Because of the many differences between the
straight and curved sections, fault traces within the creeping section will be

_ compared only to those in the locked straight sections. Two differences
were found. First, the creeping section has a general lack of northward
traces making large, positive angles to the strike of the fault 2one; second,
the creeping segments have more westward than porthward traces, where-
as the opposite relation is true for the locked straight segments.

The relationships between the San Andreas fault traces and the sec-
ondary shears of experimental studies are illustrated in Figure 1. The ¥
shears of laborstory faults correspond to the parallel bresks of the San
Andreas, the R shears to northward-oriented San Andreas traces, and the
P shears to westward-oriented traces. In our laboratory samples, the R and
P shears make angles of at most £35° to the boundaries of the gouge layer
(Moore and others, 1986, 1988). All of the porthward and westward

traces of the creeping section fall within this range; the largest-angle traces
in the focked sections do not, but the leagth of such traces compared to the
total length of recent breaks is only about 1%. The ratios of westward to
northward traces calculated for the locked sections in Table 3 are therefore
not strictly analogous to P/R ratios, but imposing a 35° limit would
change the vatues by at most 0.03 (see Moore and Byerlee, 1989, Table 5,
p- 57). The relative abundances of R, Y, and P traces in the locked
segments are similar to those measured by Keller and others (1982) along
the southern San Andreas near Indio Hills.

+ - In'most respects, the San Andreas fault patterns closely correspond to
those observed in our laboratory samples of fault gouge. The general
absence of northward traces with angles greater than +15° from the creep-
ing section and their presence in the Jocked straight sections is consistent
with our measurements of lower Riedel angles in the stably sliding samples
than in the stick-stip samples of fault gouge (Moore and others, 1989). The

' tramsition to purely stick-slip behavior for most of the gouge materials

tested is associated with an increase in the maximum Riedel angle to 15°
or greater, The differences in maturity suggested by the general segment
characteristics of the curved and straight locked sections can also be ex-
tended to their intemal fault patterns. The relatively low proportions of
panallel traces and bigh proportions of porthward traces in the curved
sections can be correlated with the early stages of lsboratory fault zone
development in which R shears predominate. The higher proportions of
parallel traces and lower proportions of northward traces in the locked
straight sections reflect the increasing prominence of Y and, to a lesser
extent, P shears in laboratory samples as displacement continues. Only the
predominance of westward over northward traces in the creeping section is
pot immediately identifisble among the experimenta! results, because in
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most samples the P shears are subsidiary to the R shears. Even bere,
bowever, some correlation is present.

Because our earlier textural studies were concentrated on the Rand Y
shears, the many samples of illite gouge described by Moore and others
(1989) were re-examined for P-shear development. Only 6 samples out of
more than 100 contain P shears that equal or surpass the R shears in
abundance. The six samples typically contain relatively wide secondary
shears and a strongly developed planar fabric in between, making the
overall textural development one of only moderately Jocalized shear, They
also have maximum Riedel angles of 14° or Jess, consistent with the
truncated histogram of the creeping section (Fig. 8a). Lastly, the sliding
behavior of the six samples ranges from stable slip to stick-slip with small
stress drops, which also corresponds (o the range from aseismic and epi-
sodic creep to earthquakes of small to moderate size observed in the
creeping section (Burford and others, 1573; Wesson and others, 1973;
Bakun and others, 1980).

Quality of Correlztions

Before discussing the significance of the correlstions between the
natural and laborziory favlt pattems, the level of confidence to be ac-
corded them needs 10 be considered. Possible concerns include the quality
of the San Andreas data &nd the extent to which laboratory and natural
faults are comparable. Although these topics are discussed extensively in
Moore and Byerlee (1989), the most important considerations are pre-
sented here.

Despite the general guidelines set down for the group of maps stud-
ied, each geologist involved in the project may have mapped the recent
breaks differently. Segments of the creeping section have similar faulting
patterns, however, even though they are on two maps prepared by differ-
ent geologists. The distinctive characteristics of the creeping section, there-
fore, are not an artifact of one geologist's mapping procedure. In the same
way, the special characteristics of the curved sections are in two maps, and
at least short stretches of the locked straight sections are contained in five
of the six maps.

The quatity of the map data was investigated further by comparing
the map of Davis and Ducbendorfer (1987) with segments E-10a to E-15
from Vedder and Whatlace (1970). The styles of the two maps differ
somewhat; principally, severa! of the longer, continuous fault traces in
Vedder and Wallace (1970) are represented as sets of short, en echelon
traces by Davis and Duebendorfer (1987). Davis and Ducbendorfer also
identified thrust faults that, along with traces that were designated as being
older and possibly inactive, were not included in the measurements. Use of
the newer map leads to the division of segment E-13 into two segments
and the shifting of a few segment boundarics by 8 maximum of 800 m.
- The combined histogram of fsult length and orientation obtained from
Davis and Duebendorfer (1987) is also somewhat flattened compared to
the one for the corresponding segments from Vedder and Wallace (1970),
but the range of orientations of the northward traces and the proportions
of parallel, westward, and northward traces obtained from the two maps
are nearly the same. Use of either map would lead to the same conclusions
about fault patterns in the western Big Bend area.

Another potential source of error is the choice of segment orienta-
tions. For example, s modest change in the average trend can greatly affect
the tota! lengths assigned to parallel, northward, and westward traces i a
given segment. If the average trend of each creeping segment were shified
1° 1o the west, and the average trend of each of the locked segments were
shifted 1° 10 the north, then much of the difference between the lengths of

MOORE AND BYERLEE

westward and northward traces in the focked and creeping portions of the
fault would be removed. Such a pronounced bias in the determination of
the average trends seerns unlikely, because for many of the segments,
particularly the longer ones of the straight sections, the tolerance in the
positioning of the average trend line is considerably less than 1° The
greatest tolerance would be found in the relatively short and wide seg-
ments of the curved sections, the fault patterns of which were not included
in the comperison with the creeping section.

Consideration of the stepovers between adjoining, recently active
breaks supports the suggestion of a difference in the distributions of west-
ward and northward traces between the creeping and locked straight
sections, A group of westward (P) traces in an en echelon amay along the
San Andreas would be separated by right stepovers, whereas a group of
northward (R) en echelon traces would be separated by lefit stepovers (Fig.
1). If the histograms of Figures 82 and 92 sre valid, then the creeping
section should contain more right than lefi stepovers between the recent
breaks, and the locked straight sections should contsin more left than right
stepovers. Stepaver counts for these four sections were made by following
1 principal slip path along the length of each section. The numbers vary,
depending on the treatment of equivocal areas, and a range of stepover
counts was obtained for each section. The ratio of right to left stepovers
for the creeping section ranges from about 3:2 to nearly 2:1; in contrast, the
ratios for the locked sections are alf less than 1;1, ranging from less than
1:2 for the southern locked section o 3:4 to 7:8 for the central Tocked
section. These results are consistent with the distributions of recent breaks
shown in Figures B2 and 9a and calculated in Table 3. This correspond-
ence is imporiant, because the stepover ratios are independent of the
choice of average trend lines and the subdivision of the recent breaks for
oricntation measurements.

An additional consideration is the applicability of our experiments to
natural faults. Because the laboratory experiments were conducted at high
pressures, comparisen of the experimenta! iextures with surficial fault
patterns is only appropriate is the surface structures are representative of
those found at deeper levels. This question cannot be answered at present,
because we have very little knowledge of the deep structure of faults.
Many workers have assumed that faulting patterns are simpler at depth,
and in keeping with this idea, most shear box and sand box experimeants, as
well as the intact-rock experiments of Bartlett and others {(1981), have
been conducted with a single, straight, narrow fault at the base of the
samples. Sharp (1979) envisioned & simple but possibly very wide fault
zone at depth. In contrast, examination of faults exposed in deep mines has
shown that the fault patterns remain complex (o at least that level (Wal-
lace and Morris, 1986). The ore-bearing faults that were studied by Wal-
lace and Morris may have originally formed at depths to about 5 km.
Some of the major surface irregularities in the San Andreas and Calaveras
fault zones have been identified at depth by means of detailed microseis-
mic studies (Eatoo end others, 1970; Bakun and others, 1980, Reasenberg
and Ellsworth, 1982). In their fractal analyses of the San Andreas fault,
both Aviles and others (1937) and Okubo and Aki (1987) also supported
the suggestion that the mapped surface irregularities extend to deeper
levels within the seismogenic zone.

Significance of Results

If the correlations between the experimental and natural fault pat-
terns are valid, then knowledge of the controls on textural development in
the experiments will be important to understand the behavior of faults in
nature. At present, however, ntither the variations in Riedel angle nor the
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relative proportions of R and P shears can be explained in terms of
Coulomb-Mohr theory. The orieatations of the R shears in the laboratory
samples should seemingly be related to their function as Coulomb shears,
yet the shear orientations cannot be related in & simple way to Covlomb
theory. Briefly, the angle that the R shears make with the boundary of the
fault 20ne should equal balf the angle of internal friction of the materia
* being tested (for example, Mand! and others, 1977). Given the experimen-
tal fault zone evolution described previously, and given no subsequent
passive rotation of the shears, the largest-angle R shears should be the ones
that obey the Coulomb equation. For the illite-rich gouge examined by
Moore and others (1989), however, the angles of internal friction calcu-

lated from plots of normal versus shear stress do not agree with those

obtained from the maximum Riedel angles, Use of an average rather than
the maximum Riedel angle for the calculations produces a3 even worse fit
for most of the samples. .

Our six samples of illite gouge containing many Psbem are identical
- with respect 10 sliding bebavior, degree of localization of shear, and Riedel
angles 1o many other samples that contain predominantly R shears. The
creeping section, therefore, appears to be correlated with the exceptional
nather than the normal samples. The experimental samples containing
many P shears were produced under 8 variety of experimental conditions,
and there is no obvious explanation for the development of their atypical
fault patterns. As described previously, from models of the evolution of
strike=slip faults based on Coulomb-Mohr theory, P shears should be
secondary structures and generally subordinate to R shears in their occur-
rence. The en echelon amays of westward (P) traces in the San Andreas
fault zone figured in Wallace (1973), however, appear to be primary

- rather than secondary arrays, because they form the principal (or only) -

mapped traces in those parts of the fault. Bartlett and others (1981) also
reported the possibly concurrent sather than sequential development of R
and P shears in laboratory strike-slip fault zones that they generated in
initially intact layers of limestone. Similarly, io our samples of lllite gouge

containing many P shears, those shears appear 1o be primary structures .

that are connected by secondary R shears. The formation of primary P
- shears is not explainable by Coulomb-Mohr theory (Bartlett and others,

1981; Gamond, 1987). Some natural, en echelon P faults bave been sug-

gested to form where dilation of the fault zone is possible (Vialon, 1979;

Gamond, 1983), but dilation cannot be invaked to explain P-shear devel-

opment in our samples, at least, because the experiments were run

under high effective pressures, for which dilation would be considerably
- suppressed. o " -

- CONCLUDING REMARKS - C

Two differences have bew found between the fault patterns of the ,

creeping and locked sections of the San Andreas. The fault geometry of the
locked segments is readily correlated with that of laboratory samples char-
acterized by stick-slip displacement. On the other hand, the geometry of

recent breaks of the creeping segments corresponds best 1o a small number .

of samples with sliding behavior that is transitional between stable and
stick-slip. Future experimental studies conducted to understand fault creep
msy best be concentrated, therefore, in the region of transitional sliding
behavior mather than that of purely stable slip, under conditions that favor
the development of P shears. If the special features of the creeping section
can eventually be related to its sliding behavior, then the pmems of recent

breaks will provide s useful tool for the evaluation of seismic potential.
Because of this, further work must corroborate these results and identify

the origin of the fauit patterns. , .

m
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