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The way that faults interact with each other controls fault geometries, displacements and strains. Faults
rarely occur individually but as sets or networks, with the arrangement of these faults producing a va-
riety of different fault interactions. Fault interactions are characterised in terms of the following: 1)
Geometry — the spatial arrangement of the faults. Interacting faults may or may not be geometrically
linked (i.e. physically connected), when fault planes share an intersection line. 2) Kinematics — the
displacement distributions of the interacting faults and whether the displacement directions are parallel,
perpendicular or oblique to the intersection line. Interacting faults may or may not be kinematically
linked, where the displacements, stresses and strains of one fault influences those of the other. 3)
Displacement and strain in the interaction zone — whether the faults have the same or opposite
displacement directions, and if extension or contraction dominates in the acute bisector between the
faults. 4) Chronology — the relative ages of the faults. This characterisation scheme is used to suggest a
classification for interacting faults. Different types of interaction are illustrated using metre-scale faults
from the Mesozoic rocks of Somerset and examples from the literature.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Faults commonly develop as a network, within which the con-
stituent faults can display a range of lengths, sizes, and orientations.
A number of different interactions can occur within a network as
the faults form geometric and kinematic relationships with each
other (e.g., Fossen et al., 2005; Frankowicz and McClay, 2010; Nixon
et al., 2014a; Duffy et al., 2015).

What, however, is the best way to interpret interacting faults
and how does one differentiate between different types of fault
interaction? To address these questions, we investigate the geom-
etry, kinematics and age relationships of different fault interactions.
We produce a scheme for identifying, interpreting, describing and
ultimately classifying the ways in which any two faults may
interact.

There has been considerable interest in the interaction and
linkage of stepping, sub-parallel, synchronously active faults,
especially normal (e.g., Larsen, 1988; Morley et al., 1990; Peacock
and Sanderson, 1991; Leeder and Jackson, 1993; Walsh et al,,
1999) and strike-slip faults (e.g., Wilcox et al., 1973; Rodgers,

* Corresponding author.
E-mail address: hermangedge@gmail.com (D.C.P. Peacock).

http://dx.doi.org/10.1016/j.jsg.2017.02.008
0191-8141/© 2017 Elsevier Ltd. All rights reserved.

1980; Biddle and Christie-Blick, 1985; Woodcock and Fischer,
1986; Aydin and Schultz, 1990). Peacock and Sanderson (1991), for
example, show stages in the interaction and linkage of stepping
normal faults (Fig. 1). There has been much less interest, however,
in the interaction and linkage of non-parallel faults, which may or
may not be synchronous (e.g., Fig. 2).

A fault network can form within a single stress field, pro-
ducing interactions between coeval faults (Fig. 3a), including
linkage of sub-parallel faults (e.g., Peacock and Sanderson, 1991;
Cartwright et al., 1995; Gawthorpe et al.,, 2003; Fossen et al.,
2005; Bull et al, 2006; Nixon et al., 2014a; Fossen and
Rotevatn, 2016). A fault network can also form by the mutual
abutting and cross-cutting relationships of conjugate faults (e.g.,
Odonne and Massonnat, 1992; Nicol et al., 1995; Kelly et al., 1998;
Ferrill et al., 2009; Nixon et al., 2011). In contrast, some fault
networks form by the overprinting or superposition of two or
more stress fields, producing interactions between faults of
different ages or type (Fig. 3b), resulting in abutting and cross-
cutting relationships between the non-coeval fault sets (e.g.,
Fossen et al., 2005; Maerten et al.,, 2001; Bailey et al.,, 2005;
Nixon et al, 2014a). Some fault networks form also by the
reactivation of pre-existing faults (e.g., Maerten et al., 2001; Giba
et al., 2012; Nixon et al., 2014a; Duffy et al., 2015). Such inter-
acting faults may be:
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Fig. 1. Examples of interaction and linkage of sub-parallel, synchronous normal faults that step in map view across a relay ramp on Liassic limestone bedding planes, Somerset, UK.
(a) The two faults step, with bedding rotated across a relay ramp. Veins cut across the relay ramp, these being precursors to breaching of the relay ramp. (b) The relay ramp is
breached by a connecting fault.
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e Geometrically linked (where two faults are connected at an
intersection line; approximately synonymous with geometrical
coherence of Walsh and Watterson, 1991),

e Kinematically linked (where the displacements or strains of two
or more faults are related, e.g., Nixon et al., 2014b; Peacock et al.,
2016; approximately synonymous with kinematic coherence of
Walsh and Watterson, 1991), or

e Both geometrically- and kinematically-linked.

Fault interaction produces areas of local stress concentration
and perturbation that affect the geometry and kinematics of the
faults (e.g., Kattenhorn et al., 2000; Maerten, 2000; Bourne and
Willemse, 2001; Maerten et al., 2002). These stress concentra-
tions can cause the formation of secondary structures within
damage zones, where structures are focussed and commonly have
different orientations than in the surrounding areas (e.g., Kim et al.,
2004; Fossen et al., 2005; Bastesen and Rotevatn, 2012; Choi et al.,
2016). Understanding the characteristics of these fault interactions
is important as they can provide useful information about the
deformation history. Fault interactions can also influence fluid flow
by providing pathways or acting as barriers (e.g., Knipe, 1992;
Manzocchi et al., 1999; Aydin, 2000; Rotevatn et al., 2009a). They
are of economic significance because they can provide localised
zones of mineralisation (e.g., Curewitz and Karson, 1997) and cause
major uncertainty in the prediction of reservoir behaviour (e.g.,
Fossen et al., 2005; Gartrell et al., 2006; Jolley et al., 2010).

In spite of their importance, no thorough characterisation of
fault interactions appears to have been published. Thus, we aim to
characterise and classify interacting faults and to present a clear
and precise terminology for describing the different fault in-
teractions. We focus on describing field examples from Somerset,
UK, where a history of different tectonic regimes provides a rich
array of fault interactions. Examples from the literature are also
used (Table 1). This provides a framework for establishing a
workflow for analysing interacting faults based on determining
their geometric and kinematic relationships and their chronology.
We have recently published a glossary of terms related to fault and
other fracture networks (Peacock et al., 2016) and use that termi-
nology here.

2. Geological background of field examples

To illustrate the range of fault interactions that occur, we use
photographs of faulted upper Triassic and lower Jurassic Liassic
limestones and shales from the Somerset coast between Lilstock
and Blue Anchor, UK (Fig. 4). These examples are used because of
the high quality of the exposures, they are photogenic, the tectonic
history is well constrained, and the area is freely accessible (except
around high tide, when care is needed). Structures in the Triassic
marls and Liassic limestones and shales in Somerset, demonstrate
Mesozoic basin development and Tertiary (Alpine) basin inversion
(e.g., Dart et al., 1995). Several palaeostress orientation analyses of
the Bristol Channel Basin have been published (e.g., Peacock and
Sanderson, 1992; Dart et al., 1995; Nemcok et al., 1995; Glen
et al., 2005). The deformation history is as follows:

1. Normal faults striking ~095° and related gentle folds were
caused by ~ N-S extension during Mesozoic development of the
Bristol Channel Basin (e.g., Nemcok et al.,, 1995). The normal
faults have displacements of up to hundreds of metres
(Whittaker and Green, 1983). The Liassic limestones and shales
in Somerset are unlikely to have been buried more than ~2 km
depth, based on the thicknesses of the overlying sequence in the
region.

2. Evidence for sinistral shear followed by dextral reactivation of
some 095° striking normal faults includes the steepening of
beds in relay ramps and shear along vein systems around some
normal faults (Peacock and Sanderson, 1999). This suggests o1
was oriented ~ NW-SE. Hibsch et al. (1995) describe Upper
Jurassic to Early Cretaceous E-W to WNW-ESE transtension
elsewhere in England, while Vandycke and Bergerat (2001)
describe strike-slip faulting, with o orientated NNE-SSW to
N-S in the Cretaceous Chalk of the Isle of Wight.

3. The Tertiary deformation that produced the Alpine Mountain
Belt further south and southeast in Europe is commonly marked
in southern England by the reverse-reactivation of Mesozoic and
older structures (e.g., Underhill and Patterson, 1998). Evidence
for N-S contraction includes N-S striking calcite veins, E-W
striking thrusts, E-W striking folds (including crenulation
cleavage), and reverse-reactivation of some of the larger
displacement 095° striking normal faults (Kelly et al., 1999;
Peacock and Sanderson, 1999).

4. The reverse-reactivated normal faults are cut by strike-slip
faults conjugate about ~010° and with displacements of up
hundreds of metres (e.g., Whittaker, 1972; Dart et al., 1995).

5. Joints post-date faulting and may represent the reduction of
Alpine stresses (Rawnsley et al., 1998). The post-faulting age of
the joints is indicated by their curving and abutting relation-
ships with the faults (Peacock, 2001). Vandycke (2002) also
describes joints that record Neogene NE-SW extension across SE
England.

The initiation and development of these faults are described by
Willemse et al. (1997) and Peacock and Sanderson (1999).

The description of the range of different fault interactions in
Sections 3—8 is an attempt to generalise fault interactions, appli-
cable to all fault classes (normal, reverse, strike-slip and oblique-
slip) at all scales. This scheme will be of use for describing fault
patterns, especially in understanding related deformation patterns,
as occurs in fault networks. These different types of fault interac-
tion are illustrated using meso-scale examples from exposures in
the Mesozoic sedimentary rocks of Somerset, UK. To show that the
range of fault interactions is not unique to the scales, lithologies and
tectonic setting of the Somerset exposures, we also present ex-
amples from elsewhere in Table 1.

3. Geometric relationships between interacting faults

We characterise the geometric relationships between the faults
based on whether or not, and how, they intersect (Fig. 5). The
following relationships can exist between any two faults:

e The faults are isolated from each other, do not interact and are
not connected. The faults exposed in Somerset (and generally
throughout the World) are characterised by their segmentation,
interaction and linkage, with faults that are truly isolated in 3D
being very rare. For example, the fault zone in Somerset
described by Peacock and Sanderson (1991) is composed of a
series of interacting and linked segments, although the zone
itself appears to be approximately isolated in map view.

e The faults interact as they approach each other, but they need

not be connected by smaller faults or other fractures, i.e., they

are kinematically linked but not geometrically linked. Fig. 5(a)

shows conjugate strike-slip faults that appear to approach each

other but not actually meet. Interaction is indicated by a set of
solution seams in the acute bisector between the faults.

One fault abuts another fault. The faults may have originally

been unconnected or one may have splayed off the other, and

they may have formed in the same deformation event or be from
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Fig. 2. Example of interaction and intersection between non-parallel strike-slip faults in a strike-slip relay ramp (Peacock and Sanderson, 1995) on a Liassic limestone bedding
plane, East Quantoxhead, Somerset. The senses of displacements are determined from pull-apart geometries (e.g., Willemse et al., 1997). (a) Two sub-parallel sinistral faults step,
with strain accommodated in the strike-slip relay ramp by a series of dextral faults. Four of the dextral faults approach, but do not intersect, the sinistral faults. (b) Close-up of part of
the structure shown in Fig. 2(a), showing some of the dextral faults that intersect a sinistral fault.
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different episodes. Fig. 5(b) shows two normal faults at an angle
of about 30° to each other, with the one fault abutting the other.
Care is needed, however, with interpreting the development of
such geometries, because similar geometries can be created by
faults that splay and faults that approach and intersect (Fig. 6).
Fig. 5(b) also shows earlier faults cut by the abutting faults.

e An earlier fault is cut by and displaced by a later fault. Fig. 5(c)
shows a normal fault zone cut and displaced by a dextral strike-
slip fault.

e Two faults mutually crosscut each other. Fig. 5(d) shows two
strike-slip fault zones that appear to mutually crosscut each
other in the way shown by Horsfield (1980) and by Ferrill et al.
(2009).

Fig. 7 shows an additional characterisation for intersections
between normal faults, based on the relative dip directions of the
faults and whether the intersecting fault is in the hanging-wall or
footwall of the fault that it intersects. Examples of these different
geometries from Somerset are shown in Fig. 8. There may be
some practical difficulties in using this classification, however,
for example if the intersecting faults show a Y pattern where
neither fault trace is straight, such as would occur at a triple
junction. Such a classification, however, may be of use and is
expandable to other fault systems, i.e., reverse, strike-slip and
oblique-slip faults.

4. Kinematic relationships between interacting faults

We define the kinematic relationships between faults based on
the relationships between the intersection line (the line along
which faults meet) and the displacement direction (Fig. 9). Please
note that the examples shown (e.g., Fig. 9) have intersection points
that represent the intersection lines on the planes of view. The
following end-member relationships exist:

e The intersection line is parallel to the displacement direction.
Fig. 9(a) shows two normal faults that are linked across a relay
ramp by a breaching fault (e.g., Peacock and Sanderson, 1991).
The breaching fault connects with the two stepping faults
along steeply dipping intersection lines that are sub-parallel to
the displacement directions of the faults. Such displacement
that is parallel to the intersection line is kinematically simple as
it avoids significant wall rock deformation (e.g., Walsh et al.,
1999).

e The intersection line is perpendicular to the displacement di-

rection. Fig. 9(b) shows a bend along a dextral fault zone rep-

resented by two intersections that has created a fault-bound
lens and a pop-up. The intersection lines are approximately
perpendicular to the fault displacement direction. Displacement
perpendicular to the intersection is kinematically more
complicated than where the displacement is parallel to the
intersection because it would involve significant volumetric
strain and wall rock deformation (e.g., Walsh et al., 1999). This

behaviour is illustrated by the pop-up shown in Fig. 9(b).

The intersection line is parallel to the displacement direction of

one fault and perpendicular to the displacement direction of the

other fault. Fig. 9(c) shows normal faults that are displaced by
strike-slip faults such that the fault intersection lines are sub-
parallel to the displacement directions on the normal faults

and approximately perpendicular to the displacement di-

rections on the strike-slip faults.

Note, however, that intersection lines may be curved (e.g.,
Butler, 1982, figure 7a).

5. Displacement and strains between the interacting faults

We characterise fault interactions based on the relative shear
senses of the interacting faults (Fig. 10). The following criteria are
used:

o Antithetic relationship, where the faults have opposite senses of
displacement, and this is approximately perpendicular to the
intersection line. Fig. 10(a) shows antithetic normal faults,
which have opposite senses of displacement to each other and
with each having displacement approximately perpendicular to
the intersection line. Displacement on these faults will cause
space problems near the interaction zone, with displacement
variations along the faults having to be taken up by strain in the
wall rocks (e.g., Ferrill et al., 2009).

o Synthetic relationship, where the faults have the same senses of
displacement, approximately perpendicular to the intersection
line. Fig. 10(b) shows synthetic normal faults, which have the
same senses of displacement to each other and with each having
displacement approximately perpendicular to the intersection
line.

e Neutral relationship, where the faults have the same senses of
displacement, and that is approximately parallel to the inter-
section line (cf. Walsh et al., 1999). We use the term “neutral”
because there is no tendency for either extension or contraction
in the acute bisector, with little or no space problem caused by
interaction between the faults. Fig. 10(c) shows intersecting
normal faults with a neutral relationship, i.e., the faults have the
same senses of displacement as each other, with displacement
approximately parallel to the intersection line.

Fault interactions can also be characterised by the dominant
strains in the acute bisectors between the faults (Fig. 11):

o Interacting faults will tend to be synthetic when extension
dominates in the acute bisector Fig. 11(a) shows drag along a
sinistral fault accommodated by rotation of shale laminae
involving small dextral faults. Extension dominates in the acute
bisector between the intersecting faults, with voids filled by
calcite cement. Note that contraction may dominate in the
obtuse bisector of such a fault pattern.

Interacting faults will tend to be antithetic when contraction
dominates in the acute bisector. Fig. 11(b) shows synchronously
active conjugate strike-slip faults, with contraction dominating
in the acute bisector. Note that extension may dominate in the
obtuse bisector of such a geometric relationship, and some
extension even occurs in the acute bisector of the example
shown in Fig. 11(b), as indicated by calcite along the fault planes.

6. Relative age relationships between interacting faults

Fig. 12 shows examples of intersecting faults with different age
relationships in the Liassic limestones and shales of Somerset.
Fig. 12(a) two intersecting normal faults that appear to have been
synchronously active, and belong to the same deformation event.
The folding of bedding between the two faults indicates synchro-
nous activity. Fig. 12(b) shows a normal fault cut by a later dextral
strike-slip fault. Trailing is where two new faults or other fracture
types are connected via an older fault or other fracture, on which
renewed displacement occurs to connect the two later faults or
fractures (Peacock et al., 2016). Whilst field examples of trailing
fault geometries have not been observed in the Mesozoic rocks in
Somerset, Fig. 12(c) shows calcite veins that show a trailing rela-
tionship. Fig. 12(d) shows the East Quantoxhead fault, which has ~
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Fig. 3. Different types of fault network and interactions. (a) Normal faults on a bedding plane of Liassic limestone, East Quantoxhead, Somerset. A single stress field, producing
interactions between coeval faults, including linkage of sub-parallel faults (e.g., Peacock and Sanderson, 1991). (b) Network of faults on a limestone bedding plane, Watchet,
Somerset. The fault network was formed by the overprinting and superposition of two or more stress fields, producing interactions between faults of different ages, resulting in
abutting and crosscutting relationships between the non-coeval fault sets (e.g., Duffy et al., 2015). Note that the block was not in situ.




Table 1

Examples of the different types of fault interactions described in this paper. In this context, “small” means exposure-scale examples of the type illustrated from Somerset, while “large” means examples tens of metres across or

larger, e.g., observable on seismic data.

Relationship

Figure in this manuscript

Other small examples

Large examples

Approaching faults

Abutting faults

Cutting faults

Abutting normal fault in
hanging-wall, synthetic

Abutting normal fault in
hanging-wall, antithetic

Abutting normal fault in
footwall, synthetic

Abutting normal fault in
footwall, antithetic

Mutually cutting faults

Branch line parallel to
displacement

Branch line normal to
displacement

Different displacement
directions

Antithetic faults

Synthetic faults

Neutral intersection
Extensional Y

Contractional Y
Synchronous faults
Different age faults
Trailing faults
Fault reactivation

Figs. 5a, 14
Fig. 5b
Fig. 5¢
Fig. 8a
Fig. 8b
Fig. 8¢

Fig. 8d

Fig. 9d
Fig. 9a

Fig. 9b
Fig. 9c

Fig. 10a

Fig. 10b

Fig. 10c
Fig. 11a

Fig. 11b
Fig. 12a
Fig. 12b
Fig. 12c
Fig. 12d

Crider and Peacock (2004, figure 6a),
Morley (2014, figures 12 and 13)
Peacock (1991, figure 8)

Kelly et al. (1999, figure 3)

Michie et al. (2014, figure 5b)

Peacock and Zhang (1994, figure 4)
Michie et al. (2014, figure 5b)
Michie et al. (2014, figure 5b)

Nicol et al. (2013, figure 1¢)
Kim et al. (2003, figure 13)

Kelly et al. (1998, figure 6)

Kelly et al. (1998, figure 12)

Peacock and Sanderson (1994, figure 11),

Mollema and Antonellini (1999, figure 12),

Bourne and Willemse (2001, figure 7)

Peacock (1991, figure 7), Kelly et al. (1998, figure 11)

Peacock (2002, figure 1b)
Willemse et al. (1997, figure 7), Kim et al. (2003, figure 9b)

Kim et al. (2003, figure 9a), Katz et al. (2004, figure 3)
Kelly et al. (1998, figure 6), Tewksbury et al. (2014, figure 2)
Kelly et al. (1998, figure 12)

Ehteshami-Moinabadi (2014, figure 6)

Tapponnier and Molnar (1977, figure 2), Taylor and Peltzer (2006, figure 1)

Lonergan et al. (1998, figure 9), Nixon et al. (2014a, figure 10)
Proffett (1977, figure 4), Needham et al. (1996, figures 10 and 11)
Figure 11a, Hesthammer et al. (2001, figure 2), Needham et al. (1996, figure 9)

Figure 11b, Nixon et al. (2014a, figure 11)
Figure 11c, Tesfaye et al. (2008, figure 7a)
Figure 11d, Chorowicz (2005, figure 17), Putz-Perrier and Sanderson (2010, figure 10)

Nicol et al. (1995, figure 5)
Woodcock and Rickards (2003, figure 3)

Taylor and Peltzer (2006, figure 12)
Guest et al. (2006, figure 4)

Tesfaye et al., (2008, figure 16), Giba et al. (2012, figure 3), Moore et al. (2013, figure 3)

Paton and Underhill (2004, figure 3), ten Veen et al. (2009, figure 1),
Carne and Little (2012, figure 1)

Griffiths (1980, figure 3)

Molnar and Tapponnier (1975, figure 4), Nur et al. (1989, figure 10),
Platt and Becker (2013, figure 1)

Chorowicz (2005, figure 12a)

Ding et al. (2013, figure 8)

Pizzi and Garaldini (2009, figure 2), Nixon et al. (2014a, figure 16)
Nixon et al. (2014a, figure 15)

Underhill and Patterson (1998, figure 9)
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Fig. 4. Geological map of part of the Somerset coast, reproduced with the permission of the British Geological Survey ©NERC. All rights Reserved. The locations of Lilstock, Kilve,
East Quantoxhead, Watchet and Blue Anchor Bay are shown.
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faults

\

Abutting
fault

Fig. 5. Examples of faults from the Liassic limestones and shales of Somerset, UK, showing different geometric relationships between the faults. (a) Conjugate strike-slip faults at
Kilve that approach each other and interact but do not actually meet. Interaction is indicated by stylolites (green) in the acute bisector between the faults and between segments
along the sinistral fault. (b) A normal fault abuts another normal fault on a bedding plane of Liassic limestone at Watchet. Note that this rock was not in situ. (c) Oblique view of a
strike-slip fault cutting and displacing a normal fault zone at East Quantoxhead. (d) Oblique view of two conjugate strike-slip fault zones at East Quantoxhead that appear to
mutually crosscut each other. This is indicated by the intricate pattern of fault segments and areas of relative uplift and subsidence in the interaction zone.(For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Schematic figure to represent the development of splaying and approaching faults. (a) and (b) Splaying faults. (a) Splay faults develop at or near the tip of a parent fault. (b)
The splay faults continue to propagate away from the parent fault. (c) and (d) Approaching and intersecting faults. (c) Faults approach each other. (d) The faults intersect. The result
can appear similar to the splaying faults shown in Fig. 6(b).

50 m of net normal displacement but that has been partially The descriptive schemes illustrated in Figs. 5—12 will start to
reactivated as a reverse fault (e.g., Whittaker and Green, 1983). break down for faults that involve more than one deformation
Antithetic thrusts occur in the hanging-wall to accommodate event, especially if there has been a change in displacement di-
steepening of the beds and indicating kinematic interaction with rection. For example, an intersection line may be parallel to

the reverse-reactivated normal fault. displacement during normal faulting (Fig. 9a) but will be
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Fig. 7. Characterisation of normal fault interactions based on whether the abutting fault is synthetic or antithetic to the other fault and whether it is in the hanging-wall or footwall
of the other fault. (a)—(c) Abutting faults in the hanging-wall. (a) The abutting fault is synthetic to and in the hanging-wall of the fault it abuts. (b) The abutting fault is antithetic to
and in the hanging-wall of the fault it abuts. (c) The abutting fault is in the hanging-wall of the fault it abuts, and they are perpendicular to each other. (d)—(f) Abutting faults in the
footwall. (d) The abutting fault is synthetic to and in the footwall of the fault it abuts. (e) The abutting fault is antithetic to and in the footwall of the fault it abuts. (f) The abutting
fault is in the footwall of the fault it abuts, and they are perpendicular to each other.
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(b)
Antithetic,
hanging-
wall

Synthetic,
hanging-
wall

Synthetic,
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Fig. 8. Examples of normal fault intersections to illustrate some of the geometries shown in Fig. 7, from Watchet, Somerset. Note that these examples were from blocks that were
not in situ. (a) The abutting fault is synthetic to and in the hanging-wall of the fault it abuts. (b) The abutting fault is antithetic to and in the hanging-wall of the fault it abuts. (c) The
abutting fault is synthetic to and in the footwall of the fault it abuts. (d) The abutting fault is antithetic to and in the footwall of the fault it abuts.
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Fig. 9. Examples of faults showing different relationships between their intersection lines and displacement directions, from the Liassic limestones and shales of Somerset, UK. (a)
Two stepping normal faults at East Quantoxhead that are linked across a relay ramp by a breaching fault, with the breaching fault connecting with the two stepping faults along
intersection lines that are sub-parallel to the fault displacement directions. (b) A contractional bend along a dextral fault zone at East Quantoxhead that has created a pop-up within
the lens between the two segments of the fault zone. The intersection lines are approximately perpendicular to the displacement directions of the faults. (c) Faults on a bedding
plane in Liassic rocks at Watchet. Note that this rock was not in situ. Normal faults are displaced by strike-slip faults. The intersection lines between these faults are sub-parallel to
the displacements on the normal faults but approximately perpendicular to the displacements on the strike-slip faults.
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Fig. 10. Examples of normal faults showing different relative shear senses between the faults, from the Liassic limestones and shales at Kilve, Somerset, UK. (a) Antithetic normal
faults, where the faults have opposite senses of displacement, approximately perpendicular to the intersection line. (b) Synthetic normal faults, where the faults have the same
senses of displacement, approximately perpendicular to the intersection line. (c) Oblique view of intersecting normal faults displacing a limestone bed. They show a “neutral”
relationship, where the faults have the same senses of displacement, approximately parallel to the intersection line.
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Extension in
acute bisector

Contraction in
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Contraction in
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Fig. 11. Examples of faults showing different dominant strains in the acute bisectors of the faults, from the Liassic limestones and shales of Somerset, UK. (a) A joint drag (e.g.,
Dewey, 1965; Verbeek, 1978) at East Quantoxhead caused by deformation along a sinistral fault in steeply dipping shales. Rotation of the shale laminae is accommodated by small
dextral faults, with extension dominating in the acute bisectors between the sinistral fault and the smaller dextral faults, with spaces filled by calcite cement. (b) Conjugate strike-

slip faults exposed on a limestone bedding plane Lilstock. There is a tendency for contraction in the acute bisector, although some extension occurs, shown by precipitation of calcite
along the fault planes.
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Early vein-

Fig. 12. Examples of faults and veins showing interacting faults with different relative ages, from the Liassic limestones and shales of Somerset, UK. (a) Two intersecting normal
faults at Kilve that appear to have been synchronously active, as indicated by the folding of bedding between the faults. (b) A normal and a later thrust fault at Lilstock showing an
approaching relationship. (c) Calcite veins on a bedding plane of Liassic limestone at Lilstock. Two later veins intersect and utilise an earlier, with the trailing geometry causing an
increase in aperture of the earlier vein between the later veins. (d) The East Quantoxhead fault, which has ~50 m of net normal displacement but that has been partially reactivated
as a reverse fault (Whittaker and Green, 1983). Antithetic thrusts occur in the hanging-wall, kinematically interacting with the reverse-reactivated normal fault.

perpendicular to displacement if the faults are reactivated in strike-
slip (Fig. 9b). We also acknowledge that other types of relationships
between interacting faults may be defined. For example, an early
fault may be passively folded by a later fault, which is common
behaviour in footwall-propagating thrust systems (e.g., Fig. 13).

7. Displacements along interacting faults

The relationships between interacting and intersecting faults

are illustrated by their displacement patterns. A range of different
displacement relationships can occur.

7.1. Displacements on synchronously active faults

A fault can influence the displacement pattern of another syn-
chronously active fault with which it interacts (e.g., Muraoka and
Kamata, 1983). For example, displacement is transferred between
sub-parallel interacting normal faults that step in map view across
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Fig. 13. Passive folding of older thrusts in the hanging-walls of lower, later thrusts. St. Brides Bay, Pembrokeshire, Wales.

relay ramps (e.g., Larsen, 1988; Peacock and Sanderson, 1991;
Walsh and Watterson, 1991; Huggins et al., 1995; Soliva and
Benedicto, 2004). Relay ramps are characterised by high displace-
ment gradients near the tips of the interacting faults, with
displacement transferred between the interacting faults. For
example, a small fault splaying off a larger fault can have maximum
displacement at the intersection line, decreasing towards the tip,
whilst the larger fault can show a jump in displacement at the
intersection line. Nelson (2006) shows examples of this behaviour.

Peacock (1991, figure 8) shows high displacement gradients
towards the tips of approaching, synchronously active strike-slip
faults in sub-vertical Silurian turbidites, SW Scotland. In this
example, the high displacement gradients appear to be taken up by
strain in the wall rocks in the form of compaction of shales and
veins in the sandstones. Similarly, the example shown in Fig. 14
shows two approaching normal faults in Somerset, with high
displacement gradients at fault tips taken up by rotation of the
horst in the area in which they interact.

7.2. Displacements on non-synchronous faults

A fault can influence the displacement patterns of another fault,
even if they are of different ages. Whilst earlier faults can simply be
passively displaced by later faults without their displacements
being altered, an earlier fault can act as a mechanical barrier to a
later fault (e.g., Duffy et al., 2015), which will tend to increase the
displacement gradient of the later fault as it approaches the barrier.
Also, some faults show “trailing” geometries and kinematics (Nixon
et al., 2014a). “Trailing” is where two new faults are connected via
an older fault, on which renewed displacement occurs to connect
the two later faults (Peacock et al., 2016). Portions of the early fault
are thus re-utilised by the younger abutting faults, transferring

displacement onto other younger abutting faults. The older fault
therefore has renewed displacement between the younger faults
(Fig. 12c).

8. Interaction damage zones

Deformation is commonly concentrated in the zones in which
faults interact and intersect. Strain is concentrated in these areas to
take up displacement variations along the faults and to accom-
modate space problems created by fault interaction. This concen-
trated deformation can be in a range of forms, including minor
faults (e.g., Fig. 5d), and veins and stylolites (Fig. 5a). Peacock et al.
(2016) therefore define “interaction damage zones” as a general
term for the area of deformation caused by the interaction between
two or more faults. It is a more general term than “linking-damage
zone” of Kim et al. (2004) because it specifically includes defor-
mation between faults of any orientations and relative ages that
interact but not necessarily touch each other. Interaction damage
zones can be divided into “approaching damage zones” and
“intersection-damage zones”. An approaching damage zone is an
area of deformation related to interaction between two or more
faults that do not intersect (e.g., Fig. 5a). An intersection damage
zone is the area of deformation around the intersection point of two
or more faults (e.g., Fig. 5d). Interaction- and intersection-damage
zones can develop between faults of different ages, e.g., if an
earlier fault is a mechanical barrier to the propagation of the later
fault.

Interacting and intersecting faults have been shown to influence
fluid migration (e.g., Rotevatn et al., 2007, 2009b; Manzocchi et al.,
2010) and entrapment (e.g., Gartrell et al., 2004; Rotevatn and
Fossen, 2011). We suggest that interaction damage zones can con-
trol fluid flow around interacting faults, so these must be
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Fig. 14. Two conjugate normal faults, with displacements of the faults dying towards the area in which they interact, from Watchet, Somerset. Note that this block was not in situ.




D.C.P. Peacock et al. / Journal of Structural Geology 97 (2017) 1-22 17

(e) Branch line parallel to slip

Branch lines and slip

(f) Branch line perpendicular to slip

.S

(g) Different slip directions

Fig. 15. Classification of intersecting faults. (a) to (d) Classification based on the geometric relationships between the faults. (a) The faults interact as they approach each other, but
they need not be connected by faults or other fractures (can be similar to the linkage-damage zone of Kim et al., 2004). (b) One fault abuts the other. (c) One fault (earlier) is cut by
the other (later). (d) The faults mutually crosscut each other. (e) to (g) Classification based on the relationship between the intersection line and the displacement direction. (e) The
intersection line is parallel to the displacement direction. (f) The intersection line is perpendicular to the displacement direction. (g) The intersection line is parallel to the
displacement direction of one fault and perpendicular to the displacement direction of the other fault. (h) to (1) Classification based on the relative shear senses of the faults and the
dominant strains at the interactions. (h) Antithetic relationship, where the faults have opposite senses of displacement. (i) Synthetic relationship, where the faults have the same
senses of displacement, approximately perpendicular to the intersection line. (j) Neutral relationship, where the faults have the same senses of displacement, approximately parallel
to the intersection line. (k) and (1) Sub-classification for antithetic interactions based on the dominant strain in the acute bisectors of the faults. (k) Extension dominates in the acute
bisector, although contraction may dominate in the obtuse bisector. (1) Contraction dominates in the acute bisector, although extension may dominate in the obtuse bisector. (m) to
(o) Classification based on the relative ages of the intersecting faults. (m) The faults are synchronous. (n) The faults are different ages. (o) “Trailing” geometry, where part of an

earlier fault is reactivated by interaction with later faults. (p) One or both faults have been reactivated.

understood if fluid flow is to be predicted in the subsurface.

9. Effects of fault interaction on subsequent deformation

Faults can act as mechanical barriers that influence subsequent
deformation (e.g., Duffy et al., 2015), with in situ stresses being
perturbed around non-active faults (e.g., Zoback and Richardson,
1996). Such perturbation appears to be particularly acute in fault
interaction zones. For example, Bourne and Willemse (2001, figure
7) show perturbed joints within a network of strike-slip faults in
Liassic limestones at Nash Point, Vale of Glamorgan, Wales, on the
north side of the Bristol Channel Basin, approximately 32 km NW of
Kilve, Somerset. This suggests that post-fault deformation and the
in situ stresses around interacting faults should be considered when
predicting both the deformation within interaction damage zones

and related fluid migration.

10. Classification scheme

The ways of characterising interacting and intersecting faults
described here may be used as the basis for a classification scheme,
as summarised in Fig. 15. This classification scheme is based on
geometric relationships, angles between the intersection lines and
displacement directions, the strain that occurs at and around the
interaction or intersection zones, and on the relative age relation-
ships of the interacting faults. This scheme is applicable to any two
faults, being independent of such factors as tectonic setting and
scale. We suggest that this scheme is a useful tool for analysing fault
systems because it emphasises the geometric, kinematic and tem-
poral relationships between the components of a network.
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500 m

Fig. 16. Examples of normal fault intersections (Fig. 7) from Google Earth. (a) to (e) are from the East African Rift. (a) Synthetic fault 1 in the hanging-wall of fault 2 (11°00'33",
41°39'46"E). (b) Antithetic fault 3 in the hanging-wall of fault 4. Both are in the footwall of fault 5 (11°35’46"N, 41°40’55"E). (c) Synthetic faults 6 and 7 are in the footwall of fault 8
(11°33/41”N, 41°42'07"E). (d) Antithetic fault 9 is in the footwall of fault 10 (10°57’17"N, 41°51’45"E). (e) Faults 11 and 12 are perpendicular to each other, with fault 11 apparently
displaced by fault 12. Each therefore abuts abutting the other in both the hanging-wall and the footwall (10°48'57"N, 41°53’13”E). (f) Antithetic faults 13 and 14 meeting at their tips
(38° 5'33"N, 109°55’50”"W), from Canyonlands, Utah, USA. Other faults are not marked.
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Fig. 17. Examples of interacting faults in a seismic reflection volume from Milne Point, Alaska, modified from Nixon et al. (2014a). The diagrams illustrate the 3-dimensional
geometric and kinematic interaction of normal fault planes including. a) A splay fault and its associated main fault. b) A younger fault abuts and locally reactivates an older
fault. c) Kinematically linked abutting faults that have locally reactivated an older fault to form a trailing segment. The distribution of throw is contoured onto each fault plane, and

illustrates variations around the intersection lines.

11. Scaling of fault interactions

The geometries shown in Figs. 5—12 also occur on much larger
faults (Table 1). Self-similarity of fault geometries was first illus-
trated by Tchalenko (1970), and subsequent work has shown that
they exhibit fractal behaviour (e.g., Mandlebrot, 1982; Turcotte,
1989; Gillespie et al., 1993) and show scale invariant geometries
at all scales (e.g., Turcotte, 1989; Main, 1996). This suggests that
well-exposed small-scale intersecting faults observed in the field
can be used to gain useful insights into deformation patterns
around along and around much larger intersecting faults. Fig. 16
shows faults examples of interacting normal faults from the East
African Rift that illustrate the range of geometries shown in Figs. 7
and 8.

12. The three-dimensional character of fault interaction

The examples from the Mesozoic sedimentary rocks of Somer-
set, UK, are exposed on rock surfaces, so are approximately two-
dimensional. For example, the faults intersect at intersection

points. In three-dimensions, these intersection points are intersec-
tion lines (e.g., Peacock et al., 2016). The three-dimensional char-
acter of fault intersections is illustrated in Fig. 17. Whilst faults are
commonly studied in two-dimensions, especially in the field, it
must be remembered that the interactions between faults is a
three-dimensional issue. For example, stepping fault segments may
be linked out of the plane of observation (e.g., Harding and Lowell,
1979).

13. Conclusions

Various criteria can be used to characterise and classify fault
interactions:

o Geometric relationships, i.e., where the faults approach but do
not intersect, where one fault abuts the other, where the faults
mutually crosscut, and where one fault displaces the other.
Further characterisation is possible, such as whether interacting
dip-slip faults occur in the footwall or hanging-wall of the faults
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with which they interact, and whether they are synthetic or

antithetic.
e The relationship between the intersection line and the
displacement direction, i.e.,, whether the intersection line is
parallel, perpendicular or oblique to the displacement directions
of both faults, or whether the faults have different displacement
directions.
Displacement and strain in the interaction zone, i.e., whether
the faults are antithetic, synthetic or show a neutral relation-
ship. Characterisation is also possible by the strain that domi-
nates where the faults intersect, i.e.,, whether extension or
contraction dominates in the acute bisector between the faults.
Relative age relationships, i.e., whether the faults are the same
age, different ages or if one or both faults have been reactivated.

This scheme can be used as a basis for understanding the
stresses and strains that occur around fault interaction, and may
therefore help understand the damage that occurs. We define
“interaction damage zones” as developing between two or more
faults of any relative orientation or age that interact with each
other.
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