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a b s t r a c t

In many extensional provinces, large normal faults dip in the same direction forming fault domains.
Features variously named transfer faults, transfer zones, and accommodation zones (hereafter non-
genetically referred to as fault-domain boundaries) separate adjacent fault domains. Experimental
modeling of distributed extension provides insights on the origin, geometry, and evolution of these fault
domains and fault-domain boundaries. In our scaled models, a homogeneous layer of wet clay or dry
sand overlies a latex sheet that is stretched orthogonally or obliquely between two rigid sheets. Fault
domains and fault-domain boundaries develop in all models in both map view and cross-section. The
number, size, and arrangement of fault domains as well as the number and orientation of fault-domain
boundaries are variable, even for models with identical boundary conditions. The fault-domain
boundaries in our models differ profoundly from those in many published conceptual models of transfer/
accommodation zones. In our models, fault-domain boundaries are broad zones of deformation (not
discrete strike-slip or oblique-slip faults), their orientations are not systematically related to the
extension direction, and they can form spontaneously without any prescribed pre-existing zones of
weakness. We propose that fault domains develop because early-formed faults perturb the stress field,
causing new nearby faults to dip in the same direction (self-organized growth). As extension continues,
faults from adjacent fault domains propagate toward each another. Because opposite-dipping faults
interfere with one another in the zone of overlap, the faults stop propagating. In this case, the geometry
of the domain boundaries depends on the spatial arrangement of the earliest formed faults, a result of
the random distribution of the largest flaws at which the faults nucleate.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Fault domains, in which all or most normal faults dip in the same
direction, are common in extensional provinces (e.g., Mandl, 1987;
Morley et al., 1990; Carbotte and Macdonald, 1990; Faulds and
Varga, 1998). This style of faulting is termed ‘domino-style faulting’
or ‘bookshelf faulting’ (e.g., Emmons and Garrey, 1910; Morton and
Black, 1975; Proffett, 1977; Wernicke and Burchfiel, 1982), because
the fault blocks between the normal faults are tilted in the opposite
direction of the fault-dip direction. The tilted fault blocks have
undergone a rotation with the blocks rotating to steeper dips and
the faults rotating to gentler dips as strain increases. Fault domains
develop at many scales ranging from centimeters to meters (e.g.,
Fig. 1 from the Danville rift basin, eastern North America), to
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kilometers (e.g., Fig. 2A from the Gulf of Thailand), to tens of kilo-
meters (e.g., Fig. 2B from the Suez rift basin). Fault-domain bound-
aries are zones that separate fault domains from either unfaulted
regions (Fig. 1B and C) or from adjacent fault domains (Fig. 2A and
B). Fault-domain boundaries are variously referred to as transfer
faults, transfer zones, and accommodation zones (e.g., Morley et al.,
1990; Faulds and Varga, 1998; Peacock et al., 2000). Because the
nomenclature is in a state of flux (cf. Faulds and Varga, 1998;
Peacock et al., 2000), we prefer to give these features a descriptive,
rather than a genetic, name.

Fault-domain boundaries are present in many extensional
provinces. In the Gulf of Thailand (Fig. 2A), N-striking normal faults
form domains of E- and W-dipping faults (Kornsawan and Morley,
2002). In map view, the fault-domain boundaries are both parallel
and oblique to the strike of the normal faults. In cross-section
(trending perpendicular to the strike of the normal faults), the
fault-domain boundaries have either horst or graben geometries.
The horst geometries are relatively simple, whereas the graben
geometries are complex, consisting of numerous fault terminations
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Fig. 1. Fault domains and fault-domain boundaries from the Solite Quarry in the
Danville rift basin, Virginia. (A) Photograph of exhumed bedding surface cut by
numerous normal faults. The bedding surface dips away and the faults dip toward the
viewer. (B) Photo of slab of rock. The front and rear are bounded by relatively large
slickensided fault surfaces. The top surface of the slab is a bedding surface offset by
numerous small faults, which are absent in the vicinity of the larger faults. These
regions without faults are interpreted as stress-reduction zones associated with the
slab-bounding faults. The edges of the stress-reduction zones are a type of fault-
domain boundary. The white chalk lines are 5 cm apart. (C) Sketch of faults offsetting
a bedding surface from a quarried slab. Note that the population of small faults is
ubiquitous except in the stress-reduction zones of the larger faults. (B) and (C)
modified from Ackermann and Schlische (1997).
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of E- and W-dipping faults. The Suez rift (Fig. 2B) has three fault
domains (e.g., Patton et al., 1994). In the north (cross-section A–A0),
the major faults dip to the NE. In the central region (cross-sections
C–C0 and D–D0), the major normal faults dip to the SW. In the south
(cross-sections F–F0 and G–G0), major normal faults dip to the NE.
Fault-domain boundaries that are parallel to the normal faults shift
location within the rift basin; they are located near the edges of the
rift basin, and the shifts consist of fault-oblique domain boundaries.
The fault-parallel domain boundaries exhibit a graben geometry
(cross-sections AA0 , D–D0, F–F0, and G–G0). At fault-oblique domain
boundaries (cross-sections B–B0, C–C0 and E–E0), major normal
faults with both dip directions are present, producing relatively
wide grabens. In the Basin and Range province, published fault-
domain boundaries are orthogonal, oblique, and parallel to the
strike of normal faults (Stewart, 1980; Faulds and Varga, 1998).

Conceptual models of fault-domain boundaries are described in
the literature (Fig. 3) and in structural-geology textbooks (e.g., van
der Pluijm and Marshak, 2004). In some models, fault-domain
boundaries are strike-slip or oblique-slip fault zones whose
orientations are controlled by pre-existing zone of weaknesses
(e.g., Fig. 3A; Versfelt and Rosendahl, 1989; Ebinger, 1989). In other
models, fault-domain boundaries are discrete strike-slip or obli-
que-slip faults that parallel the extension direction (e.g., Fig. 3B and
C; Bally, 1982; Angelier and Bergerat, 1983; Gibbs, 1984; Lister et al.,
1986). In the models in Fig. 3D, fault-domain boundaries are zones
of folding among the overlapping fault tips between adjacent fault
domains (Faulds and Varga, 1998). The folds include synclines and
anticlines, and the fault-domain boundaries are parallel
[Fig. 3D(1)], oblique [Fig. 3D(2 and 3)], and perpendicular [Fig. 3D(4
and 5)] to the extension direction (i.e., perpendicular, oblique, and
parallel to the normal faults).

Are these conceptual models realistic? Do fault-domain
boundaries require the presence of pre-existing zones of weak-
nesses? Do fault-domain boundaries provide independent
evidence of the extension direction? What structural features
characterize fault-domain boundaries? How and why do fault
domains and their boundaries develop? In this paper, we use scaled
experimental models of orthogonal and oblique extension with wet
clay and dry sand as the modeling materials to address these
questions. We integrate the results of the experimental modeling
with published concepts of stress-reduction zones around normal
faults (e.g., Price and Cosgrove, 1990; Hodgkinson et al., 1996;
Ackermann and Schlische, 1997) and near- and far-field interaction
of faults in a growing population (e.g., Cowie et al., 1993, 1995;
Gupta and Scholz, 2000) to show that fault domains are self-
organized populations of normal faults and that some fault-domain
boundaries are interference structures that develop where fault
domains intersect. Our work shows that neither fault domains nor
fault-domain boundaries require the presence of pre-existing zones
of weakness. Also, the number of fault domains and the orientation
of fault-domain boundaries are randomly controlled by the initial
nucleation of faults within the extensional system.
2. Scaling, modeling materials, and experimental setup

2.1. Scaling and modeling materials

Cloos (1929, 1930) pioneered the use of scaled experimental
models to simulate extensional deformation. He devised many of
the experimental designs still widely used today. He also recog-
nized the importance of scaling: ‘‘True simulation of [natural
structures] and their formation is hindered by the size and time
relations.. When we reduce the [structure] by a factor of 50,000,
we have to choose a material which is 50,000 times less strong than
[natural rocks].’’ Hubbert (1937) later quantified the various
parameters needed to construct properly scaled physical models. In
particular, experimental models must share geometric, kinematic,
and dynamic similarity with the natural prototype.

Upper-crustal rocks increase in strength with depth and obey
the Mohr–Coulomb criterion for failure (e.g., Byerlee, 1978),

ss ¼ C0 þ ðmsnÞ ¼ C0 þ ½ðtan fÞsn� (1)

where ss and sn are the shear and normal stress, respectively, on
the potential fault, C0 is the cohesive strength, m is the coefficient of
internal friction, and f is the angle of internal friction. The latter
determines the angle between the fault surfaces and the principal
stresses. For natural rocks, f ranges from 29� to 40� (Handin, 1966;



Fig. 2. Geologic examples of fault domains and fault-domain boundaries. (A) Fault-trace map (arrow shows mapped horizon) and line drawings of seismic-reflection profiles
showing normal faults from the Funan field, Pattani rift basin, Gulf of Thailand. Modified from Kornsawan and Morley (2002). The profiles are displayed without vertical exag-
geration assuming a velocity of 3 km s�1. (B) Fault-trace map and cross-sections from the Suez rift basin, Egypt (from Patton et al., 1994). Our interpretation of the geometry of the
fault-domain boundaries is based on the map of Patton et al. (1994) and the results of experimental modeling (Figs. 5 and 6).
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Byerlee, 1978). Geometric similarity requires that f be similar for
natural rocks and modeling materials. C0 for intact sedimentary
rocks is <20 MPa (Handin, 1966) and is considerably less for highly
fractured rocks (e.g., Byerlee, 1978; Brace and Kohlstedt, 1980).
Dynamic similarity requires that

C*
0 ¼ r*g*L* (2)
where C0, r*, g*, and L* are the model-to-prototype ratios for
cohesive strength, density, gravitational acceleration, and length
(e.g., Hubbert, 1937; Weijermars et al., 1993; Vendeville et al., 1995;
Withjack and Callaway, 2000).

Both wet clay and dry sand obey the Mohr–Coulomb criterion
for failure and have mechanical properties that satisfy the condi-
tions for geometric and dynamic similarity (e.g., Richard and



Fig. 3. Block-diagrams and map views of conceptual models of fault-domain boundaries (referred to as transfer zones or accommodation zones in the literature). (A) Discrete
oblique-slip fault parallel to pre-existing zone of weakness. Modified from Ebinger (1989). (B) Discrete faults perpendicular to strike of normal faults and rift zone and parallel to
extension direction. Modified from Lister et al. (1986). (C) Discrete fault parallel to extension direction and oblique to rift zone. Modified from Angelier and Bergerat (1983) and
McClay and White (1995). (D) Broad zone of deformation (folding among overlapping fault tips). (1) Alternating synclines and anticlines in fault-domain boundary orthogonal to
strike of normal faults. (2) Anticline oblique to strike of faults that dip toward one another. (3) Syncline oblique to strike of faults that dip away from one another. (4) Anticline
parallel to strike of faults that dip toward one another. (5) Syncline parallel to strike of normal faults that dip away from one another. Modified from Faulds and Varga (1998).
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Krantz, 1991; Vendeville et al., 1995; Withjack and Callaway, 2000;
Eisenstadt and Sims, 2005; Withjack and Schlische, 2006; Schreurs
et al., 2006; Withjack et al., 2007). The angles of internal friction
(30� for wet clay, 26� for dry sand) are similar to natural rocks. C0

for wet clay is w50 Pa, and is considerably less for dry sand. In our
models, C*

0 is w10�5 (assuming a cohesion of 5 MPa for natural
rocks), r* is w0.6 (both wet clay and dry sand have the same
density, 1600 kg m�3 compared to w2600 kg m�3 for upper-crustal
rocks), and g*¼ 1. Consequently, equation (2) requires that L* is
w10�5. Thus, centimeter-scale structures in our models are
equivalent to kilometer-scale structures in nature.
The dry sand in our models is composed of quartz grains with
diameters of less than 0.5 mm. The wet clay in our models is
composed predominantly of water (w40% by weight) and kaolinite
particles (less than 0.005 mm in diameter). The wet clay and dry
sand have different deformational styles because their ductilities
differ. Ductility is the capacity for distributed deformation at the
scale of observation (Rutter, 1986). Both wet clay and dry sand
deform by faulting (e.g., Maltman, 1987; Richard and Krantz, 1991;
Withjack and Callaway, 2000). Because of its low ductility, defor-
mation in dry sand is localized on a few major faults, even at small
strains. Because of its much higher ductility, deformation in wet



Fig. 4. Sketch of experimental modeling apparatus and boundary conditions for (A) orthogonal extension (a¼ 90�) and (B) oblique extension (a¼ 45�).
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clay is distributed on numerous minor to major faults. With
increasing strain, however, most deformation becomes localized on
a few major faults.

2.2. Experimental setup

Two metal sheets form the base of the experimental apparatus
(Fig. 4). One sheet is attached to a fixed wall, and the other sheet is
attached to a movable wall. A thin latex sheet, attached to both
sheets, straddles the boundary between the metal sheets. A layer of
wet clay or dry sand covers the latex sheet and the exposed metal
sheets. As the movable wall and attached metal sheet move outward
(at a constant rate), the latex sheet and the overlying clay or sand
layer deforms. In orthogonal deformation, the displacement direc-
tion is perpendicular to the edge of the rubber sheet, and the latex
sheet undergoes only stretching (Fig. 4A). If the displacement
direction is oblique to the edge of the latex sheet, the deformation
involves both stretching and shearing. The angle between the
displacement direction and the rift zone (a as defined in Withjack
and Jamison,1986) varied from 45� to 90� in 15� increments (Fig. 4B).

We photographed the top surface of the models at regular
displacement increments to record the surface deformation
through time. Low-angle lighting enhanced the fault scarps,
producing bright scarps that dip toward the light source and dark
scarps that dip away from the light source. Folds appear as gradual
changes in illumination of the model surface. We also vertically
sectioned several of the clay and sand models to document the
deformation within the models. To test the robustness of the
modeling results, we ran similar models varying: (1) the initial
width of the rubber sheet (from 6 to 10 cm); (2) the thickness of the
clay layer (2.5 and 4 cm); (3) the displacement rate of the movable
wall (1 cm h�1 to 36 cm h�1); and (4) the presence of growth layers.
Although the number and shape of the fault domains and the
number and orientation of the fault-domain boundaries varied
during these experiments, even for multiple runs of experiments
with identical boundary conditions, the key modeling results were
consistent.

3. Experimental clay and sand models of extension

In all models (Figs. 5–11), normal faults form in the clay and
sand above the stretched latex sheet. The normal faults dip
moderately either toward or away from the moving wall. The
largest faults cut through the entire model, the smaller faults
extend from either the top or bottom surface and tip out within the
model, and the smallest faults have both tip lines within the model.
The number of normal faults increases and their average
displacement decreases toward the bottom of the model. The
average strike of the normal faults is perpendicular to the extension
direction, which is parallel to the displacement direction for
orthogonal extension (Figs. 5–7 and 10) and oblique to the
displacement direction for oblique extension (Figs. 8, 9 and 11). Like
natural faults, the faults in the models exhibit decreasing
displacement toward the fault tips and irregular fault traces
resulting from hard linkage of non-coplanar fault segments. In the
clay models, folds include monoclinal relay ramps between offset
fault segments and fault-displacement folds with hinge lines sub-
perpendicular to the strike of the faults (hanging-wall synclines
and footwall anticlines at local displacement maxima, hanging-wall
anticlines and footwall synclines at local displacement minima).
Withjack and Jamison (1986), Clifton et al. (2000), Clifton and
Schlische (2001), Ackermann et al. (2001), and Bellahsen et al.
(2003) describe in detail the geometry and evolution of faults and
fault populations in clay models for the same boundary conditions
used in this study.

In all models, the geometry of bedding varies within the
deformed zone (see cross-sections in Figs. 6, 7 and 10). The basal
boundary condition forces bedding to be flat at the bottom of the
models. Near the edges of the deformed zone, the bedding dips
gently toward the center of the deformed zone, reflecting the
transition from undeformed clay or sand to thinned and extended
clay or sand above the latex sheet. In the center of the deformed
zone, the bedding dips in a direction opposite to that of the adja-
cent normal faults. Bedding dips are also apparent in map view. For
example, Fig. 9C shows that the clay surface in the area of left-
dipping faults is brighter than in the adjacent areas with right-
dipping faults. With the light source positioned on the right side of
the model, the brighter clay surface dips toward the light source,
opposite to the dip direction of the faults.

3.1. Geometry of fault domains

Fault domains are present in all models, but their number and
arrangement are highly variable, even for models with similar or



Fig. 5. Photos of top surface of clay model of orthogonal extension (top row, uninterpreted; bottom row, interpreted). Fault scarps appear as bright features dipping toward light
source on left, and dark features dipping away from light source. Latex sheet is initially 10-cm wide, clay thickness is 2.6 cm, and displacement rate is 8 cm h�1. Photos taken at: (A)
2.5 cm, (B) 3.5 cm, and (C) 4.5 cm of displacement (25%, 35%, 45% strain, respectively).
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identical boundary conditions. For example, the oblique-exten-
sion models with clay in Fig. 8 have two main fault domains at
the top surface. In contrast, the oblique-extension model with
clay in Fig. 11A has one very large fault domain and three small
subdomains at the top surface. The oblique-extension model with
sand in Fig. 11B has three fault domains at the top surface. In
many models, the fault domains are arranged symmetrically
relative to the axis of the deformed zone. Faults on the left side
generally dip to the right, and those on the right side generally
dip to the left (Figs. 5–8B). In other models, the fault domains
extend across most, if not all, of the deformed zone. For example,
in the oblique-extension models with clay (Fig. 8A and C), most
of the faults on one end of the deformed zone dip to the left,
whereas most of the faults on the opposite end dip to the right.
In all models, the number of fault domains, like the number of
faults, increases with depth. In the orthogonal-extension model
with clay in Fig. 7, two fault domains exist at the top surface of
the model. Cross-sections show that these same fault domains, as
well as several small subdomains, exist at depth. For example,
a small subdomain of left-dipping faults exists near the left side
of the deformed zone in cross-section 66, and a small subdomain
of right-dipping faults exists near the right side of the deformed
zone in cross-section 0.
3.2. Geometry of fault-domain boundaries

In map view, fault-domain boundaries are either parallel or
oblique to the normal faults in the adjacent fault domains. In some
models (e.g., orthogonal extension with clay, Fig. 6), the total length
of the fault-parallel and fault-oblique boundaries is approximately
equal. In other models, either the fault-parallel or fault-oblique
boundaries predominate. For example, in the orthogonal-extension
model with sand (Fig. 10), the fault-parallel boundaries predomi-
nate, whereas in the oblique-extension model with sand (Fig. 11B),
the fault-oblique boundaries predominate. Although the trend of
some fault-domain boundaries (w20%) is subparallel to the
extension direction (i.e., subperpendicular to the normal faults in
the adjacent fault domains), the trend of most fault-domain
boundaries (w80%) is oblique or perpendicular to the extension
direction (i.e., oblique or parallel to the normal faults in the adja-
cent fault domains). In map view, fault-parallel boundaries contain
few, if any, fault terminations, whereas fault-oblique boundaries
contain numerous fault terminations. Fault-oblique boundaries
also contain a large number of faults whose lengths are less than
the average length of faults in the domains themselves (see espe-
cially the fault-oblique boundaries in Fig. 5C and the fault-oblique
boundary in Fig. 8D). Most fault-parallel and fault-oblique



Fig. 6. Photo of top surface and line drawings of cross-sections through clay model of orthogonal extension showing fault domains and fault-domain boundaries. Bright faults dip
toward light source on right, and dark faults dip away from light source. Thin gray lines in cross-sections are horizons in the layered clay model. Thick gray and black lines are right-
and left-dipping faults, respectively. Latex sheet is initially 9-cm wide, clay thickness is 3.9 cm, and displacement rate is 1 cm h�1. Photo taken at 2.5 cm of displacement (27.8%
strain).
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boundaries link up along strike. Most intersection angles are obtuse
(w60%), with w20% each for orthogonal and acute angles. The
greatest percentage (34%) of orthogonal intersections (and, conse-
quently, fault-domain boundaries that parallel the extension
direction) is in the clay models of oblique extension, but obtuse
intersections still predominate (>40%).

In dip sections (i.e., cross-sections oriented perpendicular to the
strike of the normal faults), most fault-parallel and fault-oblique
boundaries have either a graben or a horst geometry (e.g., cross-
sections 15 and 30 in Fig. 7, cross-sections 12 and 15 in Fig. 10).
Commonly, these graben and horst geometries are complex,
composed of numerous, interacting faults of opposing dip (e.g., the
fault-parallel and fault-oblique boundaries in Figs. 7 and 10). Within
these fault-domain boundaries, some faults lose displacement near
faults of opposing dip (Fig. 10, box in cross-section 15), and some
faults are offset by faults of opposing dip (Fig. 7, box in cross-section
66; Fig. 10, boxes in cross-sections 15 and 19). As discussed by Ferrill
et al. (2000), alternating sequential slip on crossing normal faults
can produce complex fault patterns. Folds are also common within
fault-domain boundaries. For example, in the dip sections in Fig. 7,
bedding defines an anticline resulting from the reversal of bedding
dip across the fault-domain boundaries, not shortening.

Although most fault-domain boundaries separate fault domains
with opposing fault-dip directions, some fault-domain boundaries
separate fault domains with the same fault-dip direction. For
example, the minor fault-oblique boundary in Fig. 6 (cross-section
14) separates faults with the same dip direction and, hence, consists
of tilted fault blocks in cross-section. The spacing and displacement
of the faults differ in the two adjacent fault domains, and many
faults terminate within the fault-domain boundary. Some fault-
domain boundaries separate highly faulted versus relatively
unfaulted parts of the model (e.g., the two minor domain



Fig. 7. Photo of top surface and cross-sections through clay model of orthogonal
extension showing fault domains and fault-domain boundaries. Bright faults dip
toward light source on left, and dark faults dip away from light source. Top four layers
in cross-sections are growth layers added during deformation. Thin gray line is base of
growth layers. Thick black and white lines are right- and left-dipping faults, respec-
tively. Latex sheet is initially 8-cm wide, clay thickness is 4.0 cm, and displacement rate
is 4 cm h�1. Photo taken at 4 cm of displacement (50% strain). The box in cross-section
66 shows white faults offset by black faults within a fault-domain boundary.
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boundaries in Fig. 8C and the edges of the deformed zone in Figs. 10
and 11B). The fault-domain boundaries at the edges of the
deformed zone are well developed in the sand models, whereas
they are poorly developed in the clay models.

3.3. Evolution of fault domains and fault-domain boundaries

The experimental models show the temporal evolution of the
fault domains and their boundaries (Figs. 5 and 9). Initially,
numerous small normal faults form, nucleating at impurities (e.g.,
air bubbles) within the clay (e.g., Fig. 9A, 1.75 cm; Fig. 9B, 2.2 cm).
These small faults dip in both directions, and no obvious fault
domains exist. As strain increases, many of these small faults
become inactive. Others, however, remain active, growing through
tip propagation and linkage (Fig. 9A, 2.0 cm; Fig. 9B, 2.8 cm).
Generally, the active faults have the same polarity as adjacent active
faults. New faults also form with the same polarity as the active
faults. As strain increases, this process leads to the formation of
well-defined fault domains and fault-domain boundaries (Figs. 8D
and 9A, 3.0 cm; Fig. 9B, 3.4 cm and 4.0 cm). In both the clay and
sand models, the fault-oblique domain boundaries consist of the
overlapping tips of faults from the adjacent fault domains. In the
clay models, the fault-oblique boundaries also contain a number of
small faults, and the clay surface is warped into a complex series of
low-amplitude anticlines and synclines (Figs. 8D and 9C). With
increasing strain, the fault-domain boundaries in the clay models
become narrower and better defined (Figs. 5, 8D and 9). Fault-
parallel boundaries do not change length with increasing strain,
whereas fault-oblique boundaries increase in length as strain
increases.

4. Summary and discussion

4.1. Summary of modeling results

Our models show that: 1) fault domains and fault-domain
boundaries form spontaneously without the presence of pre-
existing zones of weakness. Their exact number, size, and
arrangement vary, even in similar or identical experiments. 2) Most
fault-domain boundaries separate fault domains with opposing
fault-dip directions. Some fault-domain boundaries, however,
separate fault domains with the same fault-dip direction; the
spacing and displacement of the faults differ in the adjacent fault
domains. Other fault-domain boundaries separate fault domains
from unfaulted regions. 3) Fault-domain boundaries are either
parallel or oblique to the normal faults in adjacent fault domains.
Relatively few fault-domain boundaries trend parallel to the
extension direction. 4) In map view, fault-parallel boundaries
contain few, if any, fault terminations, whereas fault-oblique
boundaries contain numerous fault terminations and small faults.
The cross-section geometries of fault-domain boundaries include
horsts, grabens, multiple horsts and grabens, and tilted fault blocks.
5) Fault-parallel boundaries commonly link along strike with fault-
oblique boundaries.

Published models with similar boundary conditions have yiel-
ded similar results (e.g., Cloos, 1930; Bain and Beebe, 1954; With-
jack and Jamison, 1986; Vendeville et al., 1987; Kautz and Sclater,
1988; McClay et al., 2002; Bellahsen et al., 2003), although none of
these publications specifically addressed the geometry and origin
of fault-domain boundaries. Fault domains and fault-domain
boundaries also developed in clay and sand models with different
basal boundary conditions. For example, fault domains and fault-
domain boundaries developed in sand (Tron and Brun, 1991) and
clay models (Schreurs et al., 2006) with a basal putty layer, rather
than a basal latex sheet; they also formed in clay models with
a basal latex sheet directly overlain by a putty layer (Bellahsen et al.,
2003). Also, sand models simulating the secondary faulting in the
rollover structure of a listric fault (Naylor et al., 1994) generated
fault domains in all experiments and fault-oblique domain
boundaries in about one-third of the experiments. Single fault
domains developed in models with some asymmetry or hetero-
geneity: downslope flow of a ductile substratum (e.g., Brun et al.,
1994), stretching above a dipping detachment (e.g., McClay and
Ellis, 1987; Vendeville et al., 1987; McClay, 1989), non-uniform
thickness of the overburden (Higgs and McClay, 1993) and strain



Fig. 8. Fault-trace maps of models of oblique extension (modified from Clifton et al., 2000): (A) a¼ 75� , (B) a¼ 60� , and (C) a¼ 45� . D. Photo of top surface of oblique-extension
model in (C). Latex sheet is initially 6-cm wide, clay thickness is 2.5 cm, displacement rate is 3 cm h�1, and total displacement is 3.5 cm.
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gradients in the latex sheet (Ishikawa and Otsuki, 1995). Our
models show that single, major fault domains may develop during
symmetrical, homogeneous deformation (e.g., Fig. 11A). Thus, the
presence of a single natural fault domain by itself does not neces-
sarily imply the existence of a geological asymmetry or heteroge-
neity such as a dipping detachment (cf. Stewart and Argent, 2000).

4.2. Conceptual model

Using our modeling results, we have classified fault-domain
boundaries based on map-view and cross-section geometries
(Fig. 12). In map view, fault-domain boundaries have two distinct
end-member types: 1) boundaries that are parallel to the normal
faults and not associated with fault terminations in map view, and
2) boundaries that are oblique or perpendicular to the normal faults
and consist of fault terminations in map view. In cross-sections,
fault-domain boundaries have either a tilted-fault-block geometry
(Fig. 12A–C), a horst geometry (Fig. 12D and E), a graben geometry
(Fig. 12F and G), or a hybrid geometry. As shown in Fig. 12, fault-
domain boundaries with very different map-view geometries can
have similar cross-section geometries in dip sections. For example,
fault-parallel boundaries can have either a horst (Fig. 12D) or
a graben geometry (Fig. 12F), and fault-oblique boundaries can have
either a horst (Fig. 12E) or a graben geometry (Fig. 12G).

Linked fault-domain boundaries have obtuse, orthogonal, or acute
intersection angles (Fig. 12H–J). If the intersection angle is obtuse,
then linked fault-parallel and fault-oblique boundaries have similar
geometries in cross-section (e.g., both have graben geometries or
both have horst geometries) (Fig. 12H). If the intersection angle is
acute, then linked fault-parallel and fault-oblique boundaries have
different geometries in cross-section (e.g., one has a graben geometry
and the other has a horst geometry) (Fig.12J). If the intersection angle
is w90�, then fault-oblique boundaries have a complex geometry
consisting of alternating horsts and grabens (Fig. 12I).

What do our modeling results imply about the conceptual
models in Fig. 3? Our models suggest that fault-domain boundaries
can form spontaneously without the need for pre-existing zones of
weakness (cf. Fig. 3A). However, our models do not rule out the
possibility that pre-existing zones of weakness may influence the
development of fault-domain boundaries in nature. Our models
also show that fault-domain boundaries are not proxies for the
extension direction, contrary to the conceptual models in Fig. 3B
(Lister et al., 1986) and C (Angelier and Bergerat, 1983). Finally, our
models suggest that fault-domain boundaries are diffuse zones of
deformation consisting of fault terminations, small faults, and folds,
contrary to the conceptual models in Fig. 3B (Lister et al., 1986) and
C (Angelier and Bergerat,1983). The fault-domain boundaries in our
models most closely resemble the wide zones of distributed
deformation in the conceptual models in Fig. 3D (Faulds and Varga,
1998). Fig. 3D(2) has a fault-oblique geometry in map view and
a graben geometry in cross-section like Fig. 12G. Fig. 3D(3) has
a fault-oblique geometry in map view and a horst geometry in
cross-section like Fig. 12E. Fig. 3D(4) has a fault-parallel geometry
in map view and a graben geometry in cross-section like Fig. 12F.
Fig. 3D(5) has a fault-parallel geometry in map view and a horst
geometry in cross-section like Fig. 12D.



Fig. 9. (A). Evolution of fault domains and fault-domain boundary for oblique-extension model (a¼ 45�) with clay in Fig. 8C. (B) Evolution of fault domains and fault-domain
boundaries for oblique-extension model (a¼ 45�) with clay in Fig. 11A. (C) Close-up photo of clay surface in (B) (4 cm).
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Fig. 10. Photo (top) and fault-trace map (bottom) of top surface and cross-sections through sand model of orthogonal extension. Thin black line in cross-sections marks the bottom
of the growth layers. Thick white and black lines are right- and left-dipping faults, respectively. Latex sheet is initially 8-cm wide, sand thickness is 4.0 cm, and displacement rate is
4 cm h�1. Photo taken at 4.0 cm of displacement (50% strain) prior to addition of last growth layer. The box in cross-section 19 shows a white fault offset by a black fault. The box in
cross-section 15 shows black faults offset by white faults and black faults losing displacement near white faults.
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The fault domains and fault-domain boundaries in our models
resemble the fault domains and fault-domain boundaries in the
Pattani rift basin, Gulf of Thailand, and the Suez rift basin, Gulf of
Suez (Fig. 2). In the Pattani rift basin, both fault-parallel and fault-
oblique domain boundaries develop, separating fault domains with
E- and W-dipping normal faults. In dip sections, the linked fault-
parallel and fault-oblique domain boundaries have similar geom-
etries (either horsts or grabens) and are vertical or steeply inclined.
In both map view and cross-section, they are diffuse zones
containing numerous fault terminations and small faults. They
closely resemble the domain boundaries in Fig. 7 in both map view
and cross-section. Kornsawan and Morley (2002) propose that the
fault-oblique domain boundaries in the Pattani rift basin are indi-
rectly related to pre-existing zones of weakness. Our modeling
results, however, suggest that similar features can develop spon-
taneously without the influence of pre-existing zones of weakness.
In the Suez rift basin, both fault-parallel and fault-oblique domain
boundaries developed between fault domains with NE- and
SW-dipping normal faults. In each fault domain, the bedding
dips in a direction opposite to that of the faults. Generally, the



Fig. 11. Photo (top) and line drawing (bottom) of top surface of (A) clay model and (B) sand model of oblique extension (a¼ 45�) after 4.0 cm of displacement. Latex sheet is initially
8-cm wide, thickness of clay or sand layer is 4.0 cm, and displacement rate is 4 cm h�1.
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fault-domain boundaries are wide, poorly defined zones of fault
terminations and small faults. Although most researchers (e.g.,
Moustafa, 1976, 2002; Colletta et al., 1988; Younes and McClay,
2002) relate the fault-oblique domain boundaries to pre-existing
zones of weakness in the basement, our modeling results suggest
that similar features are likely to develop without the presence of
pre-existing zones of weakness.

4.3. Origin of fault domains and domain boundaries

To understand how fault domains develop, we consider the
importance of stress-reduction zones. These are regions
surrounding faults where faulting has caused a stress drop (e.g.,
Hodgkinson et al., 1996), such that the stress magnitude is lower
than that required to produce faulting. In the Solite Quarry of the
Danville rift basin (Fig. 1B and C), the stress-reduction zones around
relatively large faults are marked by an absence of smaller faults,
which are otherwise ubiquitous (Ackermann and Schlische, 1997).
The stress-reduction zones are observed in plan view and in cross-
section. According to Ackermann and Schlische (1997), the size of
the stress-reduction zone is proportional to the size of the fault,
a result also obtained by Gupta and Scholz (2000). Stress-reduction
zones are also present in the experimental models. For example,
the largest right-dipping fault in Fig. 5A has a semi-elliptical zone of
fault terminations on its right side that resembles the stress-
reduction zones in Fig. 1B and C.

Fig. 13 shows one possible scenario for the origin of fault
domains based on a conceptual model proposed by Mandl (1987)
and Price and Cosgrove (1990) and invoked by Kornsawan and
Morley (2002) to explain the fault domains in Fig. 2A. Initially,



Fig. 12. (A–G) Types of fault-domain boundaries based on cross-section and map-view geometries in experimental models. Cross-section geometries include horst, graben, tilted
fault block, and hybrid. Map-view geometries include fault-parallel with no fault terminations and fault-oblique to fault-orthogonal with fault terminations. (H–J) Types of linkages
of fault-domain boundaries in map view and cross-section. See text for further discussion.
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faults have an equal probability of dipping in either direction. In
panel 1 of Fig. 13A, two faults of opposite dip are present. The fault
on the left is larger than the fault on the right, perhaps because the
left fault nucleated first. In panel 2, both faults have grown, but the
fault on the right has reached its maximum extent because it
cannot propagate into the stress-reduction zone of the larger fault.
In panel 1 of Fig. 13B, two faults of similar dip are present, and the
fault on the left is larger than the fault on the right. In panel 2, both
faults have grown. In panel 3, both faults continue to grow because
the smaller fault has not propagated into the stress-reduction zone
of the larger fault. Thus, it is easier for a fault with the same dip
direction as the larger fault to nucleate and grow. Our experimental
models, which show the temporal development of the fault
domains, corroborate this conceptual model for the origin of fault
domains (e.g., Fig. 13C). Initially, normal faults with both dip
directions develop. As strain increases, however, the faults dipping
to the right (dark) continue to develop, whereas the faults dipping
to the left (light) become inactive.

Fig. 13D is a conceptual model for the development of fault-
domain boundaries. In panel 1, a few faults nucleate randomly,
presumably at flaws that concentrate stress. The larger faults
perturb the stress field, causing new faults in their vicinity to have
the same dip direction (panel 2). These faults continue to nucleate,
grow, and link together until the tips of the faults from adjacent
fault domains begin to overlap (panel 3). Because faults dipping in
the opposite direction interfere with one another, such faults



Fig. 13. Origin of fault domains and fault-domain boundaries. (A and B) Influence of stress-reduction zone on fault-domain evolution. In (A), faults have opposing dips. The smaller,
left-dipping fault becomes inactive as it passes into the stress-reduction zone of the larger, right-dipping fault. In (B), both faults have same dip direction. Both faults remain active
and grow because the stress-reduction zones do not overlap. (C) Example from clay model (shown in Fig. 9B) in which small, bright faults become inactive as dark faults propagate
along strike and upward, become larger, and dominate the domain. (D) Scenario for the evolution (four stages) of fault domains and domain boundaries. New faults nucleate, and
some become larger than others. Small faults with the opposite dip direction become inactive, and new faults have the same dip direction as the larger faults. Fault-domain
boundaries develop where adjacent fault domains meet one another. (E) Alternative scenario for evolution of fault-domain boundaries. In this case, the spatial arrangement of the
first-formed faults differs from that in (D), resulting in a different number of fault domains and domain boundaries. The fault-domain boundaries also have different trend from that
in (D).
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cannot grow appreciably in size within the fault-domain bound-
aries (panel 4). To accommodate additional strain, new faults
develop within the fault-domain boundaries (see Figs. 5C, 8D and
9C for map-view examples and Figs. 6 and 7 for cross-section
examples). These new faults may be associated with the nucle-
ation of entirely new faults, or they may be associated with
reactivation of offset fault segments, a process described by Ferrill
et al. (2000). Our experimental models and many natural exam-
ples (e.g., the Pattani and Suez rift basins described above; the
Timor Sea region described in Nicol et al., 1995) show that many
conjugate faults result from the lateral interference of fault
domains.

The number of fault domains and their domain boundaries are
random, depending on the initial fault nucleation. For example,
Fig. 13E shows an alternative scenario with a different spatial
arrangement of the first-formed faults than that in Fig. 13D. These
initial differences (panel 1) cause profound differences in the final
number and arrangement of fault domains and domain
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boundaries (panel 4). Furthermore, because the size and
arrangement of the fault domains constrain the maximum length
of faults, the size distribution of faults is likely to be different at
low strains (prior to the development of fault-domain boundaries)
than at higher strains. We discuss this topic in detail in a forth-
coming paper.

Most fault-domain boundaries result from the juxtaposition of
adjacent fault domains. Other processes, however, account for the
origin of some fault-domain boundaries. Fault-domain boundaries
between faulted and unfaulted regions are associated with either
stress-reduction zones or differential strain. For example, the fault-
domain boundaries in Fig. 1B and C are associated with stress-
reduction zones near large faults. The fault-domain boundaries at
the edges of the deformed zones in the models (Figs. 6–11),
however, form between strained and unstrained regions. They are
fault-parallel for orthogonal extension and for oblique extension
when a� 75� (Fig. 8A), but are fault-oblique for oblique extension
when a� 60� (Figs. 8B, C and 11).

5. Conclusions

1. Fault domains are a result of self-organized growth of a fault
population in which the stress-reduction zones of large parallel
faults are less likely to overlap and inhibit fault growth. Fault
domains with their tilted fault blocks do not require special
boundary conditions in experimental models. They form as
a result of uniform, symmetric stretching for both orthogonal
and oblique extension and in both wet clay and dry sand.

2. Most fault-domain boundaries consist of the overlapping tips
of faults from adjacent fault domains, numerous fault-
displacement folds, and a large number of small-scale normal
faults. These boundaries are a result of the three-dimensional
growth of faults and fault domains. The spatial arrangement of
fault domains is governed by the spatial distribution and dip
direction of the earliest formed large faults, the locations of
which are, at least in part, controlled by a random distribution
of flaws (nucleation points). Thus, the size and shape of fault
domains and the size and orientation of fault-domain bound-
aries are variable.

3. The fault-domain boundaries in our models differ significantly
from those in many published conceptual models of transfer/
accommodation zones. In our models, fault-domain boundaries
are broad zones of deformation, not discrete strike-slip or
oblique-slip faults; their orientations are not systematically
related to the extension direction; and they can form sponta-
neously without any prescribed pre-existing zones of
weakness.

4. Fault-domain boundaries have two different geometries in map
view: those that are parallel to the faults themselves and those
that are oblique or orthogonal. The latter are associated with
a large number of fault terminations. Fault-parallel and fault-
oblique boundaries commonly link together and, in many
cases, have a similar expression in cross-section. However, the
exact cross-section geometry depends on the angle between
the two linked fault-domain boundaries and the angle between
the cross-section line and the fault-domain boundary (Fig. 12).

5. Natural examples of fault domains and fault-domain bound-
aries from the Gulf of Thailand and the Gulf of Suez closely
resemble those in our experimental models.
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