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Abstract

We examine the distribution, density, and orientation of outcrop-scale structures related to the Punchbowl Fault, an exhumed
ancient trace of the San Andreas Fault, southern California, in order to determine the structure of the fault zone. The
Punchbowl Fault has 44 km of right-lateral slip, and cuts the Cretaceous Pelona Schist in the study area. The mesoscopic
structures examined include fractures, small faults, and veins; they were inventoried using scan lines at closely spaced stations
along three strike-perpendicular traverses 200-250 m long across the fault. The fault zone thickness is a function of the type of
structure measured. Slip along narrow (<2 m wide) ultracataclasite cores of the faults results in foliation reorientation over a
distance of 50 m from the cores: fracture and fault densities appear to increase 50-80 m from the fault cores, and vein densities
are highly variable across the fault zone. Fractures and faults in the damaged zone have a variety of orientations, but most are
at high angles to the main fault zone. When coupled with previous geochemical and microstructural data, these data show that
large-displacement faults of the San Andreas system, are up to 200-250 m thick, and enclose zones of mineralogic and
geochemical alteration that are 20-30 m thick. Extreme slip localization occurs over zones 1-5 m thick. When reconciled with
geophysical imaging, our data suggest that trapped headwaves travel in the damaged zone, and that some aftershock events
produce slip on faults and fractures, which often have orientations very different from the principal slip surfaces. © 2000
Elsevier Science Ltd. All rights reserved.

nucleation and propagation (Sibson, 1989; Li et al.,
1998), and the rheological/mechanical behavior of
faults (Bruhn et al., 1994). Chester and Logan (1986)
suggested that the three important mechanical, hydro-
logic, and structural entities in and around a fault
zone are the protolith, the damaged zone, and fault
core. The damaged zone consists of the region of de-
formation associated with the fault, and may consist
of an increased concentration of fractures, faults,

1. Introduction

Evaluating the mesoscopic structure of fault zones
at scales of between one meter and hundreds of meters
is important for a variety of applications, including
hydrogeology (Forster and Evans, 1991; Haneberg,
1995; Lopez and Smith, 1995; Caine et al., 1996;
Zhang and Sanderson, 1996; Matthai et al., 1998), hy-

drocarbon migration (Fisher and Knipe, 1998), waste
isolation (Ferrill et al., 1999), ore deposits (Guilbert
and Park, 1985; Sibson et al.,, 1988), earthquake
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veins, and microstructural deformation (Chester et al.,
1993; Goddard and Evans, 1995; Caine and Forster,
1999). The fault core is the portion of the fault which
consists of highly deformed rock where much of the
slip is accommodated (Chester et al., 1993). Where
such tripartaite division of fault rock types exist, they
are likely to have significant impacts on the mechanical
and hydrologic behavior of faults (Bruhn et al., 1994;

0191-8141/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.

PII: S0191-8141(00)00019-5



914 S.E. Schulz, J.P. Evans | Journal of Structural Geology 22 (2000) 913-930

Evans et al.,, 1997), as well as produce important,
recognizable geophysical and geochemical signatures.
(e.g. Li et al., 1994a,b; Unsworth et al., 1999).

To date, most work on exhumed fault structure has
focused on individual aspects of faulting, and little
work has related data on the structure, mechanics,
mechanisms and morphology of fault zones across a
range of depths and scales, or considered how fault
structure influences earthquake wave propagation and
fault segmentation. The San Andreas Fault (SAF) is
perhaps the most intensively studied fault zone in the
world, with a variety of geological and geophysical in-
vestigations of the processes of seismic slip, rupture,
and segmentation. Geologic studies of exhumed faults
in the SAF system (Waters and Campbell, 1935; Oak-
shott, 1958; Anderson et al., 1980, 1983; Chester et al.,
1993; Evans and Chester, 1995) suggest that to at least
4 km depth, major faults of the SAF system are lim-
ited to thin, discrete slip surfaces commonly within a
fractured zone up to 200 m wide. There may be mul-
tiple anastomosing slip surfaces that are confined to a
relatively thin zone, outside of which there is little to
no fault-related deformation (Chester et al., 1993).
These slip zones are interpreted as being bounded by
zones of enhanced deformation, as suggested by
increased densities of fractures, veins, and small faults.

We examine the variation of mesoscopic structures
across the Punchbowl Fault, an exhumed ancient trace
of the SAF, developed in metamorphic rocks, and
combine these data with previous investigations to
evaluate how a fault zone may be imaged by direct
and indirect methods. We examined the Punchbowl
Fault at multiple scales from mesoscopic (outcrop) to
microscopic  (petrographic and scanning electron
microscopes). The density and orientations of frac-
tures, veins, and small faults and the reorientation of
pre-fault schistosity were documented along traverses
perpendicular to the fault zone and are presented in
this paper. The geochemical, microstructural and
mineralogical variations within the fault zone are sum-
marized in Schulz and Evans (1998). In this paper we
briefly describe our methods for detailed outcrop ana-
lyses of fault zones, then present our results, which
consist of the qualitative description of the rocks, fol-
lowed by the analysis of the quantitative data. Finally,
we discuss the structural and geophysical implications
of our results.

2. Geologic setting

Much of the geologic setting of the study area has
been described by Schulz and Evans (1998), and is
briefly summarized here. The SAF is a right-lateral
strike-slip fault that is part of a system of faults that
forms the boundary between the Pacific and North

American plates (Wallace, 1990; Powell and Weldon,
1992; Powell, 1993). Two of the larger and better
exposed inactive traces of the SAF are the San Gabriel
and Punchbowl Faults, which lie south of the Mojave
segment of the SAF in the San Gabriel Mountains
(Fig. 1, inset). The Punchbowl Fault was active from 4
Ma to 1 Ma and has a total right-lateral displacement
of 44 km (Dibblee, 1968; Ehlig, 1981; Weldon et al.,
1993). Right-lateral slip on the Punchbowl Fault was
abandoned in favor of slip along the SAF (Powell and
Weldon, 1992). Uplift of the San Gabriel Mountains
(Ehlig, 1981; Anderson et al., 1983) resulted in exhu-
mation of the Punchbowl Fault by at least 2-4 km
(Noble, 1954; Chester and Logan, 1986). The top of
the seismicity along the modern SAF is ~2-4 km.
Thus, the Punchbowl Fault zone is likely to be an
exhumed analog of the SAF. The type and spatial dis-
tribution of macroscopic and microscopic structures
associated with the Punchbowl Fault offer an indi-
cation of the fault-zone characteristics found at seis-
mogenic depths along the SAF.

The study area lies astride the Punchbowl Fault
near Wrightwood, California (Fig. 1) and extends
from Devil’s Punchbowl County Park (site of the Che-
ster and Logan, 1986, 1987 studies) in the west to
Cajon Pass in the east. Northwest of the study region,
the fault strikes 294° and dips 70°SW on average, with
a variation of 15° in strike and 26° in dip over a dis-
tance of roughly 6 km. The slip direction rakes 30° SE
(Chester and Logan, 1987) and the fault juxtaposes the
Tertiary Punchbowl Formation against older crystal-
line basement rock (Noble, 1954; Dibblee, 1968; Che-
ster and Logan, 1986).

In much of the present study area, the Punchbowl
Fault has at least two main traces (Fig. 1; Jacobson,
1983a; Dibblee, 1987; Ehlig, 1987; Weldon et al.,
1993). The rocks between the two traces in the study
area are limited to the Punchbowl Formation, Pelona
Schist, and an aplite unit. In the middle portion of the
field area the Punchbowl Fault has been mapped as
only a single strand (Noble, 1954; Ehlig, 1981). How-
ever, the fault in this area is not well exposed, and
more than one major strand may be present. At the
eastern end of the study area, Powell and Weldon
(1992) identified multiple strands of the fault (Fig. 1)
that merge with the active trace of the SAF and the
San Jacinto Fault. No evidence exists to determine the
relative timing of motion on the two strands.

The Pelona Schist consists of two rock types. It is
dominated by a metagreywacke, which is an albite—
quartz—muscovite schist with minor epidote, graphite,
and chlorite. Smaller amounts of greenschist inter-
preted to be a metavolcanic sequence of albite—chlor-
ite—clinozoisite—actinolite are found in the region.
Relatively rare occurrences of calcite—-marble, quart-
zite, and local masses of coarse actinolite and talc
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schist also are found (Ehlig, 1958; Dibblee, 1967;
Jacobson, 1980; Haxel et al., 1987; Jacobson et al.,
1988; Jacobson, 1990). In our study area, rocks north
of the Punchbowl Fault are dominated by the green-
schists, and by greyschists south of the fault zone.
Aplite to granophyric quartz monzonite dikes are also
common in the study area. The age of metamorphism
is thought to be Late Cretaceous (Jacobson, 1990).
Three traverses were examined in detail for this
study (Fig. 1). The three sites chosen all have at least
one fault core exposed and have reasonably good ex-
posure of the fault zone and the host rock. Traverses 1
and 2 are in areas where the Punchbowl Fault has
been mapped by Ehlig (1987) as two main branches.
The north branch of the Punchbowl Fault is
exposed at traverse 1, along with the wall-rocks from
between the two main fault branches (Figs. 1 and 2a).
Both branches of the Punchbowl Fault are well
exposed at traverse 2 (Fig. 2b). The fault core of the
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north branch is not exposed, but its location can be
determined to within 5 m by a change in lithology.
The protolith north of the northern branch of the fault
core is well exposed for over 100 m. The rocks to the
south of the southern branch of the fault core are
poorly exposed, but the limited outcrop enables some
analysis of the rocks.

Traverse 3 is 12 km southeast of traverse 2 (Fig. 1),
where a large road cut exposes the Punchbowl Fault at
the south end and the SAF at the north end. Over 100
m of continuous, undeformed Pelona Schist south of
the Punchbowl Fault is exposed, and there is a sharp
contact in the intensely deformed rocks of the fault.
Work on the 130-m-long traverse 3 was limited to the
southern branch of the Punchbowl Fault and the
undeformed rocks to the south (Fig. 2c). Traverse 1 is
oriented approximately north—south, and is ~80° from
the trace of the fault. Traverse 2 is oriented N 30° E
and also makes an angle of ~30° with the fault. Tra-
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Fig. 1. Location map of the study region in the San Gabriel Mountains, southern California. Inset shows the location of the San Gabriel range
and the major tectonic elements of the area. The locations of the three traverses along the Punchbowl Fault are indicated. Major faults are
labeled; SAF—San Andreas Fault, PBF—Punchbowl Fault, SGF—San Gabriel Fault, NBSGF—north branch of the San Gabriel Fault,
SBSGF—south branch of the San Gabriel Fault, SMCF—Sierra Madre—Cucamonga Fault, SA—San Antonio Fault, FF—Fenner Fault, STF—

San Jacinto Fault, VT—Vincent Thrust.
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Fig. 2. Cross-sections of traverses. Subsidiary faults are large faults that do not appear to have as much associated deformation as the main
branches of the Punchbowl Fault. Tadpoles indicate the apparent dip of the schistose foliation in the Pelona Schist. Lower hemispheric stereo-
graphic projections of fracture orientations are also shown. Mean orientation of the fault core is shown by the great circle in stereogram. The
Kamb contour plots are of the density of the poles relative to the uniform population, with the first contour level at 3 sigma, and a contour
interval of 2 sigma. Inverted ‘T-bars’ indicate stations from which stereonets are taken. Note differences in scales. (a) Cross-section and fracture
date for traverse 1. (b) Cross-section and fracture orientation data from traverse 2. (c) Cross-section and fracture orientation data from

traverse 3.
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Fig. 2 (continued)

verse 3 is oriented N 50° E, and makes an angle of
~70° with the trend of the fault. Thus, in all cases, the
Terzaghi correction for faults and fractures subparallel
to the main trace of the Punchbowl Fault is small.
Conversely, the planar structures, which formed at
high angles to the fault, are undersampled. Local,
meter-scale irregularities of the outcrop enable some of
this undersampling to be corrected. We also show
below that some of our results regarding fault-normal
fractures would be made even more conclusive by
applying a Terzaghi correction to these fractures.

3. Results
3.1. Methodology

We quantify the amount of brittle fault-related de-
formation along each traverse (Fig. 2). Stations at
selected points along each traverse begin from the
outer edge of the fault core and extend through the
damaged zone and fault core. Previous studies of the
San Gabriel and Punchbowl Faults (Chester and
Logan, 1986; Chester et al., 1993; Evans and Chester,
1995) show that much of the deformation associated
with large strike-slip faults in this area formed well
within 100 m of the fault core. Chester et al. (1993)
and Evans and Chester (1995) noted that the density
of the brittle structures associated with the Punchbowl
and San Gabriel Faults is localized within 10 m of the
fault cores. Because of the expected concentration of
structures close to the fault cores, we use a logarithmic
sampling approach to data collection. Exposure per-

mitting, stations along the traverses were placed every
meter for the first 10 m from the fault core, then on
every 10 m beyond the fault core. When there was no
exposure at one of these predetermined locations, the
nearest outcrop was used. In a few instances, the out-
crops are too weathered to provide a reliable measure
of fault-related deformation.

We used a line intersection (Hudson and Priest,
1983) inventory method at each station to measure the
numbered orientations of small faults, fractures, and
veins and to measure foliation orientation. Samples for
thin sections were also collected at each station. Two
vertical and two horizontal 70-cm-long scan lines were
used at each station, to reduce the effect of local vari-
ations in each outcrop on the results.

We use one-dimensional scan-line methods (c.f.
Hudson and Priest, 1983) rather than two-dimensional
or fractal methods (La Pointe, 1988; Gillespie et al.,
1993) because the exposures have limited vertical
extents of 5-10 m. We span three orders of magnitude
in our scales of observation (millimeter and centimeter
scale, Schulz and Evans, 1998, to the meter-scale in
this paper) and we make some comparisons between
these scans of observation in our discussion of the
results. The data from the two vertical transects were
averaged, added to the average of the two horizontal
transects to determine the number of damage elements,
and plotted in relation to the distance from the fault
core. All orientations are plotted separately. The vein
density is highly variable and was analyzed separately
from the other damage elements, and fractures are
denoted in the field as surfaces along which there is no
evidence of slip.
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Fig. 3. Outcrops of the Pelona Schist near the Punchbowl Fault. (a) Pelona Schist 80 m north of the Punchbowl Fault at traverse 1. The schist is
undeformed, with little fracturing along the foliation. (b) Exposure 47 m north of the Punchbowl Fault at traverse 1. The schist is more
deformed, with increased fracturing along and across foliation. (c) The north branch of the Punchbowl Fault, traverse 1. The trace of the Punch-
boal Fault is seen as a sub-vertical dark line to the right of the seated figure with the view toward the northwest. Note the damaged rock north
of the fault trace exhibits little foliation and numerous light veins in the greenschist. Grayschist south of the fault trace displays a prominent foli-
ation that is sub-parallel to the fault. (d) Pelona Schist 5 m south of the southern fault core of the Punchbowl Fault at traverse 3. The rock is
highly deformed and heavily altered. (¢) Close-up view of the main trace of the fault at traverse 2. A 15-cm-thick breccia zone is located south of
the fault core, 1-cm-thick slip surface is the dark, sub-vertical band cutting the rock. (f) Undeformed Pelona Schist 100 m south of the fault core,
traverse 3. Lettering on rock is graffiti.
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3.2. Qualitative descriptions of fault-related rocks

We first offer general descriptions of the rocks in
outcrop to provide a general framework of the fault
zone. Undeformed rocks are those for which schistos-
ity is easily recognized, and fracture spacing is ~0.5-1
m. Alteration at the outcrop was noted by the presence
of white—grey, chalky vein fillings, fracture linings, and
replacement clay feldspar-rich folia. This zeolite-rich
alteration (Schulz and Evans, 1998) is rare in the host
rocks.

The schist in traverse 1 is relatively undeformed up
to roughly 30 m from the fault trace, where the rock
changes from a thinly foliated, grey, quartz—mica
schist to a green—grey, highly fractured altered rock
(Fig. 3a). The schist has a well-defined foliation north
of the fault core and its orientation is unaffected by
the Punchbowl Fault. Beginning at 30 m north of the
fault core, foliation is difficult to distinguish (Fig. 3b).
Within 8 m of the fault core, the rocks are extremely
fractured and friable (Fig. 3c). South of the fault core
at traverse 1, between the two branches of the Punch-
bowl Fault, the rocks are green—brown altered schists
where fractures and slip surfaces are prevalent.

The fault core at all locations in this study is dark,
fine grained and foliated to massive cataclasite. The
fault core of the north branch of the Punchbowl Fault
at traverse 1 is less than 10 cm thick, with a brecciated
zone roughly 15 cm thick on the south side of the
fault core that is continuous across much of the out-
crop (Fig. 3d). This breccia zone is parallel to foliation
but truncated by the fault core. The foliation surfaces
are subparallel to the fault core, and they commonly
contain slickenlines that plunge within 20° of horizon-
tal.

Along traverse 2, the schist exhibits widely spaced
(20 cm apart) fractures at greater than 60 m north of
the fault core. At 15 m north of the fault core, fracture
spacing is typically 2-5 cm and contains many more
slip surfaces and veins than at 60+ m. Between the
two branches of the Punchbowl Fault, the amount of
alteration and deformation is irregular.

Rocks at traverse 3 are grey schists which are little
altered beyond 15 m from the fault core (Fig. 3e).
Within 15 m of the fault core, the rocks are much
more altered. The rocks within 5 m of the fault core
have little recognizable foliation and are very friable
(Fig. 3f). There is also an increase in the density of slip
surfaces close to the fault core, as well as locally abun-
dant veins.

The fault core of the southern branch of the Punch-
bowl Fault at traverse 3 consists of a group of anasto-
mosing gouge and cataclasite layers. Typically the
gouge layers are bounded by slip planes that usually
show distinct slickenlines indicating strike-slip motion
(less than 10° from horizontal). The rock surrounding

[m]
Regional
fold axis

Fbld axes

A Slip vector on fault plane
0O Fold axis north of fault

Fold axis south of fault
® Pole to foliation, north of fault

B Pole to foliation, south of fault

Fig. 4. Lower hemispheric stereographic projections of the fault core
orientations, slip vectors, poles to foliation, and fold axes at the
three traverses. Slip vectors, which are included for slip surfaces
where they were obtainable, show that the slip sense is right-lateral.
(a) Regional fold axis data for Pelona Schist. (b) Data for traverse 1.
(c) Data for traverse 2. (d) Data for traverse 3.
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the gouge layers is fine grained, friable, and locally fo-
liated or brecciated. The rocks more than 10 m north
of the fault core have a schistose foliation and are less
deformed than the rock adjacent to the core, although
they show a much greater abundance of fractures and
slip surfaces than the undeformed host rock south of
the fault core.

These qualitative observations of the rocks suggest
that the majority of the deformation associated with
the Punchbowl Fault occurs within 50 m of the fault
core, with the most intense alteration and deformation
concentrated within roughly 15 m of the fault core.

3.3. Structural analysis

As determined at the outcrop scale, the orientations
of the fault cores vary among the three traverses
(Fig. 4). The fault cores all dip steeply, ranging from
80°S to 79°N, with slickenlines that plunge approxi-
mately 20° (Fig. 4). We determine the intensity of de-
formation from the reorientation of schistosity, the
densities of fractures and faults, and vein densities.

3.3.1. Reorientation of schistosity

Deformation of pre-existing structures is one
method of estimating fault-zone thickness and strain
distribution adjacent to a fault (c.f. Chester et al.,
1993). In this study, the foliation of the Pelona Schist
provides a regional marker to determine the fault on
the protolith. We can do this because the Pelona Schist
is broadly arched such that schistosity strikes NW—SE
over the entire region (Jacobson, 1980, 1983a). Iso-
clinal folding of the schist (Jacobson, 1983a,b) pro-
duced NW-trending fold axes, which do not coincide
with the form nor orientation of fold axes derived
here.

The dip of the foliation steepens near the fault at all
three traverses (Fig. 4). At traverse 1, the dip of the fo-
liation steepens from 0-50° to 90° and to overturned
at roughly 50 m north of the fault core and remains
close to vertical throughout the damaged zone. The fo-
liation dip is also nearly vertical between the two
strands of the Punchbowl Fault. The strike of the foli-
ation is rotated roughly 45°, becoming subparallel to
the north branch of the Punchbowl Fault within 50 m
of the fault core along traverse 1 (Fig. 4b). In between
the two branches, the foliation orientation is subparal-
lel to the fault core.

In traverse 2, the foliation 100 m from either side of
the Punchbowl Fault dips shallowly and coincides with
the regional orientation (Fig. 4c). The foliation stee-
pens by 40° to nearly vertical within 50 m of the
northern fault core and by 30° within 20 m of the
southern fault core. Between the two branches of the
Punchbowl Fault, the foliation ranges in dip from 73°
to vertical, with the strike subparallel to the fault core.

The strike rotation along traverse 2 is greater than 30°.
The schistose foliation between the two strands has
more variation in orientation than in traverse 1, with
local folding near the southern fault core.

At traverse 3, a reorientation in the strike of the
schistose foliation of almost 90° occurs within 10 m of
the south trace of the Punchbowl Fault (Fig. 4d).
North of the fault core the foliation is subparallel to
the main trace of the Punchbowl Fault over a distance
of at least 20 m. The dip of the foliation steepens by
roughly 30° near the fault. The reorientation of foli-
ation occurs much closer to the fault core at traverse 3
than in the other two traverses.

The data show that the foliation is reoriented sub-
parallel to the main trace of the Punchbowl Fault over
a zone no more than 50 m from the fault core. The
changes in the strike of the foliation are not as dra-
matic as the changes in dip. In all cases, the foliation
steepens adjacent to the Punchbowl Fault.

Fold axes derived from the schistosity all fall on or
near the fault zone (Fig. 4). The folds are cylindrical,
and fold axes are subparallel to the slip vectors
(Fig. 4). Similar to more ductily deformed rocks (Bry-
ant and Reid, 1969; Escher and Watterson, 1974;
Hobbs et al, 1976, pp. 286-287), these data suggest
that the folding which caused foliation reorientation
may be the result of frictional drag on the Punchbowl
Fault or rotation due to simple shear in the fault zone.
It appears that slip on the Punchbowl Fault resulted in
up to 50—60° of rotation of schistosity. Once the foli-
ation was rotated parallel to the fault, no further ro-
tation may have occurred because further slip could
have been taken up along foliation surfaces. The cru-
dely defined motion path of the fold axes suggests that
the fault zone is a zone of simple shear with a com-
ponent of thinning (Jiang and Williams, 1999). The
mesoscopic mechanisms for folding were probably
brittle slip on fault and fracture surfaces in the
damaged zone, which exhibits numerous orientations
of faults and fractures.

3.3.2. Fracture orientations

The orientations and densities of small faults and
fractures help provide constraints on the structure of
faults. These data can be used to infer the orientations
of stresses near the faults (Chester et al., 1993). In our
study, however, we cannot establish if the fractures are
shear or extensional in origin, nor when they formed
during the evolution of the fault zone, making it diffi-
cult to use them as paleostress indicators.

At traverse 1, the main fault trace strikes 096° and
dips 80°SW. North of the fault core fractures strike
~060° and dip steeply to vertical (Fig. 2a). This orien-
tation persists even close to the fault core. Within the
fault zone traverse 1 fracture orientations exhibit a gir-
dle pattern (Fig. 2a), south of the fault core the frac-
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tures strike nearly due north and dip steeply. The gir-
dle pattern continues southward into the protolith
(Fig. 2a).

The south branch of the Punchbowl Fault at tra-
verse 2 strikes 120° and dips 84°SW (Fig. 2b). North
of the northern branch of the fault at traverse 2, little
preferred orientation of fractures exists. There is a
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strong clustering of subhorizontal fractures between
the two branches of the Punchbowl Fault (Fig. 2b),
although no preferred orientation of fractures exists in
the aplite between the two fault branches. South of the
southern branch at traverse 2, the fractures are
oriented similarly to those fractures between the two
branches (Fig. 2b). Close to the fault core there are
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Fig. 5. Lower hemispheric stereographic projections of slip surface orientations along each traverse. The mean orientation of the fault core is
shown by the great circle. The Kamb contour plots are of the density of the poles relative to a uniform population, with the first contour level at
3 sigma, and a contour interval of 2 sigma. Inverted ‘T-bars’ indicate stations from which stereonets are taken. (a) Data for traverse 1. (b) Data

for traverse 2. (c) Data for traverse 3.
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too few data points to define the geometries of the
damage elements.

The south branch of the Punchbowl Fault at tra-
verse 3 strikes 297° and dips 75°NE. Two main con-
centrations of fracture orientations occur south of the
fault at traverse 3 (Fig. 2c). This is similar to the girdle
distribution seen in the intrafault damaged zone at tra-
verse 1 (Fig. 2a), although there is a significant scatter
to the data. North of the fault, the fracture orien-
tations are scattered. In summary the fracture orien-
tation data show that orientations vary from traverse
to traverse, but many fractures are at high angles to
the fault.

3.3.3. Small fault data

Small faults in the study area are often difficult to
recognize, as the Pelona Schist in much of the area
does not contain well-developed marker units. Small
faults were recognized by the presence of slickenlines,
although determining a slip sense was difficult. North
of the fault core at traverse 1 the slip surface orien-
tations are clustered, although not as strongly as those
south of the fault core (Fig. 5a). These small faults
strike 347° and dip 48°E on average, with a high
degree of scatter in the data. There is a distinct cluster-
ing of slip surfaces at high angles to the fault core in
the rocks south of the north branch of the Punchbowl
Fault at traverse 1 (Fig. 5a), with a mean strike of
054° and dip of 43°SE. This clustering about a NE
strike continues to the southwest of the south branch.
This orientation may reflect the kinematics of the
brittle faults as seen in both field and laboratory exper-
iments (Logan et al., 1981; Petit, 1987), as they could
be P shears of a Riedel shear system (Logan et al.,
1981).

The slip surface data for traverse 2 (Fig. 5b) are
not as strongly clustered as the data for traverse 1.
North of the north strand of the Punchbowl Fault,
small faults strike 294° and dip 39°NE on average,
which is close to the strike of the main fault
although the dips differ by 60° (Fig. 5b). Between
the two main fault traces, the orientations are var-
ied.

At traverse 3 (Fig. 5c), most of the small faults
dip moderately to steeply north or northeast, and
there is no significant difference between the orien-
tations of small faults on either side of the
southern strand of the Punchbowl Fault. Only a
small number of faults were measured at traverse 3,
making conclusions drawn from these data speculat-
ive.

A detailed kinematic or pseudo-dynamic analysis of
the small fault data is not warranted, as we do not
have clear timing constraints for the development of
the small faults. The pseudo-focal mechanism analysis
(Angelier and Mechler, 1977; Lisle, 1987), using the
technique of Allmendinger et al. (1992), shows the
possible limitations of such analyses (Fig. 6). For both
traverse 1 and 2, inversion of the small faults shows
two possible nodal planes: a steeply dipping, east—west
striking, left-lateral strike-slip fault, or a shallowly dip-
ping, N- or NE-striking, right-lateral strike-slip fault.
Both are clearly at odds with the right-lateral slip of
the steeply dipping Punchbowl Fault, and suggest
either: (a) the faults experienced significant rotation
after formation, or (b) an early and complete mechan-
ical separation between slip on the damaged zone and
slip on the fault core. The latter was suggested by Che-
ster et al. (1993) for the North Branch of the San Gab-
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Fig. 6. Pseudo-focal mechanism solutions for the subsidiary faults along the traverses. Nodal planes are computed using the software of Allmen-
dinger et al. (1992). Both traverses yield one nodal plane, which has approximately the same orientation as the Punchbowl Fault, but a left-lat-
eral sense of slip. (a) Pseudo-focal mechanism solution and data for Traverse 1. (b) Pseudo-focal mechanism solution and data for Traverse 2.

riel Fault and has been observed in other seismogenic
faults (Ito et al., 1998; Ohtani, et al., in press).
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Fig. 7. Spatial distribution of mesoscopic veins along the three tra-
verses. The distance of 0 m is the north branch of the Punchbowl
Fault at traverse 1 and 2 and the south branch at traverse 3. All of
the negative distances are between branches of the fault, except for
traverse 2. The southern branch at traverse 2 is located at 133 m, so
everything beyond this point is outside of and south of the fault.

3.3.4. Vein density

Veins in the study area are thin, mainly filled with
quartz, calcite, and minor laumontite, and 5-100 cm
long. Whereas there appears to be a general increase in
vein density close to the fault cores (Fig. 7), the lo-
cations of increased vein density are scattered and do
not follow the trends seen in the other deformation
structures, especially in traverse 2.

In traverse 1, veins become abundant 20 m from the
fault core; at distances greater than 20 m north of the
core, veins are nearly absent. The number of veins
south of the fault core at traverse 1 is highly variable,
ranging from 0 to greater than 201 m. North of the
fault core of traverse 2, the vein densities are sporadic,
and do not increase close to the core. Between the two
fault cores, the vein densities vary similarly to what is
seen at traverse 1. The greatest vein density in traverse
2 occurs at the southern fault core. In traverse 3, there
is a general increase in vein densities close to the fault
core, but as in the other traverses, there is a large
variability in the data.

We might anticipate an increase in vein density near
the fault core, and we attribute the absence of higher
densities to the destruction of veins by subsequent slip.
This process is supported by the microstructural obser-
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vations of the Punchbowl Fault (Schulz and Evans, begins roughly 50-70 m from the fault core at both
1998) and of the observations of the San Gabriel Fault long traverses (Fig. 8a and b). The rocks near the fault
(Chester et al., 1993). core show a damage element density about 10 times
greater than that of the rocks 100 m from the fault
3.3.5. Total damage intensity core for traverse 1, and four times greater for traverse
The increase in the density of damage elements 2. The rocks directly south of the fault core at traverse
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Fig. 8. Densities of mesoscopic damage elements plotted with respect to the distance from the fault core. Open circles are in aplite and closed
squares in the Pelona Schist. Solid lines indicate the location of fault cores of the major strands of the Punchbowl Fault. Subsidiary faults are
indicated by dashed lines. Grey lines outline the maximum and minimum deformation ranges measured. (a) Traverse 1. (b) Traverse 2. (¢) Tra-
verse 3.
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1 show an apparent decrease in the number of damage
elements. However, a second peak in the density of
damage elements occurs 55 m south of the fault core
and corresponds to a subsidiary fault (Fig. 8a). This
local increase in the density of damage elements is
possibly an indication of slip localization within the
fault zone. The density of damage elements between
the two strands of the Punchbowl Fault is variable,
but it is always greater than the density in the unde-
formed protolith. The highest density of damage el-
ements within the intrafault damaged zone occurs
within 10 m of the fault core.

For traverse 2, a small increase in the deformation
density 60 m north of the northern fault core is associ-
ated with a subsidiary fault (Fig. 8b). South of the
southern branch of the Punchbowl Fault, the increase
in deformation within the damaged zone appears to
begin closer to the fault core than that which is seen
north of the fault. However, with the limited exposure
south of the Punchbowl Fault, it is difficult to deter-
mine the protolith-damaged zone contact with much
certainty.

At traverse 3, the macroscopic density of damage el-
ements in the damaged zone is lower than at the other
two traverses (Fig. 8c). The deformation associated
with the Punchbowl Fault begins to increase at about
50 m from the fault core. A small increase in the den-
sity of damage elements 45 m south of the fault core
corresponds to a subsidiary fault. The density of
damage elements south of the fault core is variable but
generally greater than that in the undamaged proto-
lith.

The mesoscopic analysis shows that the deformation
associated with the Punchbowl Fault increases from
the relatively undeformed protolith to maximum levels
at the regions of slip localization. For all three tra-
verses, the increase in the density of damage elements
begins 50—70 m from the fault core. Fractures, faults,
and veins become pronounced roughly 20 m from the
fault core. The density of damage elements between
the two branches of the Punchbowl Fault shows a
large amount of variability in both traverses 1 and 2,
but is generally lower than the densities at the fault
core and greater than the density of the undeformed
rock over 50 m north of the fault core. The density
data may under-represent the actual amount of macro-
scopic deformation, as the schistose foliation masks
fractures and slip surfaces in the Pelona Schist.

4. Discussion

We discuss our results from two viewpoints. First
we describe the implications of our work for the struc-
tural analysis and evolution of faults, and we conclude
with some remarks regarding geophysical imaging of

faults, the implications for seismic energy radiation,
and for drilling into active faults.

4.1. Structural implications

Our results, and recent work of others (Ito et al.,
1999; Ohtani et al., in press) show that the thickness
of a given fault zone depends upon the type of defor-
mation used to describe it, as well as the scale of ob-
servation (Fig. 9). Mesoscopic fractures and small
faults examined in this study suggest that the fault
zone begins between 50 and 70 m from the fault core,
whereas the onset of fault-related microfracturing
occurs at approximately 40 m from the fault core.

Macroscopic Deformation
Foliation Reorientation

Microscopic Deformation

Grain Size

. Mineralogic

Geochemical

Geologic and Geochemical signatures

Log Distance (m)

1 10 100 1000

Seismic reflection and MT surveys

Guided waves

Precise hypocenter locations

Geophysical signatures

Fig. 9. Summary of spatial variability in the extent of fault-related
deformation, alteration, and geophysical signature of major strike-
slip faults. The bars indicate that the half thickness of the fault zone
is measured from the center of the fault core into the undeformed
protolith. The ends of the bars fade out because it is difficult to
determine the exact point that the fault zone begins. Dashed line rep-
resents the location of the fault core. Approximate extent of meso-
scopic, microscopic, and geochemical fault zone-related deformation
and alteration over approximately 100 m. Data are combined from
this paper and Schulz and Evans (1998). The lower graph shows the
approximate extent of fault zone-related deformation and geophysi-
cal imaging of fault zones over approximately 1000 m. Seismic reflec-
tion and MT data for various strike-slip faults (Feng and McEvilly,
1983; Mogi et al., 1991; Eberhart-Phillips et al., 1995; Unsworth et
al., 1997; Stern and McBride, 1998). Mesoscopic and microscopic de-
formation widths taken from Chester et al. (1993), this paper, and
Schulz and Evans (1998). Guided waves from Li et al. (1990), Li et
al. (1994a,b, 1998), Ben-Zion (1998). Hypocenter locations from
Nadeau et al. (1995), Eberhart-Phillips and Michael (1993). Geo-
chemical width from Evans and Chester (1995), Schulz and Evans
(1998).
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Reorientation of pre-existing foliation occurs over a
zone 30 m wide. Geochemical data suggest a thickness
of less than 10 m, grain-size reduction occurs over a
10-m-wide region, and significant mineralogic changes
occur over a region 20-30 m wide (Schulz and Evans,
1998).

Three traverses across the Punchbowl Fault show
that the damaged zone is present on both sides of the
fault core, with an increase in meso- and microscopic
damage element densities close to the fault core and
the greatest intensity adjacent to the fault core. The
damaged zone thickness is not the same on both sides
of the fault core in either spatial extent or amount of
deformation. Traverse 2 shows that the southern
damaged zone is not as thick and is less deformed
than the damaged zone on the north side of the
Punchbowl Fault.

The majority of the differences between the fault
zone studied here and those examined by others (Che-
ster and Logan, 1987; Chester et al., 1993; Evans and
Chester, 1995) appear to be within the damaged zone.
The damaged zone of the Punchbowl Fault in sedi-
mentary rock is thinner (by approximately 15 m) than
that in the Pelona Schist, although the zone varies in
thickness along strike (Chester and Logan, 1986). The
damaged zone of the San Gabriel Fault is wider,
roughly 200 m thick, with the primary deformation
being cataclasis (Chester et al., 1993). Thus it appears
that the layered rocks produce a thinner damaged
zone.

Where the Punchbowl Fault has multiple fault cores,
each has its own damaged zone. In much of the study
region, these cores are separated by as much as 1.2
km, although in the eastern portion, the multiple fault
cores are closely spaced anastomosing features. The
damaged zone rocks between two fault cores are more
deformed and altered than those on the outer sides of
the fault cores, implying that the damaged zones over-
lap. Smaller faults within the zone between the two
major branches are also sites of slip localization, and
they create their own concentrations of deformation.
The ‘intrafault’” damaged zone is similar to the
damaged zone outside of, but close to, the main
branches, in both the type and amount of deformation
present.

These data suggest that some portions of the SAF
system may consist of multiple slip surfaces embedded
within overlapping damaged zones that are regions of
enhanced microfracturing, alteration, and reorientation
of primary structures. A distinct mechanical and
hydrologic partitioning may thus be the norm for the
fault zones of depth. Curewitz and Karson (1997)
suggest that the mechanical interaction of propagating
faults may lead to enhanced fracture densities adjacent
to the faults. We do not have timing constraints on
the two strands of the Punchbowl Fault, but the

increased amount of damage between the fault strands
may be the result of such dynamic interactions. Altera-
tion of the host rock is prevalent throughout the entire
‘intrafault’ damaged zone at traverse 1 but not at tra-
verse 2, showing that there is along-strike variation in
the amount of ‘intrafault’ alteration.

Veins associated with the Punchbowl Fault are scat-
tered throughout the damaged zone with no apparent
relationship to the distance from the fault core; they
do not display the increase in density close to the fault
core that has been documented along other large
faults. This indicates a different fluid—-rock interaction
in portions of the fault zone and may suggest that
fluids were not concentrated close to the fault core (see
Schulz and Evans, 1998). Alternatively, this may
suggest that the composition of the fluids varies within
the fault. The widely distributed region of veins may
suggest a wider region of permeability, as compared to
the extremely vein-rich damaged zone documented by
Chester et al. (1993).

The presence of a damaged zone which consists of
interconnected fractures adjacent to the principal slip
surface(s) might make it difficult for pore fluid press-
ures to build up beyond hydrostatic, thereby making it
difficult to invoke models of high pore fluid pressure
for faulting (e.g. Byerlee, 1990; Rice, 1992; Byerlee,
1993). Rapid sealing (Blanpied et al., 1992) by vein
development may create seals in the damaged zone
(Chester et al., 1993).

4.2. Seismological|/geophysical implications

A variety of geophysical methods have been
employed to image the San Andreas and related faults,
as well as several other large-displacement strike-slip
faults, and these data also indicate that fault zone
width varies as a function of the technique used to
image the fault (Fig. 9). Seismic reflection studies
(Feng and McEvilly, 1983; Stern and McBride, 1998),
velocity models (McCaffree-Pellerin and Christensen,
1998), magnetotelluric studies, (Mogi et al., 1991; Uns-
worth et al., 1997), and tomographic studies (Michelini
and McEvilly, 1991; Eberhart-Phillips and Michael,
1993; Scott et al.,, 1994) suggest that some major
strike-slip faults consist of a low-velocity zone (LVZ)
as thick as 2-3 km. Fault-guided waves have been
used to infer fault zone widths of ~100-200 m for the
SAF (Li and Leary, 1990; Ben-Zion and Malin, 1991;
Li et al., 1994a,b, 1997a; Ben-Zion, 1998) and the San
Jacinto Fault (Li et al., 1997b), a width of ~30-60 m
for the Nojima Fault (Li et al., 1998) and smaller
faults (Hough et al., 1994; Lou et al., 1997). Precisely
located earthquakes (Eberhart-Phillips and Michael,
1993; Nadeau et al., 1995; Rubin et al., 1999) typically
define a very narrow (<200 m, and in some cases,
<20 m wide) plane of hypocenters. Analysis of after-
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shocks can show a dichotomy between the kinematics
of the main slip surface and the rocks adjacent to the
fault zone (Oppenheimer et al., 1988), suggesting that
a damaged zone not kinematically coordinated with
the main fault forms during and after some earth-
quakes.

When reconciled with geophysical results (Fig. 9),
our work indicates that many types of geophysical
imaging use waveforms that are ‘tuned’ to the size of
the damaged zone, in which the higher concentration
of fractures, faults, and veins results in a zone of lower
velocity relative to the protolith and a zone that would
probably exhibit a different MT and velocity signature
than the surrounding rock (see also Eberhart-Phillips
et al., 1995; Stern and McBride, 1998). The damaged
zone most probably has a reduced elastic modulus
relative to the protolith (Bruhn et al., 1994) and higher
fluid storativity (Caine and Forster, 1999). The
damaged zone may also act as an effective wave-guide,
especially in regions where the transition from the pro-
tolith and the damaged zone is sharp (Li and Vidale,
1996; Ben-Zion and Andrews, 1998). If large amounts
of seismic energy are concentrated in the fault core,
significant grain-size reduction and, where fluids are
present, vein creation, destruction, and alteration
would result in the fault cores. Energy dissipated into
the damaged zones may result in the more diffuse
nature of the distribution of faults, fractures, and
alteration patterns observed there.

When reconciled with available geophysical data, the
most reliable measure of the fault zone width is the
density of micro- and mesoscopic deformation den-
sities. Geochemical indicators are subject to the
amount and composition of the fluids, the local and
regional scale hydrogeologic setting, and possibly the
time between earthquakes.

Not imaged with most geophysical techniques are
the extremely narrow fault cores that accommodate
most of the slip. These slip zones are likely to be extre-
mely narrow and embedded within the imaged fault
zone, and probably would go undetected by most
methods. These fault cores must be sampled directly,
either by drill-hole or field-based investigations, or by
precisely locating hypocenters. Once linked, these fault
cores may dominate the slip accumulation and strength
of the fault and thus are important components of the
fault.

Our data do not help explain what produces the
very wide (2-3 km) LVZ often described in seismic
profiles (Feng and McEvilly, 1983; Roure et al., 1989;
Eberhart-Phillips et al., 1995; Eberhart-Phillips and
Reyners, 1997; Stern and McBride, 1998; Zhao and
Negishi, 1998). One possibility is that such zones con-
sist of numerous principal slip surfaces with overlap-
ping damaged zones. This suggests that future work
on fault zone structure must also incorporate long tra-

verses (up to 5 km) across major faults, in order to
sample the fracture density and orientations. Such
tests would help to constrain whether the wide LVZ,
inferred from some studies, are artifacts of the limi-
tations of the seismic methods, and if the trapped head
waves are a more robust method for inferring the size
of the LVZ.

Our results also have implications for the drilling
and direct sampling of seismogenic faults. A thin cen-
tral fault core surrounded by fractured and altered
rock was encountered and successfully sampled in the
Nojima Fault drill holes (Ando, 1997; Ito et al., 1998;
H. Ito, personal communication, 1999). Other pro-
posed attempts to retrieve cores from principal slip
surfaces and to conduct borehole geophysics in other
faulted regions dominated by crystalline rocks (e.g.
Hickman et al., 1994, 1995) must be prepared for the
possibility that the zone where slip is concentrated is
extremely thin (~2-5 m) and surrounded by highly
fractured and altered rocks.

5. Conclusions

The Punchbowl Fault, exhumed from a depth of up
to 4 km, is composed of a macroscopically identifiable
damaged zone, which surrounds thin core zones of
localized slip. The apparent thickness of the fault zone
varies with the parameter that is measured. Increased
fracture densities are noted up to 70 m away from the
fault core, whereas foliation reorientation occurs in a
zone ~30 m wide. Microscopic and compositional
changes occur over even narrower zones (Schulz and
Evans, 1998). Damaged zones are associated with indi-
vidual strands of the fault system, and overlapping
damaged zones may form relatively wide regions of
increased fracturing, alteration, grain-size reduction,
and vein density.

Based on the distribution of microstructures, geo-
chemical alteration, and changes in preexisting struc-
tures, the Punchbowl Fault zone is narrower where it
cuts the schist than are other strike-slip faults devel-
oped in granitic gneisses (Chester et al., 1993). The
data from the Punchbowl Fault show that the fault
zone can be less than 200 m thick, with most of the de-
formation limited to an even thinner (20 m) zone of
intense deformation and slip localization.
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