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Abstract

Naturally formed faults typically are segmented. The detailed microstructural examination of a small brittle fault in the

Shawangunk Mountains of Ulster County, New York provides new insight into the segmentation process. In brittle faulting the
propagation directions of faults can be determined from the orientations of microfractures formed within the process zone. We
have determined the propagation directions at several locations along this strike-slip fault and these directions indicate growth

of individual segments from the segment centers toward the tips. This information, combined with observed fault geometry,
allows us to reconstruct a plausible growth history of this segmented fault and of the formation of the segment
boundaries. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Observations of faults within the brittle ®eld reveal
them to be complex systems, consisting of segments
displaying varying degrees of connectedness (e.g.
Segall and Pollard, 1980, 1983; Martel et al., 1988;
Peacock, 1991; Peacock and Sanderson, 1991, 1994;
Anders and Schlische, 1994; Trudgill and Cartwright,
1994; Cartwright et al., 1995; Dawers and Anders,
1995). Although stress interactions between fault seg-
ments have been modeled (e.g. Segall and Pollard,
1980; Burgmann and Pollard, 1994; Burgmann et al.,
1994) and segment boundaries have been examined in
the ®eld (Martel et al., 1988; Anders and Schlische,
1994; Cartwright et al., 1995; Huggins et al., 1995) the
processes by which segments form are still poorly
understood. Fault segmentation (the observed segmen-
ted geometry) may result from linkage of pre-existing
segments or from the breakdown of a larger pre-exist-
ing structure.

Fault growth produces two deformation zones: a
fault core composed of slip surfaces and comminuted
rock material, and a broader volume of more distribu-
ted deformation, known as the damage zone (Caine et
al., 1996). These two deformation zones record comp-
lementary evidence of fault growth. Observations of
these deformation zones combined with observations
of segment boundary geometry, may allow reconstruc-
tion of the manner in which the segments formed.

Investigations of fault growth commonly utilize
shear cracks to model faults (e.g. Segall and Pollard,
1980; Cowie and Scholz, 1992; Scholz et al., 1993).
While cracks (idealized, elastic discontinuities) di�er
signi®cantly from faults (structural discontinuities in
rock, with displacements parallel to the discontinuities)
the stress ®elds associated with shear cracks and faults
are similar (Engelder et al., 1993). Physically realistic
models for fault growth must address the laboratory
observation that faults, unlike cracks, do not grow by
simple propagation within the fracture plane but form
by a more complicated breakdown process. In brittle
rock this process consists of shear plane growth result-
ing from the coalescence of opening-mode microfrac-
tures (Scholz, 1968; Hallbauer et al., 1973; Cox and
Scholz, 1988a, 1988b; Lockner et al., 1991, 1992;
Vermilye and Scholz, 1998).
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The zone of microfracturing directly associated with
this shear plane growth is de®ned as the process zone
(e.g. Friedman et al., 1972; Ingra�ea, 1987; Reches
and Lockner, 1994; Vermilye and Scholz, 1998).
Process zone microfractures form in a volume of rock
surrounding the fault tip, and as the fault grows they
are left in a wake behind the propagating tip. This
results in a continuous process zone surrounding the
fault core (Vermilye and Scholz, 1998). Since opening-
mode microfractures grow in length parallel to the
maximum compressive stress (s1) and dilate parallel to
the least compressive stress (s3) their orientations are
good indicators of the local principal stress directions.
As such, the orientations of microfractures formed

within the process zone record a representation of the
passage of the crack tip stress ®eld (Vermilye and
Scholz, 1998).

Local alterations in stress ®elds, caused by fault
propagation, may result in asymmetrical distributions
of process zone microfracture populations (Scholz et
al., 1993; Anders and Wiltschko, 1994; Moore and
Lockner, 1995; Vermilye and Scholz, 1998). For a
mode II (sliding, shear displacement) crack the remote
maximum compressive stress is rotated in the vicinity
of the crack tip to make lower angles with the fracture
plane in the compressive quadrants and higher angles
in the tensile quadrants (Fig. 1). This results in an
asymmetry of stresses across the crack plane. The
sense of asymmetry is dependent not only on the sense
of slip but also on the direction of propagation of the
crack tip past the point of observation. For right-lat-
eral displacement, the principal stresses and associated
maximum microfracture concentration will be rotated
to higher angles on the right-hand side of the crack
and to lower angles on the left-hand side of the crack,
when looking in the direction of propagation. The
stress orientations shown in Fig. 1 are computed in
Scholz et al. (1993), utilizing the stress limit from the
Cowie and Scholz fault growth model (Cowie and
Scholz, 1992), the elastic solution for the near-®eld
crack tip stress ®eld (e.g. Lawn and Wilshaw, 1975),
and an empirical dilatancy-stress function (e.g. Scholz,
1968). The assumption is made that cracking will
occur at all points where stresses exceed the critical
dilatancy stress. Cumulative microfracture density,
representing passage of the fault tip at any given dis-
tance perpendicular to the fault, is estimated by inte-
gration of the entire fault tip stress ®eld, parallel to the
fault at that distance, and multiplying the maximum
stress by the empirical dilatancy-stress function. These
computations predict a logarithmic decay in microfrac-
ture density as a function of perpendicular distance
from the fault surface. The asymmetry of stress orien-
tations is accompanied by an asymmetry of least com-
pressive stress magnitude, with higher tensile stresses
in the tensile quadrants. This leads to higher micro-
fracture densities in the tensile quadrants. Such asym-
metrical microfracture populations are referred to as a
mode II signature and they allow determination of the
propagation direction for mode II faults (Vermilye and
Scholz, 1998).

While the orientation of the stress ®eld for a propa-
gating mode II crack is asymmetric across the fracture
plane, the orientation of stresses for mode I and mode
III cracks are symmetric. Consequently, one cannot
discriminate the propagation direction for these modes
with observations of microfracture orientations. For
all modes the ambient remote stress is greatly ampli-
®ed near the crack tip and passage of the tip with
these higher stresses is expected to generate a process

Fig. 1. Plot of the calculated maximum compressive stress (s1) sur-

rounding the tips of a mode II crack, showing rotation to lower

angles with the fault in the compressive quadrants (C) and higher

angles in the dilational quadrants (D). Solid arrows=remote s1 and

open arrows=crack propagation direction. The small lines indicate

orientation and magnitude (proportional to length) of the altered s1.
In each quadrant, the stereoplots show idealized plots of expected

poles to microfractures and the plane representing the maximum

concentration. The central stereoplot represents the remote stress

®eld (see text for parameters of calculations; after Vermilye and

Scholz, 1998).
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zone which remains as a wake behind the propagating
tip (e.g. Pollard and Segall, 1987; Vermilye and Scholz,
1998). It is reasonable to expect that the highest stres-
ses a rock might experience would be in the vicinity of
the fault tip, just prior to failure and that damage pro-
duced by this stress concentration might outweigh
damage resulting from subsequent slip on the fault.
Fault growth in laboratory experiments has produced
just such process zone wakes, with the predicted
propagation directions con®rmed with acoustic emis-
sion events (Lockner et al., 1992; Reches and Lockner,
1994; Moore and Lockner, 1995).

As slip increases on a shear plane, a layer of ®ne-
grained gouge or cataclasite can form. This fault core
material (Caine et al., 1996) consists of accumulated
detritus resulting from frictional wear associated with
slip on the fault surface. Since thickness of the gouge
zone generally increases with displacement on the fault
(Scholz, 1987; Hull, 1988), by analogy we might expect
an increase in the thickness of the core as slip increases
from the tip toward the center of a fault segment. If
this is the case, the location of maximum core thick-
ness might indicate the location of slip initiation. This
provides complimentary information which can be
used to verify propagation directions determined by
examination of the process zone.

This study presents observations of the process zone
and the fault core associated with a segmented brittle
fault. The process zone microfracture orientations are
used to determine the propagation directions associ-
ated with growth of the segments. We relate the
changes in propagation direction, variability in fault
core thickness and fault plane location within the core
to fault segmentation and propose a plausible model
for growth of the segments.

2. Geology

The Shawangunk Mountains are the northeastern-
most expression of the Valley and Ridge province of
the central Appalachians. The Paleozoic strata display
broad open folds, northeast-striking thrust faults and a
conjugate set of steeply dipping strike-slip faults, all of
which developed in Alleghanian time (Epstein and
Lyttle, 1987). This manuscript presents detailed obser-
vations of one of these small strike-slip faults. Cross-
cutting relations between the thrusts and strike-slip
faults indicate that they are coeval. The depth of fault-
ing, estimated from the thickness of overlying strata, is
6±8 km (Berkey, 1911; Beaumont et al., 1987) for an
Alleghanian age of deformation. This depth is consist-
ent with ¯uid inclusion analysis of syn-faulting quartz
and sphalerite vein deposits, indicating that tempera-
tures were between 120 and 2608C at the time of fault-
ing (Wilbur, 1986; Wilbur et al., 1990). Fission-track

analysis of apatite and zircon grains in the overlying
strata (Lakatos and Miller, 1983) also suggest a burial
depth of 7 km and a temperature of about 2608C.

The mountains are capped by the Middle Silurian-
aged Shawangunk Formation. The Shawangunk
Formation decreases in thickness from 600 m at the
Delaware Water Gap, Pennsylvania to its pinchout at
Rosendale, New York (Epstein and Lyttle, 1987). It
unconformably overlies black shales of the
Ordovician-aged Martinsburg Formation, and is over-
lain by Late Silurian- to Middle Devonian-aged car-
bonate rocks. The Shawangunk Formation consists of
orthoquartzitic, thickly bedded, well indurated, med-
ium- to coarse-grained sandstones and conglomerates.
The rocks were diagenetically silici®ed prior to faulting
(Wilbur et al., 1990) making them well suited to being
idealized as a continuous medium. This lithology pro-
vides a generally isotropic medium containing ample
microfractures which are suitable for demarcating the
process zones resulting from fault growth (Vermilye
and Scholz, 1998).

3. Procedure

Several faults along the Shawangunk ridge were
mapped in detail and oriented samples were examined
in the laboratory. Mossy Maple fault was one of ®ve
of these faults, used to develop the fault process zone
model of Vermilye and Scholz (1998). This fault was
selected for more detailed analysis owing to the simpli-
city of the fault tip geometry and because preliminary
microfracture orientations showed a mode II signature,
which indicates propagation direction of the fault tip.
Local macrostructural data were recorded and ad-
ditional samples were collected in order to investigate
propagation directions associated with fault segmenta-
tion. Three mutually perpendicular thin sections were
produced from four of the samples, with one of the
three sections cut perpendicular to the fault plane and
parallel to the slip direction. This orientation best
reveals fault-related microfractures (Engelder, 1974).
Observations showed that measurements made only on
slides of this orientation produce a good representation
of measurements made by combining data from all
three orientations (Vermilye and Scholz, 1998).
Reducing observations to one thin section for each lo-
cation allowed examination of more locations along
the fault.

Microfracture densities were measured by counting
the number of microfractures intersecting a 0.39 mm
transect across a quartz grain at 250 � . Densities are
reported as the number of microfractures per mm (mf/
mm). Two perpendicular transects were made for each
grain in order to eliminate bias resulting from the
orientation of the transect. While grains were ran-
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domly selected, those with diameters smaller than the
transect length were rejected. Density counts were
made on at least 10 grains for each thin section and an
average density was computed for the location.

Microstructure orientations were measured on a uni-
versal stage microscope. We attempted to reduce oper-
ator bias (Borg et al., 1960) by making observations
with maximum angular sweeps, looking for features at
high angles to the viewing direction. To ensure a stat-
istically signi®cant population, at least one hundred
microfracture orientation measurements were made on
each thin section (Anders and Wiltschko, 1994) when
possible. The resulting data were rotated from the thin
section reference frame back to geographical coordi-
nates. Measurements were plotted on equal area
stereonets and contoured using the Kamb method
(Kamb, 1959). A Bingham axial distribution analysis
was used to determine the orientation of the maximum
microfracture density for each location (Cheeney,
1983).

Fault core thicknesses were determined in three
ways. On each thin section, core thickness was
measured for at least four locations and an average
thickness was calculated for the sample location along
the fault trace. The thickness of a macroscopically
observed mineralized zone was also measured on the
cores with dial calipers. For one location (between
cores 1 and 10) the mineralized zone was measurable
in the ®eld. Since no sample was taken at this location
a core zone thickness was calculated utilizing the
observed ratio between core zone thickness and the
thickness of the mineralized zone (1:2).

4. Observations

Mossy Maple fault is located on Millbrook
Mountain in Minnewaska State Park, Gardiner, NY
(Fig. 2). This strike-slip fault intersects the cli� face
40 m south of the end of Millbrook Drive. The fault
trace is exposed in both a near vertical cli� face and
along the gently dipping cli�-top bedding surface.
Both exposures include a fault tip. From the cli� edge,
the fault tips are located 6.7 m along strike and 3.6 m
down dip. The strike azimuth for the main body of the
fault is 2948 and changes to 3338 at the northern tip
(Fig. 3). Dips are sub-vertical but at segment ends,
adjacent segment tips dip towards one another,
suggesting that they intersect below the outcrop sur-
face. Exposed slickenlines show bedding-parallel slip,
with the orientation of secondary faults (Petit, 1987)
and the orientation of pressure solution cleavage
planes indicating right-lateral slip. Displacements
measured from o�set conglomerate pebbles are
between 1.5 and 6 cm. The lack of abundant pre-exist-
ing markers precludes a more detailed assessment of
displacements.

This study was done on a fully exposed section of
the horizontal trace extending 2.26 m from the NW
fault tip. This section is composed of three distinct,
closely aligned segments. The general orientation for
the strike azimuth of all three segments is 2948, with a
change in orientation of the terminal 100 mm of the
northern most segment to 3338. In addition to two
oriented hand samples, a series of 14 cores was drilled
along the fault trace and in the vicinity of the fault,

Fig. 2. Map of ®eld location (inset) and fault location along the

Shawangunk ridge, Ulster County, New York. MM represents lo-

cation of Mossy Maple fault (after Vermilye and Scholz, 1998).

Fig. 3. Mossy Maple fault outcrop map and microfracture orientations. The slip direction is indicated by half-arrows along the fault. Open cir-

cles with sample identi®cation numbers represent sample locations. For all equal area stereoplots the plane of the projection is horizontal and in

geographical coordinates. Poles to microfractures are contoured using the Kamb (1959) method. Three standard deviations are considered a uni-

form distribution and the contour interval is two standard deviations. The orientation of the maximum concentration is represented by the

dashed great circle for samples along the fault. The orientations of maximum concentrations for background microfracture populations from

samples MM14 and MMS1 are plotted as the dotted great circles and also plotted for reference in all other stereoplots. The solid great circle rep-

resents the local fault orientation for each sample location. Above or below each stereoplot are the sample number, fault=the local fault orien-

tation, mfc=the mean microfracture orientation, angle=the angle between the local fault orientation and the mean microfracture orientation,

and N = the number of microfractures measured.
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including two control samples well away from the
fault. Fig. 3 shows a map view of the fault trace and
sample locations. The two separate parts of cores, cut
by the fault, are di�erentiated with an E or W added

to the sample number, indicating a location on the
east or west side of the fault.

Macrostructural data were collected at the Mossy
Maple outcrop and adjacent outcrops in order to bet-
ter understand the local structural context.
Orientations for thrust, right- and left-lateral slip faults
are shown in Fig. 4(a), along with the orientations for
pressure solution cleavage planes and quartz-®lled
extension veins. The best-®t pole for each data set was
calculated and the corresponding planes are plotted in
Fig. 4(b). The orientation for Mossy Maple fault and
the orientation of the NW fault tip are shown for com-
parison in Fig. 4(a) and (b). Fault trace lengths are of
the order of meters to tens of meters while vein trace
lengths are an order of magnitude smaller. The veins
are localized in clusters while the faults are more
evenly distributed. Cross-cutting relations indicate that
the structures are coeval.

Examination of the cores shows a discrete planar
fault with polished slip surfaces and well developed
slickenlines on all but two samples (cores MM4 and
MM12). The fracture surface in core MM4, containing
the fault tip, is rough with interlocking grains and
shows no striae. The surface in core MM12 has
grooves indicating shear displacement but lacks the
polished surface and well developed striae observed in
other cores. The fault surface in all cores is contained
within a lighter colored mineralized zone, which
extends a few millimeters into the wall rock. The fault
plane is not centrally located within the fault core. It is
located closer to one side, but not consistently the
same side. Thirty-three thin sections were made for
examination of microscopic structures. Inspection
showed abundant healed microfractures, de®ned by
aligned ¯uid inclusions or mineral precipitates, as well
as microveins. The microveins are quartz-®lled and
roughly two orders of magnitude wider than the
microfractures, with apertures of the order of 0.1 mm.
Deformation lamellae and pressure solution structures
were also observed.

Healed microfractures are the dominant microscopic
deformation structures. Background samples taken
375 mm (sample MMS1) and 1.4 m northeast of the
fault (MM14) have microfracture densities of 14 and
15 mf/mm, respectively. This is consistent with other
Shawangunk Formation background microfracture
densities of 13, 14 and 17 mf/mm (Vermilye and
Scholz, 1998). The background microfracture orien-
tations indicate the greatest compressive stress at 268
from the fault at both locations and they are consistent
with the macroscopically observed right-lateral sense
of slip. This direction is normal to the strike of the re-
gional folds and thrusts and is consistent with ®eld ob-
servations that the strike-slip faulting is coeval with
the major contractional structures in the area. The
implied greatest compressive stress is also consistent

Fig. 4. Milbrook Mountain structural data from ®eld measurements.

(a) Stereoplots of contoured poles to: pressure solution cleavage

planes, dextral faults, extensional veins, thrust faults, and the best-®t

plane for each structure. The orientation of the best-®t plane and

N= number of structures are shown below each plot. Also shown

are a single sinistral fault orientation and the orientation for Mossy

Maple fault. (b) The best-®t plane for each structure and the orien-

tation of Mossy Maple fault are plotted using the distinctive line

types from (a) (see caption to Fig. 3 for description of contouring

procedure).
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with all macroscopic structures shown in Fig. 4. The
microfracture density increases logarithmically with
proximity to the fault plane (Fig. 5b±f). These
increases in density are similar to the logarithmic
increases observed for several other Shawangunk faults
(Vermilye and Scholz, 1998). Sample MM5 (Fig. 5a),
which shows an increase in density from 10 to 30 mm
west of the fault trace, is collinear with the general
fault orientation, along strike northwest of sample
MM7 (Fig. 3).

The increase in density is accompanied by a change
in microfracture orientations. For most cores there is a
distinct asymmetry of orientations across the fault
plane. Samples MM1W, MM7E, MM8W, MM10E,
and MM11W contain microfractures at higher angles
to the fault than the background microfracture popu-
lation and samples MM1E, MM7W, MM10W and

MM11E show microfractures at lower angles. This
asymmetry across the fault plane is the signature of
mode II fracture propagation, indicating dilational and
compressional quadrants, and the direction of propa-
gation past the point of observation. The sense of
asymmetry is variable along the fault trace implying
changes in the propagation direction. Microfracture
densities from dilational quadrants and compressional
quadrants are plotted separately in Fig. 5(f), with
squares representing dilational quadrants and crosses
representing compressional quadrants. Densities for six
of seven dilational quadrants plot above the line repre-
senting the best-®t logarithmic function. Five of seven
compressional quadrant densities plot below the line,
indicating that densities in the dilational quadrants are
generally higher. This observation is similar to pre-
vious ®eld and laboratory results (Reches and

Fig. 5. Microfracture density±distance plots for Mossy Maple fault. Density is recorded as the number of microfractures per millimeter (mf/mm)

and is plotted relative to distance from the fault plane, for both sides of the fault in (a and b) and (c and d) and one side of the fault in (e). In

plot (f) the squares represent microfracture densities from the dilational quadrants along the fault and crosses represent densities from compres-

sional quadrants.
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Lockner, 1994; Moore and Lockner, 1995; Vermilye
and Scholz, 1998).

Cores MM4 and MM12 have microfracture popu-
lations that are more symmetric across the fault and
form lower angles with the local fault plane than
microfractures in the background sample. The maxi-
mum microfracture concentrations for core MM4 are
88 from the fault on the west side of the fault and 138

on the east side. Microfracture concentrations for core
MM12 are at 148 from the fault on the southwest side
of the fault and 48 from the fault on the northeast
side. Fracture-parallel microfractures indicate mode I
propagation. This implied change in propagation
mode for core 4 is consistent with the lack of shear
displacement, cataclasite development, or slickenlines
on the fracture surface. While core MM12 displays

Fig. 6. (a) Photomicrograph of the fault surface (bottom), cataclasite zone (®ne grained material just adjacent to fault surface) and process zone

(microfractured quartz grains above cataclasite). The scale bar is 0.5 mm in length. (b) Photograph showing the bifurcation of a fault plane

around a lozenge of more resistant material. The pen is parallel to the slip direction. The scale bar is 10 cm in length.
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development of a fault core and grooves indicating

shear displacement, the fault surface is more irregular

than in other cores and lacks slickenlines. This may in-

dicate mode I propagation followed by shearing dis-

placement.

The fault core is made up of cataclasite. This ®ne-

grained quartz, showing evidence of fracturing, ro-

tation and induration, has a well de®ned boundary

with the wall rock in some locations (Fig. 6a) but gen-

erally wall rock grains project into the ®ner grained

material, forming a layer of non-uniform thickness.

Multiple measurements were made for each sample

and the average thicknesses show an increase with dis-

tance from the tip of each segment boundary (Fig. 7).

The slip plane location within the cataclasite varies,

but not randomly. It is always closer to the interface

with the dilational quadrant as de®ned by the micro-

fracture orientations. This location suggests that the

shear surface moves into more densely microfractured

material along that boundary.

5. Interpretation

The surface trace and the variations in fault core
thickness indicate that this section of the fault is com-
posed of three distinct segments, labeled A, B and C in
Fig. 7. Since gouge thickness scales with fault slip
(Scholz, 1987; Hull, 1988), by analogy we expect thick-
ness of the cataclasite to increase with slip also. It is
therefore reasonable to assume that slip initiated on
segments A and B near the segment centers. Moreover,
we suggest that the microfracture patterns along the
fault trace represent the process zone, left as a wake
behind the propagating tip and that they indicate bilat-
eral propagation of the fracture from the centers of
both segments (Fig. 8). These data could be interpreted
as evidence for independent nucleation and linkage of
initially isolated fault segments. However, we suggest
an alternative interpretation.

Consideration of the three-dimensional nature of
fault planes suggests a more likely interpretation, in
which segmentation results from uneven propagation

Fig. 6 (continued)
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of a single fault tip as it encounters a volume of more
resistant rock. While Mossy Maple fault lacks a well
exposed slip surface, a nearby strike-slip fault surface
is well-exposed, and on this fault plane we observed a
location where a lozenge of more resistant material
caused the fault to bifurcate, forming two segments,
on opposite sides of the lozenge (Fig. 6b). We propose
a similar origin for the segmentation of Mossy Maple
fault. In our model segment B is propagating north-
west as a mode II fracture and encounters a mass of
resistant material. Below and above the obstacle the
fault plane continues to propagate in the same plane,
but at the obstacle the fracture tip is de¯ected out-of-
plane impeding continued propagation. The fracture is
pinned in the region of the obstacle but propagates
around it to near the center of segment A and then
out toward the tips of the segment (Fig. 9). While the
details of slip are quite di�erent for dislocations, for
the purpose of visualization, this process is analogous
to a Frank±Read dislocation source (Suppe, 1985, ®g.

4-13). Huggins et al. (1995, ®g. 13) propose a similar

scenario for fault segmentation though with fewer con-

straints, since they did not measure the propagation

directions, a key element in our reconstruction of
events. In our interpretation the overall unilateral

Fig. 7. Plot of cataclasite layer thickness relative to distance from the

fault tip. The origin represents the slip plane. Inset shows fault trace

with segments labeled and boundaries enlarged.

Fig. 8. Interpretation of propagation directions for fault segments

based on microfracture orientations.

J.M. Vermilye, C.H. Scholz / Journal of Structural Geology 21 (1999) 1623±16361632



propagation of the fault is interrupted at segment
boundaries where bilateral propagation accommodates
slip around obstacles.

Silici®cation of the Shawangunk Formation pro-
duced highly indurated rock in which the quartz
cement appears in most cases to have eliminated grain
boundary weakness along the sand grains and con-
glomerate clasts. The rock material located within
both Mossy Maple segment boundaries and the
lozenge of material shown in Fig. 6(b) show evidence
of intense pressure solution deformation. In all cases
the combination of dextral displacement and left-step-
ping geometry result in compressional segment bound-

aries, where dissolution has altered the material
properties of the rock, presumably subsequent to
propagation of the fault. The present day material
properties of these rock masses are not expected to
represent the pre-faulting properties. As such we do
not have material evidence con®rming that resistant
material existed at segment boundaries before fault
propagation. The fault geometry and microfracture
populations are consistent with the hypothesis that re-
sistant masses were present during propagation.

The two samples displaying mode I fracture propa-
gation are located within 100 mm of the fault tip and
at the tip of segment C. We interpret this as evidence

Fig. 9. Our model of segmentation resulting from uneven propagation of the fault tip as it encounters a volume of rock with a higher fracture

toughness.

J.M. Vermilye, C.H. Scholz / Journal of Structural Geology 21 (1999) 1623±1636 1633



for mode I propagation as part of the fault growth
process, even within a compressional environment.
This is not surprising, because the roughness of the
fault surface requires some opening mode displacement
in order to accommodate shearing. This suggests that
at those locations, where shear displacement is small,
the mode I component dominates in producing micro-
fractures. This may occur either during fault propa-
gation or after the release of compressive stresses
during unroo®ng. The orientations of the tips are
rotated toward s1 relative to the orientation of the
main body of the fault. This represents propagation of
the fault tip and segment tips into the macroscopic
dilational quadrants in both cases and is consistent
with laboratory and ®eld observations (e.g. Petit and
Barquins, 1988; McGrath and Davison, 1995). We
suggest that the mode I tips may have formed as
release fractures, subsequent to faulting. We propose
that release fractures form when unroo®ng releases
tensile stresses stored in the cataclasite zone. The ten-
sile stresses result from dilation of rock material
during cataclasite formation but are of insu�cient
magnitude to drive local mode I fracture while the
fault remains at high con®ning pressure at depth. This
interpretation is consistent with the orientation of the
fault plane and the microfracture orientations and may
explain the elevated density in core MM5 (beyond
MM7 and colinear with the general fault trace) as
damage resulting from the fault tip, prior to formation
of the release fracture.

6. Discussion

Our interpretation for the growth of Mossy Maple
fault is based on observations of process zones along
several small faults in the Shawangunk Mountains. An
alternative interpretation is that Mossy Maple did not
propagate as a fault, but grew within an earlier stress
®eld as an opening-mode vein or veins, which were
later reactivated as a fault under a di�erent stress ®eld.
This model has been developed to explain the growth
of small, brittle faults in granodiorite of the Sierra
Nevada in California (Segall and Pollard, 1983) and a
comparison of the two models of fault growth, relative
to Mossy Maple fault follows.

The ®eld scale structures in the Shawangunk
Formation show no indication of an earlier stress ®eld.
The orientations of the opening-mode veins are con-
sistent with formation within the same stress ®eld as
the faults and pressure solution cleavage (Fig. 4). In
the Sierran outcrops, the faults and veins are parallel.
The dilational fractures located at the ends of the
Sierran faults formed parallel to the maximum com-
pressive stress inferred for the faulting, not the com-
pressive stress inferred for vein formation (Segall and

Pollard, 1983). This is consistent with their model of
the faults as reactivated veins, resulting from rotation
of the stress ®eld. Dissimilarly, the dilational fracture
located at the tip of segment A, in Mossy Maple fault
is parallel to outcrop scale veins, consistent with for-
mation within the same stress ®eld. While the hooked
geometries observed at Mossy Maple segment bound-
aries look similar to overlapping joint boundaries
(Olson and Pollard, 1989; Cruikshank et al., 1991),
stress ®eld analyses (Segall and Pollard, 1980) show
that stress ®elds for interacting faults can also produce
hooked geometries.

Stress concentrations associated with the propagat-
ing tips of opening-mode fractures have been observed
to produce process zones analogous to the process
zones associated with faults (Delaney et al., 1986;
Pollard and Segall, 1987). Within these process zones
the fracturing is not asymmetric across the propagat-
ing fracture as in faulting, but fractures form parallel
to the propagating joint or dike (Pollard and Segall,
1987). If Mossy Maple fault had grown as a joint, we
might expect to see fault-parallel microfractures along
the fault trace, overprinted by microfractures associ-
ated with the faulting. Fault-parallel microfractures at
the fault tip (sample MM4) are not parallel to the gen-
eral fault orientation, and therefore do not represent
an earlier, joint associated process zone. The micro-
fractures from sample MM12 are subparallel to the
fault and could be interpreted as evidence for joint
propagation in an earlier stress ®eld. The lack of fault-
parallel microfractures at all the other sampling lo-
cations does not support this interpretation. We prefer
the interpretation that microfractures in sample MM12
represent localized opening-mode propagation contem-
poraneous with shear propagation, since the vast ma-
jority of the microfractures along the fault trace form
populations that are asymmetrically distributed across
the fault. While our observations do not demonstrate
unequivocally that Mossy Maple fault formed as a
fault as opposed to a joint, both the ®eld and micro-
structural data are more consistent with a fault growth
origin.

7. Conclusions

We have examined the fault trace, the process zone
and cataclasite zone of a small, brittle fault. The domi-
nant microscopic deformation structures are healed
tensile microfractures. There is a low density back-
ground microfracture population with a mean micro-
fracture orientation perpendicular to the least
compressive stress (s3) implied by the structural trends
observed in the ®eld. The associated greatest compres-
sive stress (s1) forms an acute angle with the small
strike-slip fault examined in this study. We interpret
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the mean orientation of these background microfrac-
tures to represent the orientation of the remote s1,
unaltered by faulting.

The microfractures show a logarithmic increase in
density as a function of proximity to the fault plane.
We consider the volume of rock in which the micro-
fracture density exceeds the general background micro-
fracture density, to delineate the process zone. The
process zone microfractures in most of the cores are
consistent with formation within the altered stress
®elds of propagating mode II fault tips. They are
asymmetrically distributed with respect to the fault
plane. They form higher angles with the fault plane
than the background population on one side of the
fault and lower angles on the opposite side. The sense
of asymmetry is not consistent along the fault trace
but alternates at segment centers and one of the seg-
ment boundaries. We interpret the alteration in sense
of asymmetry to represent changes in propagation
directions, indicating growth of individual segments
from the centers toward the tips. Growth of segments
from the centers outward is consistent with maximum
cataclasite layer thickness in the segment centers. We
propose a scenario for the growth history of this fault
in which the observed segmentation results from
uneven propagation of the fault tip as it encounters
masses of more resistant rock.
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