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Abstract

Structural methods based on homogeneous stress states predict that joints growing in an extending crust form with strike

orientations identical to normal faults. However, we document a ®eld example where the strikes of genetically related normal
faults and joints are almost mutually perpendicular. Field relationships allowed us to constrain the fracture sequence and
tectonic environment for fault and joint growth. We hypothesize that fault slip can perturb the surrounding stress ®eld in a

manner that controls the orientations of induced secondary structures. Numerical models were used to examine the stress ®eld
around normal faults, taking into consideration the e�ects of 3-D fault shape, geometrical arrangement of overlapping faults,
and a range of stress states. The calculated perturbed stress ®elds around model normal faults indicate that it is possible for

joints to form at high angles to fault strike. Such joint growth may occur at the lateral tips of an isolated fault, but is most
likely in a relay zone between overlapping faults. However, the angle between joints and faults is also in¯uenced by the remote
stress state, and is particularly sensitive to the ratio of fault-parallel to fault-perpendicular stress. As this ratio increases, joints

can propagate away from faults at increasingly higher angles to fault strike. We conclude that the combined remote stress state
and perturbed local stress ®eld associated with overlapping fault geometries resulted in joint growth at high angles to normal
fault strike at a ®eld location in Arches National Park, Utah. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Much of the understanding of joint orientations

around normal faults follows from Anderson (1951),

who indicated that opening mode cracks (speci®cally,

dikes) should form parallel to the strikes of normal

faults (perpendicular to the least compressive remote

stress; Fig. 1a). Although this assumption provides a

rationale for predicting fault orientations in extending

crust, it does not incorporate the stress perturbation

induced by growing faults and the consequences of

this for joint growth close to faults (Fig. 1b). The fact

that faults perturb the surrounding stress ®eld during

slip events (Pollard and Segall, 1987; Barton and

Zoback, 1994) has important consequences for the

orientations of secondary structures such as smaller

faults, joints, veins, and solution surfaces.

Geological observations have established that sec-

ondary structures can be induced in regions of

increased stress around both opening mode (mode I)

cracks, such as dikes (Delaney and Pollard, 1981;

Delaney et al., 1986; Pollard and Segall, 1987; Rogers

and Bird, 1987; Baer and Reches, 1991; Kattenhorn

and Watkeys, 1995) and sliding mode (modes II and

III) cracks, such as faults (Lajtai, 1969; Segall and

Pollard, 1980, 1983; Rispoli, 1981; Cruikshank et al.,

1991; Rawnsley et al., 1992; Homberg et al., 1997;

Ohlmacher and Aydin, 1997; Willemse et al., 1997;

Martel and Boger, 1998; Vermilye and Scholz, 1998).

Laboratory experiments that record acoustic emission

events in a sample undergoing shear failure also reveal

microcrack development ahead of a propagating fault

tip (Reches and Lockner, 1994).
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If su�cient ®eld evidence exists to suggest a genetic

relationship between normal faults and spatially as-
sociated joints, joint orientations can perhaps be

explained in the context of the fault-perturbed stress

®eld. Joints act as paleostress indicators in rock and

are assumed in this study to be mode I fractures that

form perpendicular to the least compressive stress.
Previous work on stress ®eld heterogeneities around

faults follows predominantly from ®eld observations

or modeling of either strike-slip or thrust faults

(Barton and Zoback, 1994; BuÈ rgmann et al., 1994;
Roering et al., 1997). Our investigation focuses on the

mechanics of stress perturbations by normal faulting

and resultant joint development.

This study is motivated by observations of joints
striking at high angles to normal faults in Arches

National Park, Utah, in contrast to the predictions of

Anderson (1951). First, the ®eld example will be

described to establish the connection between normal

faults and joints. Second, we present three-dimensional
mechanical analyses of the perturbed stress ®eld in the

vicinity of mechanically interacting, discontinuous nor-

mal faults. We then compare the numerical model

results with ®eld examples to demonstrate a similarity
between model predictions and what is observed in

nature, so as to provide a mechanical rationale for the

®eld observations. Finally, we address implications of

our model results for the analysis of deformation

around normal faults in general and provide examples
of applications.

2. Faults and joints in sandstone

Exceptional surface exposure in many regions in the
Colorado Plateau physiographic province of the USA,
such as Arches National Park in southeastern Utah
(Fig. 2), provides ideal locations for the study of joints
and faults in sandstone. Prominent exposure of
Jurassic sandstones in this region has inspired a num-
ber of investigations of fault and joint characteristics
(locations shown in Fig. 2). Dyer (1983, 1988) investi-
gated systematic joint domains on both ¯anks of the
Salt Valley anticline. Cruikshank et al. (1991) and
Zhao and Johnson (1992) examined the deformation
history and the e�ects of shearing along pre-existing
joints in the Garden Area. Cruikshank and Aydin
(1995) determined the sequence of fracturing and
characteristics of individually identi®able joint domains
in the Klondike Blu�s region. Cruikshank and Aydin
(1994) showed how joint clustering acts as a precursor
to arch development in the park. Antonellini and
Aydin (1994, 1995) and Antonellini et al. (1994a)
examined the nature of faulting in sandstones in the

Fig. 1. (a) Anderson's (1951) prediction of relative joint and normal

fault orientations. Joints are parallel to fault strike. (b) Contrasting

fault and joint arrangement, with joints at high angles to normal

fault strike.

Fig. 2. Arches National Park region in southeastern Utah. The nor-

mal fault system at Rough and Rocky Mesa is in the southwest cor-

ner of the park. After Antonellini and Aydin (1995).
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Cache Valley region. These studies have considered
joint development in response to either bending stres-
ses within anticlines or slip patches along bedding
planes during ¯exural slip folding. A detailed analysis
of the relationship between normal faults and joints in
Arches National Park is lacking.

An analysis of aerial photographs of Arches
National Park and ®eld reconnaissance has revealed a
variety of orientations of joints that appear to be re-
lated to normal faulting. In this paper, we focus on an
example of joints at high angles to normal fault strike
in the Rough and Rocky Mesa region of the park
(hereafter referred to as Rocky Mesa; Figs. 2 and 3).

The Arches National Park region is within the
Paradox Basin, a fault-generated basin at the margin
of the ancestral Uncompahgre uplift (Doelling et al.,
1995). Rock units cropping out in the Rocky Mesa
vicinity range from the Pennsylvanian Honaker Trail
Formation to the Late Jurassic Morrison Formation
(Fig. 4). The entire region is underlain by
Pennsylvanian Paradox Formation salt, which crops
out at breached salt-cored anticlines in Moab Valley
to the southeast of Rocky Mesa, and Salt Valley to
the north. The fault and joint outcrops are best devel-
oped in the Moab Member of the Jurassic Entrada
Sandstone. Vertical cli�s along the southeastern edge
of Rocky Mesa expose the underlying Slick Rock and
Dewey Bridge Members, as well as the Navajo
Sandstone, providing a means of estimating o�sets
along normal faults exposed in the cli� faces.

Joints in the Moab Member are zones of preferential
erosion that formed deep, accessible gullies. This per-
mits accurate identi®cation of joint distribution and
trends in aerial photos (Fig. 3), and the ®eld-based
characterization of 3-D joint orientations through
most of the thickness of the unit.

2.1. Tectonic history

The tectonic evolution of the Paradox Basin and
resultant structural trends follow from deposition of
evaporites over pre-Pennsylvanian normal faulted
basement (Baars and Stevenson, 1981; Baars and
Doelling, 1987; Friedman et al., 1994). Periodic normal
fault movement from the Pennsylvanian to the
Tertiary, in conjunction with progressive sedimentary
loading, induced salt migration towards fault zones
(Shoemaker et al., 1958; Cater, 1970; Gard, 1976;
Baars and Doelling, 1987; Doelling, 1988). Diapiric
salt anticlines thus formed above and parallel to the
basement faults, as is con®rmed by borehole and seis-
mic data (Doelling, 1988). Cretaceous and Tertiary
units were incorporated into the existing fold trends
during the Laramide orogeny: an approximately north-
east-directed regional compressional tectonic event in
the late Cretaceous to early Tertiary (Baars and

Fig. 4. Stratigraphic column showing units present in the Rough and

Rocky Mesa region during normal faulting in the Tertiary. All units

younger than the Brushy Basin Member of the Morrison Formation

were subsequently removed by erosion in the Rough and Rocky

Mesa region. After Doelling (1985).
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Stevenson, 1981; Doelling et al., 1995). This deforma-

tional event enhanced and possibly induced additional

salt movement into pre-existing salt-cored anticlines,

producing gentle folds in the southern Arches National

Park area. Pliocene uplift of the Colorado Plateau

exhumed salt structures, resulting in dissolution and

collapse of salt-cored anticlines now manifested as

northwest-trending valleys (Cater, 1970; Doelling,

1985; Huntoon, 1988), as well as causing the removal

by erosion of Cretaceous and Tertiary sedimentary

units in the Arches National Park area.

Rocky Mesa is located on the crest of the Moab

Anticline (Fig. 3), about 4.5 km to the north of the

Colorado River and Moab Valley. Rocky Mesa is

topographically higher than Moab Valley by up to

250 m and has outcrops of stratigraphic units through

to the Jurassic Morrison Formation (Fig. 4). A normal

fault system trends parallel to the axis of the Moab

Anticline, accommodating keystone-like collapse of the

anticlinal crest (Fig. 5).

Rocky Mesa is bounded to the southwest by the

Moab Fault: a 54-km-long, major normal fault that

trends northwest along Moab Canyon (Figs. 2 and 3)

and dips 50±758 NE (Foxford et al., 1996; Olig et al.,

1996). The portion of the Moab Fault that passes

adjacent to the Rocky Mesa region has the greatest

total o�set, which we estimate to be 815 m based on

stratigraphic thicknesses along the length of the fault.

Slip on the Moab Fault intensi®ed hanging wall bend-
ing of the pre-existing Moab Anticline.

The Moab Fault cuts through exposed units as
young as Cretaceous and has conventionally been
assumed to have resulted from either post-Laramide
relaxation in the Tertiary (McKnight, 1940; Baars and
Doelling, 1987; Doelling, 1988; Olig et al., 1996) or
Cenozoic salt-dissolution collapse (Huntoon, 1982;
Hecker, 1993). Foxford et al. (1996) suggest the Moab
Fault began growing in pre-Laramide time with recur-
rent episodes of slip since the Triassic. The Moab
Fault is not currently active; indirect evidence of fault
movement, such as geomorphic features, suggests that
all fault motion was pre-Quaternary (Olig et al., 1996).

2.2. Normal fault characteristics

The Rocky Mesa normal faults along the crest of
the Moab Anticline (Fig. 3) are northwest trending
(291±3198) with fault dips ranging from 42 to 678.
Opposing fault dip directions on either side of the anti-
cline crest indicate that faults dip towards the fold
axial plane. Fault strikes undergo a small (0208),
clockwise rotation to the southeast of Rocky Mesa,
corresponding to a left-stepping jog in the adjacent
Moab Fault at the entrance to Arches National Park
(Fig. 3). Fault lengths at Rocky Mesa range from
around 0.25 to 4 km with spacings of 100±400 m; fault
overlaps are variable (up to 30% of the fault length).

Fig. 5. Keystone-like collapse of the anticlinal crest of the Moab Anticline by normal faults. View to the northwest. Rough and Rocky Mesa is

the area at the top of the cli�.
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We concur with Doelling et al. (1994) that the
Rocky Mesa normal faults are the result of bending
stresses across the Moab Anticline. This bending and
related deformation was likely enhanced by motion
along the adjacent Moab Fault. Although exact
measurements of fault o�sets are not possible at the
surface, stratigraphic juxtapositions indicate that most
of the Rocky Mesa faults have approximate o�sets on
the order of only a few meters. The maximum
recorded o�set is 30 m where one of the faults crosses
the entrance road to Arches National Park. The faults
cut the stratigraphy at least as deep as the Wingate
Sandstone and as shallow as the Salt Wash Member of
the Morrison Formation (Fig. 4), indicating maximum
down-dip fault heights of 670±875 m. The northeastern
bounding fault of the system cuts as deep as the
Chinle Formation at the Colorado River, and is an
exception to the small-o�set faults in that it has a
documented o�set of 152 m at that location (Fig. 3;
Doelling et al., 1995).

In the Moab Member, the Rocky Mesa faults are

manifested as zones of deformation bands (Aydin,
1978; Aydin and Johnson, 1978; Antonellini and
Aydin, 1994, 1995; Antonellini et al., 1994a, b), gener-
ally <2.5 m wide (Fig. 6). The evolutionary sequence
of fault development is from a single deformation
band to a zone of deformation bands to discrete slip
surfaces [see Antonellini and Aydin (1995) for a
detailed de®nition]. We use the term fault to imply a
fully evolved structure exhibiting discrete slip surfaces.
Deformation bands are ubiquitous in the Moab
Member, with greatest density along the crest of the
Moab Anticline (Fig. 7). The deformation bands de®ne
a conjugate set dipping either NE or SW that accom-
modates no more than a few millimeters to centimeters
of o�set. Slickensides on exposed slip surfaces indicate
pure dip-slip motion on the Rocky Mesa faults. Most
of these faults exhibit relatively constant strike trends,
except for one fault immediately adjacent to the Moab
Fault, which exhibits an arcuate map pattern and is in
a zone of highly variable joint patterns associated with
the Moab Fault (Figs. 3 and 7).

The timing relationship between Rocky Mesa nor-
mal faulting and the folding of the Moab Anticline
during the Laramide compressional tectonic event
(Cater, 1970) suggests that faulting of the folded
Jurassic sandstone units at Rocky Mesa occurred no
earlier than the late Cretaceous to early Tertiary. A
major joint set emanating away from the Moab Fault
in the Navajo Sandstone (Fig. 7) exhibits several
slipped joints, manifest by gouge development along
the joints. The joints in this vicinity are parallel to the
jog in the Moab Fault at the park entrance, which
shows slickenside evidence of having undergone right
oblique-normal slip. Slip on these joints is thus inter-
preted to have been related to slip on the Moab Fault
in the region of the fault jog. The slipped joints o�set
deformation bands associated with the Rocky Mesa
normal fault system, indicating that these normal
faults had formed prior to the cessation of slip on the
Moab Fault in the late Tertiary.

In addition, the Rocky Mesa normal faults along
the Moab Anticline are restricted to the location of
maximum slip along the adjacent Moab Fault. As slip
on the Moab Fault decreases towards the northwest,
the Moab Anticline gradually disappears, as does the
related faulting. This is evidence that the intensity of
folding and related faulting was accentuated by slip
along the Moab Fault no later than the late Tertiary,
constraining the minimum age of Rocky Mesa fault-
ing. The combination of these lines of evidence sup-
ports a Tertiary age for normal fault development at
Rocky Mesa.

Estimates of the depth of burial during active fault-
ing can be made from the previous timing inferences in
conjunction with measured and referenced formation
thicknesses in the vicinity. No units younger than mid-

Fig. 6. Deformation band-style of normal faulting in the Moab

Member of the Entrada Sandstone. Camera lens cap for scale (6 cm

wide).
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Jurassic age appear to be a�ected by the Rocky Mesa
faults, suggesting that the observed faults are con®ned
to the Jurassic sandstones. As these were covered by a
substantial thickness of Cretaceous and perhaps early
Tertiary units at the time of faulting, fault develop-
ment is inferred to have taken place at a moderate
depth. All post-Jurassic units in the Rocky Mesa area
were eroded away during Miocene uplift of the
Colorado Plateau (Cater, 1970). The uppermost unit
that can reasonably be deduced from outcrop data to
have covered the Arches National Park area is the
Cretaceous-aged Mancos Shale (Fig. 4), which crops
out in Salt Valley. However, the Book Cli�s, 43 km

north of Rocky Mesa, contain units as young as lower
Tertiary Wasatch Formation (Willis, 1986) that were
gently folded during the Laramide orogeny, analogous
to the folding that produced the Moab Anticline.
Doelling (1985, 1988) suggests that these units may
have extended as far south as the Arches National
Park vicinity. Using this reasoning, we calculated an
overburden thickness at Rocky Mesa during active
normal faulting that incorporates mid-Jurassic through
early Tertiary stratigraphic units. This calculation indi-
cates an approximate burial depth of 3.4 km at the
vertical midpoint of the normal fault system, within
the Navajo Sandstone.

2.3. Joint characteristics

A fault and joint map of the Rocky Mesa area (Fig.
7) illustrates that joint patterns are variable across the
region of normal faulting. Focus in this study is given
to a region where joints strike at high angles to normal
faults near the northwestern end of the fault traces
(Fig. 8). The joints are con®ned to inter-fault blocks
and are not part of a regional set. Joints in nearby
areas of the park (Garden Area, Devil's Garden, and
Klondike Blu�s; Fig. 2), have a dominant NW trend
essentially perpendicular to the joints shown in Fig. 8.

Joints terminate at the faults and the pattern of
jointing is thus asymmetric from one side of a fault to
the other (Fig. 8). Joints are distributed along fault
surfaces with no direct indication as to whether growth
was originally along the fault surface or at an old fault
tipline location. In no instances are joints traceable
across an exposed fault, indicating that joint growth
occurred to one side of a fault surface or tip rather
than ahead of a propagating fault tip, as has been
documented for secondary structures along small
strike-slip faults (Martel and Boger, 1998).
Termination of joints against faults is most prevalent
in the footwall block. Some joints breach the entire
relay between overlapping faults, but the dominant
trend is for joints to terminate before reaching the
hanging wall surface of the adjacent fault bounding
the relay.

There is little variation in the orientation and dip of
the normal faults in the region where joints strike at
high angles to faults. A fault is inferred to exist in the
location of the dashed line in Fig. 8, on the basis of
abrupt terminations in the map pattern of joints. A
fault in this location de®nes an inter-fault block that
con®nes the longest set of joints. There is no clearly
identi®able fault at the surface in this location,
although an increased deformation band density may
indicate the upper extent of a fault below the surface,
or the lower extent of a fault subsequently eroded
away.

Joints extend throughout the thickness of the Moab

Fig. 8. Detailed joint map of the region where joints strike at high

angles to the faults (box in Fig. 7). Joints dip steeply to either the

northwest or the southeast. The dashed line is an inferred fault

beneath the surface with an associated joint set at its northwestern

tip. Inset: stereonet showing orientations of faults and joints. Most

joints are nearly vertical, with decreases in dip towards the interface

between the Moab Member and the overlying Tidwell Member.
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Member, and do not appear to continue into either
the underlying Slick Rock Member of the Entrada
Sandstone or the overlying Tidwell Member of the
Morrison Formation. Individual joints exhibit straight
outcrop traces (Fig. 8) and mutually adjacent joint seg-
ments do not appear to curve towards each other or
intersect. The joints vary little in overall orientation
and dip (Fig. 8 inset): they are predominantly within
208 of vertical, with a maximum deviation of 398 from
vertical. Decreases in dip magnitude generally occur as
joints approach the mechanical discontinuity that is
the interface between the Moab Member and the over-
lying Tidwell Member (shale/limestone/chert). A simi-
lar e�ect has been observed near stratigraphic contacts
elsewhere in Arches National Park (Cruikshank and
Aydin, 1995). Some joints also display slight changes
in orientation as they approach within a meter or so
of the faults (Fig. 8).

Joint spacings are variable, although generally are
between 10 and 30 m. This is comparable to the thick-
ness of the Moab Member (030 m), and may re¯ect
documented observations of the approximate relation-
ship between joint spacing and unit thickness (Price,
1966; Pollard and Segall, 1987). The density of joints
is variable in the region away from the faults, whereas
close to the faults and within narrow relay zones, joint
density increases and is more consistent (Fig. 8;
Kattenhorn, 1998). Joint densities decrease to zero in
the uppermost meter or so of the Moab Member,
re¯ecting the fact that the vertical extent of joints is
limited and they do not intersect the contact with the
overlying Tidwell Member.

Some joints were intruded by a ¯uidized clay to

form veins (Fig. 9). From thin section analysis, the
vein material is interpreted to be a clay and calcite
cement supporting quartz grains seemingly fragmented
away from the sandstone joint surfaces. Similar intru-
sive activity at Robert's RiftÐa vertical fracture zone
in Bull Canyon, 10 km west of Rocky Mesa (Hite,
1975)Ðhas been attributed to the transport of brec-
ciated material and ¯uids, derived from the Paradox
Formation salt, up into fractured Jurassic sandstones.
The timing of vein intrusion with respect to joint for-
mation is uncertain. The veins either post-date the
joints, having intruded along older fractures, possibly
inducing new growth, or they are contemporaneous
with initial joint growth. Episodic intrusion is
suggested by veins-within-veins at one location. Veins
occur immediately adjacent to fault footwalls at Rocky
Mesa, suggesting faults acted as permeability barriers
to migrating ¯uids, analogous to documented per-
meability decreases across deformation band-style
faults elsewhere in Arches National Park (Antonellini
and Aydin, 1995). If the veins were contemporaneous
with joint growth, the di�erence between the ¯uid
pressure and the least compressive remote stress (joint-
perpendicular stress) was su�cient to overcome the
fracture strength of the rock and promote joint propa-
gation.

2.4. Sequence of fracturing

We used detailed observations of ®eld relationships
to determine the sequence of faulting and jointing at
Rocky Mesa. Fault-parallel deformation bands are
interpreted to be the genetic precursor to the develop-

Fig. 9. A 7-cm-thick clay±calcite vein along a joint zone. The fault is to the left of the ®gure. Inset: vein geometry with respect to the fault. Veins

occur in the footwall block and are thickest nearest the fault.

S.A. Kattenhorn et al. / Journal of Structural Geology 22 (2000) 1±23 9



ment of normal faults with slip surfaces. Fault-perpen-
dicular joints cut (and are thus younger than) this de-
formation band set. The majority of joints have at
least one end in map view connected to a fault slip sur-
face. In no instances do joints cut through a fault to
continue into the adjacent inter-fault block, indicating
that faults are older and acted as mechanical barriers
to joint growth.

Field evidence thus suggests that fault growth was
accompanied by slip on discrete slip surfaces and joint
development along the periphery of these surfaces
where the stress ®elds were perturbed. Many, but not
all, of the joints that formed along faults continued
growing into the footwall blocks. Relay zone breach

occurred between overlapping faults where joints pro-
pagated across the entire inter-fault block. Although
some joints exhibit a change in orientation beyond a
few meters of the faults (becoming almost fault-per-
pendicular), the absence of sudden, angular changes in
joint orientation suggests a continuous stable episode
of primary joint growth within a spatially or tem-
porally variable stress ®eld.

Tailcracks and horsetail fractures provide evidence
that changes in the stress ®eld after joint growth
resolved su�cient shear on some joints to induce
microslip (Cruikshank et al., 1991). Joints with strikes
of 00258 show evidence of right-lateral shear whereas
joints with strikes of 00458 underwent left-lateral

Fig. 10. (a) Discretized geometries of faults with variable aspect ratios (AR ). (b) Map view of overlapping fault traces and associated terminolo-

gies. (c) Model con®guration for overlapping faults in an in®nite elastic body. Boundary conditions include a remote tectonic tension driving

fault slip (sr
22), a fault-parallel remote tectonic stress (sr

11), and an increasing lithostatic load with increasing depth (sL
ij ). The combined remote

and lithostatic stresses produce a state of all-round compression in the vicinity of the faults.

S.A. Kattenhorn et al. / Journal of Structural Geology 22 (2000) 1±2310



shear. The con¯icting slip sense implies a maximum
compression orientation of 00358, essentially perpen-
dicular to the normal faults at Rocky Mesa.

3. Numerical modeling

Field observations at Rocky Mesa are consistent
with joint development being associated with faulting.
We use numerical models to examine the stress ®eld
around idealized normal faults in order to investigate
how joints might form in a fault-perturbed stress ®eld.
The 3-D numerical method addresses the e�ects of
fault tipline shape and mechanical interaction of fault
segments upon the numerical solution to the perturbed
stress ®eld. Using the underlying assumption that
joints are opening mode cracks that form perpendicu-
lar to least compressive principal stresses of su�cient
magnitude to break sandstone, we determine the lo-
cations and orientations of joints that might form as a
consequence of fault slip.

3.1. Modeling method

We computed solutions to boundary value models
of normal faults imbedded in an elastic whole-space
using the program Poly3D (Thomas, 1993). Based
upon the boundary element method (Crouch and
Star®eld, 1983; Becker, 1992), Poly3D incorporates the
fundamental solution to an angular dislocation in a
homogeneous, linear elastic half-space (Comninou and
Dundurs, 1975; Jeyakumaran et al., 1992). A number
of angular dislocations are juxtaposed to create polyg-
onal boundary elements that collectively de®ne discre-
tized objects of arbitrary shape in three dimensions
(Fig. 10a).

Boundary conditions in Poly3D can be applied
remotely (as constant stresses or strains), at the centers
of each element of the discretized crack surface (as
tractions or displacements), or as combinations
thereof. The program solves a series of linear algebraic
equations that describe the in¯uence on each element
of every other element under a prescribed set of
boundary conditions. Once the displacement distri-
bution along a fault is determined, the static stress,
strain and displacement ®elds around the fault are cal-
culated using in¯uence coe�cient equations that relate
the displacements at the fault to the resultant elastic
®eld at any point in the surrounding linear elastic med-
ium. This solution is superimposed upon the remote
stress ®eld boundary condition to produce the total
elastic ®eld. The governing equations implemented by
Poly3D are described in Appendix A of Thomas
(1993).

In order to elucidate the e�ect of 3-D fault shape
and mechanical interaction of overlapping faults on

the perturbed stress ®eld, simple fault con®gurations
were used in the models rather than a re-creation of
the complex fault patterns observed in Arches
National Park. Poly3D provides static solutions to the
elastic ®eld during a single slip event, or numerous
superimposable slip events, but does not incorporate
the e�ects of fault propagation or stress relaxation in
the case of multiple slip events. The program thus can-
not be used to recreate the sequence of events that led
to the current fault geometries in the ®eld. Instead,
model solutions are used to characterize fault-related
joint development at some stage in the fault growth
history when a particular fault arrangement (e.g. a
particular amount of overlap) existed. In reality, fault
evolution through time would have resulted in numer-
ous fault arrangements and joint growth episodes. The
goal of the modeling is to demonstrate the nature of
the perturbed stress ®eld around: (1) isolated faults of
variable aspect ratio (ratio of fault length to fault
height; Fig. 10a); and (2) overlapping, mechanically
interacting faults (Fig. 10b and c). In this way, we can
demonstrate the range of orientations of joints that
might develop in such perturbed stress ®elds. The con-
clusions based upon these simple models are then
applied to observations at Rocky Mesa.

3.2. Model setup

The faults are restricted to elliptical tipline shapes
and planar fault surfaces (Fig. 10). The tipline rep-
resents the fault termination, where displacement
decreases to zero. Elliptical tiplines are an adequate
approximation to some natural tipline shapes described
in nature (Rippon, 1985; Barnett et al., 1987). The per-
turbed stress ®eld varies along the tipline as a result of
the variable mode of slip at di�erent points
(Germanovich et al., 1994; Martel and Boger, 1998),
emphasizing the importance of a 3-D analysis.

Modeled faults were imbedded in an in®nite elastic
body, circumventing edge e�ects and e�ectively ap-
proximating the 03.4-km burial depth estimated for
the faults at Rocky Mesa. Free surface e�ects at this
depth are negligible for faults having the dimensions
of those at Rocky Mesa (Kattenhorn, 1998). The elas-
tic properties of the body are consistent with measured
values for sandstone (Bieniawski, 1984): density,
r � 2300 kg=m3; Poisson's ratio, n � 0:25; and elastic
shear modulus, G � 12 GPa. All faults, irrespective of
aspect ratio (AR ), have a horizontal dimension
(length) of 1 km with their centers at identical depths.
In accordance with ®eld measurements, all faults in the
models were prescribed a dip of 508. For the case of
overlapping geometries, faults were not physically
linked.

Each fault element was prescribed the condition of
zero opening or interpenetration. Frictional resistance
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to slip on the fault, the implementation of which is
described by Kattenhorn (1998), accounts for the e�ect
of an increasing lithostatic load along the fault surface
in the down-dip direction (Fig. 10c). Fault slip is gov-
erned by a simple Coulomb frictional slip criterion,
and is driven by a constant, remote tectonic tension
applied perpendicular to fault strike, su�cient to pro-
mote slip over the entire fault surface. Maximum stress
drops on modeled faults are approximately 5 MPa
(AR � 2), 10 MPa (AR � 1) and 20 MPa (AR � 0:5),
respectively. These values are within the range of cal-
culated stress drops for natural normal fault seismic
slip events (Mayeda and Walter, 1996).

We initially consider a state of stress before fault
slip in which the vertical compression is equal to the
fault-parallel compression. However, the component of
stress parallel to the faults may be altered by tectonic
contraction or extension, and may be less compressive
than the vertical stress in response to a bilateral con-
straint (McGarr, 1988). For this reason, a fault-paral-
lel stress component, sr

11 (Fig. 10c), is subsequently
incorporated into the static stress solution. A range of
sr
11 values are considered using the assumption that

sr
11 is less compressive than the vertical stress, sr

33. The
sr
11 remote stress component does not resolve onto the

plane of the faults and therefore has no e�ect on fault
slip.

The stress ®elds around slipped normal faults are
described in subsequent sections as follows:

1. The characteristics of the perturbed ®eld allow us to
isolate the speci®c e�ect of this component of the
total stress ®eld on joint orientations very near the
modeled faults.

2. The total stress ®eld (perturbed+tectonic+litho-
static) is examined in order to demonstrate why the
characteristics of the perturbed ®eld alone are not
su�cient to predict joint orientations.

3. The impact of variable ratios of fault-parallel to
fault-perpendicular remote stresses on joint orien-
tations is considered.

3.3. Characteristics of the perturbed ®eld

The perturbation of the stress ®eld is greatest near
the tipline and secondary structures such as joints are
most likely to initiate there. This observation is in
agreement with crack growth at the tips of slipped
interfaces described in ®eld examples (Lajtai, 1969;
Segall and Pollard, 1980; Martel et al., 1988;
Cruikshank et al., 1991).

The nature of the perturbed ®eld associated with a
slip event on a frictional fault is shown in Fig. 11.
These images exclude the remote stress ®eld (tectonic
and lithostatic components) in order to demonstrate
the speci®c contribution of the perturbation by the

faults to the ®nal state of stress. The contour map of
stress magnitudes on a horizontal plane intersecting
the fault (Fig. 11b) exhibits an increase in stress mag-
nitudes along the fault trace, particularly in the tipline
vicinity. This pattern is consistent irrespective of the
vertical position of the observation plane with respect
to the fault. Superimposed on this image are the pre-
dicted orientations of joints that would result entirely
as a consequence of the perturbed ®eld. These poten-
tial joint planes were projected from 3-D space onto
the horizontal plane of observation as strike lines (tick
marks in Fig. 11b).

The perturbed ®eld is variable near the tipline and
the orientation of a secondary structure with respect to
the fault thus depends entirely on the angular position
(in the plane of observation) around the fault tip.
Directly ahead of the tipline, in-plane with the fault
surface, joints would form parallel to fault strike. This
may provide a mechanism for fault propagation, with
the development of numerous extension microcracks
ahead of the tip that promote shear failure and fault
elongation (Cox and Scholz, 1988; Anders and
Wiltschko, 1994; Reches and Lockner, 1994). To either
side of the fault tipline, joints may form along the
fault surface at a variety of orientations, from fault-
parallel to fault-perpendicular (Fig. 11b).

We calculated the maximum principal stress, s1 (ten-
sion positive), around several points along the tipline
(Fig. 12, inset), from the top (y � 908) to the bottom
(y � ÿ908) of the fault, constraining the direction, Y,
around each point on the tipline that is most condu-
cive to joint growth. These stresses were calculated
from solutions to the stress tensor obtained using
equations for the near-tip ®eld (Lawn, 1993) of the
form:

sij � K

�2pr�1=2 fij�Y� �1�

where K is the stress intensity factor for a given slip
mode, r is radial distance from the tipline and Y is the
angular position around a point on the tipline.

Fig. 12 illustrates the normalized magnitudes of s1
around the tiplines of normal faults in 3-D for three
fault aspect ratios, normalized to the maximum value
for the AR � 0:5 case. Irrespective of fault aspect
ratio, the maximum stress magnitudes are always at
the upper tip, where the lithostatic con®ning stress is
at a minimum. Solutions to Eq. (1) indicate that in the
upper half of the fault, the maximum s1 occurs for
Y � ÿp (on the hanging wall surface of the fault)
whereas in the lower half of the fault, the maximum s1
occurs for Y � p (footwall surface of the fault; Fig.
12).

Furthermore, the maximum values of s1 occurring
along the fault plane (Y �2p) are oriented in the
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Fig. 11. (a) 3-D perspective view of the perturbed stress ®eld around a circular normal fault along a horizontal observation plane a small distance

above the fault center (inset). Tick marks represent the orientations of s1 in 3-D. (b) Contours of stress magnitudes (MPa) on the observation

plane. The fault (white line) dips towards the positive x2 direction. Maximum stresses are concentrated around the tipline in the hanging wall

block. Tick marks represent the strikes of joints that would form in the perturbed ®eld. Tick mark lengths represent joint dips. Longest ticks rep-

resent vertical joints (perpendicular to the observation plane).
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plane of the fault surface. All resultant joints are in-
itiated perpendicular to the fault surface with normals
perpendicular to the tipline. This results in joints that
strike perpendicular to fault strike at the lateral fault
tips but parallel to fault strike at the upper and lower
tips. Thus, the orientations of joints with respect to
the fault depend on the 3-D position along the fault
tipline trace (Fig. 13a). Joints striking at high angles to
faults are known from observations of secondary frac-
tures at the lateral (mode II) tips of strike-slip faults.
However, it is important to note that in this case, such
a relationship is obtained in the absence of any strike-
slip component of slip on the faults.

Joint orientations at the mode III tips in Fig. 13(a)
di�er from 2-D analytical models (Scholz, 1990), ®eld
observations of strike-slip faults (Martel and Boger,
1998), and experimental analyses of cracks in poly-
methyl methacrylate plastic (PMMA) (Adams and
Sines, 1978; Cooke and Pollard, 1996) that predict
eÂ chelon cracks ahead of a mode III crack tipline (Fig.
13b). The development and subsequent linkage of such
fractures in rock may aid in growth of the shear plane
at the mode III tip (Cox and Scholz, 1988). However,
the model boundary conditions in this study, which in-
corporate the e�ect of increasing lithostatic stresses
with depth on 3-D fault slip behavior, produce model
results that predict maximum principal stress magni-

tudes along the fault plane instead of ahead of the
tipline. Such behavior in nature may be aided by the
presence of a cohesive zone towards a fault tip that
induces an increased displacement gradient behind the
tip and subsequent fracture growth along the fault
plane (Cooke, 1997; Martel, 1997). Resultant second-
ary crack growth is to one side of the tipline only (Fig.
13a), as occurs at Rocky Mesa.

3.4. Characteristics of the total stress state

The orientations of secondary structures outside of
the intensely perturbed ®eld (e.g. beyond a few meters
of a 1-km-long fault) are increasingly dependent on
the remote state of stress rather than the perturbed
®eld. For a stress state in which the lithostatic load is
isotropic and fault slip is driven by a tensile tectonic
stress acting perpendicular to fault strike (Fig. 10), s1
is parallel to the remote tectonic stress almost every-
where around a slipping normal fault (Fig. 14a and b).
The observation points at which s1 is calculated are
located 10 m perpendicularly away from the fault
plane. Here, the remote ®eld driving fault slip domi-
nates over the perturbed ®eld. Thus, any joints that
are initiated and grow at distances of more than a few
meters from the faults (01% of the fault length) will
have orientations dictated by the remote tensile stress.

Fig. 12. Distributions of normalized maximum principal stress (s1) magnitudes around the tiplines of normal faults. Three aspect ratios are con-

sidered: AR � 0:5 (tall elliptical), 1.0 (circular) and 2.0 (wide elliptical). Position around the tipline, y, shown on the inset ®gure. All magnitudes

are normalized to the maximum value for the AR � 0:5 case. Maximum s1 va1ues occur along the hanging wall surface (Y � ÿp) in the upper

half of the fault and along the footwall surface (Y � p) in the lower half.
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Such joints would therefore be vertical and oriented
parallel to fault strike.

However, in the absence of high pore pressures, ten-
sile stresses that exceed the fracture strength of the
rock at depth may only occur in the perturbed ®eld
very close to the fault plane. Joints initiating in this
®eld at the upper fault tip, where hanging wall tensile
stresses are greatest, would be initiated at an angle to
the fault plane (but with identical strike orientations),
then would steepen away from the fault as they propa-
gate into the region dominated by the remote ®eld

(Fig. 13a). In locations along the fault tipline where
joints are initiated at high angles to fault strike, the
remote ®eld impedes joint propagation into the sur-
rounding rock because s1 rotates into parallelism with
joint strike within a few meters of the fault (Fig. 14).
In such a state of stress, joints at high angles to faults
should be short and restricted to the near-fault region.
Any additional growth, such as under the driving
stress of high internal ¯uid pressures in the joints,
would result in large curvatures in joint strikes as the
joints propagate into the dominant remote stress ®eld.

For discontinuous fault geometries, where individual
fault segments overlap and mechanically interact, the
greatest perturbation e�ect occurs within the relay
zone between the faults. However, perturbed ®eld s1
orientations within the relay are only slightly rotated
with respect to the remote ®eld (Fig. 15). This is the
case for all amounts of overlap (fault spacing is kept
constant at 50 m, or 5% of the fault length), although
the rotation of s1 with respect to the remote ®eld
increases as fault aspect ratio decreases (faults get tal-
ler). Wide elliptical faults (AR � 2) have no noticeable
perturbation across the relay. This is attributable to
the fault height e�ect wherein tall elliptical faults per-
turb the stress ®eld to a greater distance away from
the fault than wide elliptical faults (Willemse et al.,
1996).

3.5. E�ect of remote horizontal stress ratio

In order to consider a range of plausible remote
stress conditions, we evaluated the e�ect of the fault-
parallel stress on the orientation of principal stress
axes around overlapping normal faults. This was
accomplished by including a fault-parallel remote
stress component, sr

11, in the model boundary con-
ditions (Fig. 10c). The fault-parallel stress component
may address a variety of crustal conditions: fault-par-
allel bending stresses (e.g. in doubly-plunging anti-
clinesÐpossibly the case for the Moab Anticline), the
lithostatic bilateral constraint e�ect (McGarr, 1988),
remote tectonic tensile stresses, or a rotation of the
maximum tension from fault-perpendicular to fault-
parallel due to relaxation of the initial fault-perpen-
dicular sr

22 by extensional faulting.
We introduce a variable, d, to represent the remote

horizontal stress ratio: the ratio of fault-parallel to
fault-perpendicular remote stress (sr

11=s
r
22). In order to

address fault and joint con®gurations such as those
observed at Rocky Mesa in Arches National Park, we
calculated orientations of s1 at observation points
10 m away from overlapping faults for various values
of d (Fig. 16). The associated principal stress con-
ditions for each d, as would occur at any arbitrary
point on the fault, are shown in Fig. 17. The most
noticeable e�ect in Fig. 16 is an increasing rotation of

Fig. 13. Conceptual 3-D illustration of joint orientations along the

tipline of an elliptical normal fault. At the top of the fault, joints in

section view resemble tailcracks seen along strike-slip faults in map

view. Such joints have strike orientations parallel to normal faults in

map view. Along the lateral edges of the tipline, joints may grow

away from the fault plane at high angles to fault strike. (b)

Conventional idea of edge cracks around a slipping fault (Scholz,

1990). EÂ chelon cracks form ahead of the lateral fault tips.
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s1 in the relay zone with respect to the remote ®eld as
d increases. The relay zone perturbation of the stress
®eld by the faults is thus increasingly enhanced with
increasing d. Outside of the relay zone, the magnitude

of d has little e�ect on the stress ®eld around the faults
(except along the tipline) because sr

22 remains the
dominant control on local s1 orientations. Only when
d > 1 does s1 become sub-parallel to fault strike at

Fig. 14. (a) Orientations of maximum principal stress trajectories for a state of stress that includes the remote and perturbed stress ®eld com-

ponents. Observation points are 10 m away from the fault plane in the hanging wall. View is from directly above. Trajectories are generally

aligned with the remote tectonic stress ®eld (x2 direction). (b) Oblique perspective view. (c) Contours of stress magnitudes (in MPa) and strikes

of joints that would form in the total stress ®eld (compare to Fig. 11b). Joints are aligned parallel to fault strike. Highest stress magnitudes are

around the fault tipline whereas lowest stresses are along the fault plane away from the tipline.
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most observation points. This condition is unlikely to
occur during the initiation of faults because normal
faults develop with their strikes perpendicular to the
direction of maximum tensile stress. For d > 1, fault
orientations should thus be perpendicular to the orien-
tation of the faults in our models. However, existing
faults (which may form zones of weakness compared
to intact rock) can continue to accumulate slip after a
rotation of the principal stress axes. This may occur
despite the fact that the faults no longer strike perpen-
dicular to the remote maximum principal tensile stress.

Irrespective of the speci®c controls on the value of d
during the evolution of a normal fault, the results in
Fig. 16 indicate that for homogeneous rocks, the
remote horizontal stress ratio in normal faulting en-
vironments plays perhaps the most dominant role in
controlling the orientations of secondary structures
developing in the relay zone between overlapping, pla-
nar normal faults.

4. Discussion

Detailed ®eld observations indicate that joints strik-
ing at high angles to normal faults at Rocky Mesa are
related to the faulting. The state of stress during joint
growth included fault-perpendicular tension induced
by bending, lithostatic stresses, perturbation of the
stress ®eld by normal fault slip, regional tectonic stres-
ses during and subsequent to the Laramide orogeny,
and possibly internal ¯uid pressures in joints. Any hy-
pothesis for the history of joint growth should recon-
cile this state of stress with ®eld characteristics of the
fault and joint system.

We have described numerical model results that
demonstrate the perturbation of the stress ®eld during
slip along normal faults. The perturbed ®eld may pro-
duce a range of joint orientations and joint patterns

near to both isolated and mechanically interacting
faults. Calculated maximum principal stresses along
the model fault tiplines indicate that joints can grow at
high angles to fault strike near the lateral tips. This
provides a mechanical rationale from which we infer
that joints striking at high angles to normal faults at
Rocky Mesa may have formed along propagating lat-
eral fault tips.

Numerical model results suggest that joints propa-
gating across a normal fault relay zone under con-
ditions of a remote tectonic tension and an isotropic
lithostatic stress (Fig. 15) will be oriented at a shallow,
oblique angle to fault strike. For a given overlap, this
angle is greatest for tall faults (AR < 1) and does not
exceed about 308. In contrast, at Rocky Mesa, where
the overlapping fault segment geometries are similar to
the numerical models, the angle between fault strike
and joint strike is approximately 758, and the faults
appear to be wide with aspect ratios between 1 and 4.

Furthermore, the perturbed ®eld in each model (Fig.
11) is overprinted by the e�ect of the remote ®eld (Fig.
14) within a few meters of 1-km-long faults. The per-
turbation e�ect extends furthest from faults near the
fault tipline, where the sudden loss of slip results in
high stress magnitudes (greatest at the upper tip of the
fault, decreasing to the bottom tip), and within relay
zones between overlapping faults. At Rocky Mesa,
joints extend up to 400 m away from faults that are at
most 4 km long. This distance of 10% of the fault
length for perturbed ®eld predominance is not substan-
tiated by numerical models in which the fault-parallel
stress consists solely of the isotropic lithostatic load
(Fig. 15).

However, numerical models that incorporate an in-
termediate remote principal stress acting parallel to
normal fault strike that is di�erent from an isotropic
lithostatic stress value (Fig. 16) produce results that
allow joint growth for signi®cant distances away from,
and at high angles to, the faults. The ratio of fault-
parallel to fault-perpendicular remote stress, d, may
vary with tectonic setting and may undergo temporal
variations during and after faulting. For d < 0:5, the
orientations of principal stresses in a relay zone are
predominantly controlled by the maximum remote
principal stress acting perpendicular to fault strike.
Thus, relay-breaching joints would not form at high
angles to fault strike. As d increases (d > 0:5), ro-
tations of s1 within the relay zone promote continued
propagation of joints forming at high angles to fault
strike in the perturbed stress ®eld, such as occurred at
Rocky Mesa.

It is important, therefore, to establish whether or
not the fault-parallel remote stress at Rocky Mesa
approached or perhaps eventually exceeded the initial
fault-perpendicular remote stress responsible for fault
initiation and growth, resulting in an increased d

Fig. 15. Maximum principal stresses for overlapping circular faults

subject to a uniaxial tension (25% overlap, 5% spacing; view from

directly above; faults dip in positive x2 direction). The perturbed

®eld is overprinted by the remote ®eld. A slight perturbation e�ect

extends across the relay zone between the faults. Observation points

are 10 m into the footwall block of fault A and 10 m into the hang-

ing wall block of fault B.
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Fig. 16. E�ect of the horizontal stress ratio, d (ratio of fault-parallel to fault-perpendicular remote stress) on perturbed maximum principal stress

orientations near overlapping circular normal faults. View is from directly above the faults. Observation point locations are as in Fig. 15. Relay

zone stresses are particularly sensitive to d. Numerical predictions of joint orientations in relay zones are plotted on stereonets (n � 114; grey cir-

cles are faults).
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during or immediately after fault slip. Occurrences of
stress ®eld rotations in regions of extension have been
reported from grabens in Iceland (Price and Cosgrove,
1990, p. 186) and have been attributed to the for-
mation of orthogonal joint patterns in nature and lab-
oratory experiments (Rives et al., 1994). In the context
of Rocky Mesa, the maximum principal stress perpen-
dicular to fault strike is interpreted to have been
induced by bending of the rock units during the
Laramide orogeny. It is possible that faulting and de-
formation band growth along the crest of the Moab
Anticline caused relatively rapid (in a geologic sense)
cyclic decreases in the fault-perpendicular maximum
local principal stress (i.e. increased compression) to
values less than the original fault-parallel intermediate
local principal stress.

The rationale for this hypothesis is that bending was
greatly in¯uenced by activity along the Moab Fault, so
that variations in bending stresses would have been
directly linked to Moab Fault activity. In periods of
quiescence along the Moab Fault, relaxation of local
fault-perpendicular stresses by normal faults at Rocky
Mesa may have resulted in a relative increase in the
fault-parallel stress. Such occurrences of local stress ro-
tation may have been accentuated by the northeast-di-
rected compressive Laramide remote tectonic stress
acting perpendicular to fault strike. If the faults con-
tinued to accumulate slip in this new stress state
(d > 1; Fig. 17c), predicted joint orientations are at
high angles to fault strike everywhere outside of the
perturbed ®eld in¯uence, approaching the geometry
observed at Rocky Mesa when d11:25 (Fig. 16).

Under such stress conditions, joints forming at high
angles to fault strike along the tipline and in relay
zones would have been able to propagate a signi®cant
distance from the fault. Although speculative, ¯uid
pressures within joints may have contributed to the

driving stress for joint propagation, as suggested by
the vein intrusion of joints at Rocky Mesa. In ad-
dition, stress conditions would have been favorable for
new growth of short, fault-perpendicular joints aban-
doned along the fault surface behind the propagating
tipline. Growth of joints in this manner generally
results in a self-similar organization of joints (Nemat-
Nasser et al., 1979) with a characteristic spacing re-
lated to unit thickness (Pollard and Segall, 1987), as
appears to be the case at Rocky Mesa. A ®nal line of
evidence for the stress rotations at Rocky Mesa is pro-
vided by tailcracks along some of the joints. These
cracks indicate that a compressive stress acting perpen-
dicular to fault strike resolved su�cient shear on exist-
ing joints to induce microslip.

In summary, the sequence of events at Rocky Mesa
began with the development of the Moab Anticline
during the Laramide tectonic event. Bending along a
NW±SE axis was accentuated by recurrent activity
along the Moab Fault. Strain was accommodated
along the anticline axis through the development of de-
formation bands which subsequently evolved into nor-
mal faults. Slip along the faults perturbed the local
stress ®elds and resulted in the simultaneous develop-
ment of joints adjacent to the faults. Joints formed at
approximately 758 to fault strike, indicating that the
fault-parallel stress became similar to the fault-perpen-
dicular stress during joint growth. This may have
resulted from a combination of temporal variations in
the relaxation of fault-perpendicular bending stresses
across the anticline associated with fault slip events,
and Laramide remote compressive stresses acting per-
pendicular to faults. This process may have occurred
repeatedly as the faults grew, resulting in a succession
of joint growth episodes as the faults propagated later-
ally. As a result, joints occur along the length of the
fault trace, each representing a growth episode at the

Fig. 17. Relative principal stress boundary conditions at any arbitrary point on a fault plane for various values of the remote horizontal stress

ratio, d. (a) For d � 0, a uniaxial remote tension is applied perpendicular to fault strike. The fault-parallel stress is equal to the lithostatic load.

(b) For d between 0 and 1, the fault-parallel stress is greater (more tensile) than the lithostatic load but less than the fault-perpendicular stress.

(c) When d > 1, the maximum tension has rotated parallel to fault strike.
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lateral fault tip before the tip advanced further into
unfaulted rock, abandoning the joints behind it. The
exact number of faulting and jointing events cannot be
quanti®ed in the absence of determinable tip propa-
gation directions at each point along the fault trace or
the number of joints that form per slip event.

Although the above discussion focuses on the
growth of joints at high angles to normal fault strike,
numerical model results indicate that fault-perturbed
stresses can produce joints in a variety of orientations
depending on the location along the fault tipline.
Joints that form at the upper fault tip are parallel to
fault strike in map view (Fig. 13). Considering that the
upper tip is the region of highest stress along the
tipline, fault-parallel joints may be the most probable
to occur along normal faults contained wholly in the
Earth's crust. Martel and Boger (1998) propose a simi-
lar variability in the probability of joint growth related
to variations in stress magnitudes around the periph-
eries of strike-slip faults.

The two examples of fault and joint relationships in
Fig. 1 may be thought of as end-members in a range
of possible joint orientations around slipping normal
faults and a degree of variability in relative fault and
joint orientations should be expected in nature. For
example, near the entrance to Arches National Park
(Fig. 7), a fanning pattern of joints emanates away
from a segment of the Moab Fault. The map pattern
of the joints is very similar to that predicted by the
perturbed ®eld maximum principal stress orientations
around the lateral tips of normal faults in numerical
models (Fig. 11).

It should be noted that where normal faults develop
with orientations described by Anderson (1951), the
orientation of joints in the fault environment is also
dependent upon timing. If joint growth precedes fault-
ing, joints should form perpendicular to the maximum
tensile remote principal stress. Subsequent normal
faults would have similar strikes to the joints.
However, if normal fault development precedes joint
growth, perturbation of the stress ®eld by the faults
may result in joints that range from fault-parallel to
fault-perpendicular.

We may perhaps apply these results to environments
where the orientations of joints associated with fault-
ing below the Earth's surface are not directly measur-
able. Vein in®ll material in the joints at Rocky Mesa is
consistently restricted to the footwall side of faults,
suggesting local compartmentalization of ¯uid ¯ow by
the faults. Many of the world's oil®elds are compart-
mentalized by normal faults (e.g. Ottesen Ellevset et
al., 1998), commonly resulting from the overlap and
linkage of initially separate segments. A knowledge of
joint orientations around segmented faults in the sub-
surface is crucial to the characterization of fracture
permeability within a reservoir. Increasingly accurate

fault geometry characterization is now possible
through 3-D seismic survey interpretations
(Kattenhorn, 1998). Measurements of the in situ stress
state in the reservoir may be combined with inter-
preted fault geometries to numerically predict likely lo-
cations and orientations of joints in a reservoir.
Although such predictions need to be tested through
other means, such as borehole analyses of natural frac-
ture orientations and geophysical methods, the results
described here provide a starting point for such predic-
tive tools.

Another application of our model results pertains to
the nature of fault segment linkage in normal fault sys-
tems. The development of joints at high angles to nor-
mal faults in relays may result in hard linkage of
adjacent fault segments before signi®cant overlap can
be achieved. Martel and Boger (1998) indicate that lat-
eral linkage of strike-slip faults is promoted by the
growth of tailcracks where the fault tipline slips in
mode II, and that normal faults are more likely to
form vertical linkage points where similar secondary
cracks develop at the upper and lower fault tips.
However, this prediction contrasts with documented
high fault aspect ratios (wide faults) for both normal
and strike-slip faults (Nicol et al., 1996). High aspect
ratios for normal faults have been attributed to the
e�ect of mechanical anisotropy in layered sedimentary
rocks (Mans®eld and Cartwright, 1996; Martel and
Boger, 1998; Kattenhorn, 1999). This study, however,
provides an alternative mechanism for the lateral link-
age of normal fault segments through relay breaching
by joints, resulting in increases in composite fault
aspect ratios. Transfer of slip along hard linkage fea-
tures (joints) at high angles to normal faults have been
described in natural normal fault systems (Trudgill
and Cartwright, 1994; Cartwright and Mans®eld,
1998). However, if the state of stress around normal
faults is only conducive to the development of frac-
tures at low angles to fault strike, then hard linkage of
adjacent fault segments may not occur, or may occur
only for high values of the fault overlap-to-spacing
ratio.

5. Conclusions

Observations of normal fault and joint relationships
in Arches National Park imply a genetic relationship
between faulting and resultant joint development at
high angles to fault strike. A numerical analysis of
stress ®elds around normal faults at depth indicates
that slip events perturb the stress ®eld in the near-tip
region (<1% of the fault length) in a complex and
highly variable manner. At the upper tips of faults,
high stress magnitudes result in joints that form with
identical strikes to the faults, similar to the predictions
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of Anderson (1951). Closer to the lateral tiplines, joints
may form approximately perpendicular to normal
faults. However, the lengths of such joints are depen-
dent on the remote stress state. Away from the near-tip
region the remote stress ®eld orientation dominates so
that faulting by uniaxial extension favors joint growth
parallel to faults. In regions of fault overlap joint
growth can occur oblique to faults, but rotations of the
maximum principal stresses in the relay zone with
respect to the remote tectonic stress are small (<308).

However, the state of stress within a relay zone can
be strongly a�ected by the remote stress acting parallel
to fault strike. The ratio of fault-parallel to fault-per-
pendicular remote stresses, d, is a major contributor to
the orientations of joints, particularly in relay zones.
As the remote fault-parallel stress magnitude increases
with respect to the fault-perpendicular stress, the angle
between faults and relay joints also increases.

The numerical model results and observations at
Arches National Park allow an internally consistent
hypothesis for joint development. At some time during
the slip history of normal faults at Rough and Rocky
Mesa, the fault-parallel remote stress approached and
perhaps exceeded the fault-perpendicular stress that
originally induced faulting. The resultant high value of
d, combined with perturbation e�ects induced by fault
tipline shape and the geometric arrangement of over-
lapping faults, promoted the growth of joints at high
angles (0758) to fault strike. These observations comp-
lement predictions of mode I fracturing parallel to
fault strike (Anderson, 1951) by demonstrating that
joints in a normal faulting environment may also form
with strike orientations almost perpendicular to faults.
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