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Normal faults are often complex three-dimensional structures comprising multiple sub-parallel segments sepa-
rated by intact or breached relay zones. Relay zones are classified according to whether they step in the strike or
dip direction and whether the relay zone-bounding fault segments are unconnected in 3D or bifurcate from a
single surface. Complex fault surface geometry is described in terms of the relative numbers of different types of
relay zones to allow comparison of fault geometry between different faults and different geological settings. A
large database of fault surfaces compiled primarily from mapping 3D seismic reflection surveys and classified
according to this scheme, reveals the diversity of 3D fault geometry. Analysis demonstrates that mapped fault
geometries depend on geological controls, primarily the heterogeneity of the faulted sequence and the presence
of a pre-existing structure, as well as on resolution limits and biases in fault mapping from seismic data. Where a
significant number of relay zones are mapped on a single fault, a wide variety of relay zone geometries occurs,
demonstrating that individual faults can comprise segments that are both bifurcating and unconnected in three

dimensions.

1. Introduction

Outcrop observation and mapping demonstrate that normal faults of
all sizes are comprised of a series of segments (Goguel, 1952; Bristol and
Treworgy, 1979; Larsen, 1988; Walsh and Watterson, 1990; Morley
et al., 1990; Peacock and Sanderson, 1991; Delogkos et al., 2020). Early
mapping of faults from seismic reflection surveys revealed the three-
dimensional nature of fault segmentation (Childs et al., 1995; Mans-
field and Cartwright, 1996; Kattenhorn and Pollard, 2001). Mapping of
segmented fault arrays from high-quality 3D seismic reflection surveys is
now routine, permitting detailed and extensive observation of the ge-
ometry of fault arrays (e.g. Childs et al., 2017; Freitag et al., 2017;
Lapadat et al., 2017; Collanega et al., 2019; Deng and McClay, 2019)
and the distribution of displacement over them (e.g. Giba et al., 2012;
Wilson et al., 2013; Duffy et al., 2015; Wrona et al., 2017; Ghalayini
et al., 2017; Torabi et al., 2019).

Fig. 1 presents a selection of published fault surfaces interpreted
mainly from 3D seismic reflection data. Fig. 1(L1-L4) shows four very

different segmented fault arrays differentiated by whether the constit-
uent segments are separated by strike relay zones (Fig. 1, L1 and L2) or
dip relay zones (Fig. 1, L3 and L4), and whether the faults that bound the
relay zones connect into a single plane (Fig. 1, L2 and L3) or are un-
connected in 3D (Fig. 1, L1 and L4). Fig. 1(L5-L8) shows more compli-
cated arrays with various combinations of different types of relay zone.
These examples, and other recently published accounts of segmented
fault arrays mapped from 3D seismic data (see Table 1), demonstrate
that a wide range of fault geometries occur in nature. However, to date,
there has been no attempt to combine these observations to obtain a
general overview of 3D fault geometry. This paper aims to address this
issue based on a large collection of faults and using a description of fault
geometry based on the nature of the boundaries between the component
fault segments. This catalogue permits comparison of the 3D geometry
of fault surfaces from a range of different settings.

Fault geometries, such as those displayed in Fig. 1, are frequently
related to the geological settings under which the faults formed. In
particular, numerous studies have demonstrated significant impact of a
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Fig. 1. Examples of fault surfaces from the literature. L1-L8: Labels of the faults. Modified from: (L1) Baudon and Cartwright (2008), (L2) Collanega et al. (2019),
(L3) Tvedt et al. (2013), (L4) Seebeck et al. (2015), (L5) Deng et al. (2020), (L6) Lapadat et al. (2017), (L7) Vasquez et al. (2018), (L8) Delogkos et al. (2020). In each
case a strike-projection (usually coloured) is reproduced from the original paper, from which the simplified grey fault surface has been constructed to show our
interpretation of the segmentation. The small grey arrows indicate the approximate levels of specific horizons influencing segmentation and discussed in the
manuscript. Sh, h, t, Cl, Si and Li: names of the horizons (see text for details).
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Table 1
Fault surface database.
Location Ref? Name®  Fault geometry Tmax Segmentation® Geological
(m)? controls'
S L H AR Inc./ P. P. P. P. # M. S. S.
(km?) (km) (km) Com. bif. str. right. cont. H. L B.
East African Rift 29.9 12.7 2.5 5.1 0 175 0.86 1.00 0.60 7 0 1 0
0.2 0.4 0.4 1.0 1 16 0.00 1.00 1.00 1 0 0 1
1.4 1.5 1.1 1.4 1 38 0.71 0.57 0.25 0.67 7 0 0 0
F16 8.5 6.2 1.9 3.3 1 63 0.73 0.65 1.00 0.83 15 0 1 0
3.3 3.2 2.1 1.5 0 31 0.8 0.40 0.50 0.33 5 0 0 0
F1 0.4 1.1 0.4 2.8 1 13 0.00 1.00 1.00 2 0 0 1
2.0 1.8 1.4 1.3 0 19 0.43 0.29 0.00 0.40 7 0 0 0
0.6 2.3 0.4 6.2 0 8 0.00 1.00 0.33 3 0 0 0
0.3 1.3 0.3 4.3 1 14 0.00 1.00 0.00 2 0 0 1
0.6 1.6 0.5 3.2 1 8 0.00 1.00 1.00 2 0 0 1
0.9 1.2 1.1 1.1 0 20 0.60 0.40 1.00 1.00 5 0 0 0
1.5 1.4 1.1 1.3 0 23 0.40 0.60 0.00 0.00 5 0 0 0
F14 14.5 7.1 2.0 3.5 0 69 0.90 0.50 0.20 0.80 10 0 1 0
F7 1.0 1.0 1.1 0.9 1 19 0.75 0.00 0.25 4 0 0 0
F17 1.6 2.1 1.3 1.6 1 25 0.58 0.33 0.25 0.63 12 0 0 0
0.5 0.9 0.8 1.1 1 16 0.50 0.50 0.00 0.00 2 0 0 0
0.4 0.9 0.4 21 1 16 0.00 1.00 0.00 1 0 0 1
0.9 1.3 0.8 1.7 1 15 0.50 0.50 0.33 0.67 6 0 0 0
5.3 2.9 2.1 1.4 1 31 0.83 0.14 0.50 0.67 12 0 0 0
F5 2.8 1.6 1.8 0.9 1 31 1.00 0.00 0.75 4 0 0 0
5.8 3.8 1.9 2 0 56 0.75 0.42 0.20 0.57 12 0 0 0
3.5 3.7 1.6 2.3 0 25 1.00 0.25 0.00 0.67 4 0 0 0
0.7 0.9 1.1 0.8 1 19 1.00 0.50 1.00 0.00 2 0 0 0
African Atlantic F10 2.7 3.6 0.8 4.7 0 38 1.00 0.80 0.00 1.00 8 0 0 0
Margin 2.3 3.2 0.7 4.2 0 44 1.00 0.86 0.17 1.00 4 0 0 0
1.6 4.5 0.5 9.3 0 20 0.25 0.86 0.83 1.00 4 0 0 0
F12 0.5 1.9 0.3 6.2 0 14 0.75 0.42 1.00 1.00 12 0 0 0
0.4 2.5 0.2 13 0 13 0.50 0.73 0.63 1.00 8 0 0 0
1.5 3.2 0.5 6.9 0 21 0.58 0.62 0.88 0.80 12 0 0 0
2.6 5.4 0.4 14 0 16 0.75 0.70 0.86 1.00 0 0 0
1.6 2.0 0.7 2.8 0 19 0.75 0.67 0.50 0.50 4 0 0 0
2.0 2.5 0.7 3.8 0 16 0.53 0.38 0.00 0.69 19 0 0 0
2.7 4.9 0.4 11 0 29 0.54 0.88 0.33 1.00 13 0 0 0
Bonaparte Basin 37.5 13.3 3.0 4.5 0 100 0.64 0.56 0.44 1.00 14 1 1 0
F19 25.9 12.6 3.1 4.0 1 81 0.62 0.17 0.00 0.84 21 1 0 0
F18 24.5 12.3 2.1 5.8 1 94 0.43 0.33 0.22 0.80 23 1 0 0
16.0 8.5 2.1 4.0 1 74 0.65 0.26 0.33 0.75 20 1 0 0
Barents Sea 128.2 26.5 4.4 6.0 0 150 0.71 0.71 0.40 0.50 7 0 0 0
F2 36.9 13.9 3.4 4.1 1 61 0.00 0.83 0.40 1.00 5 0 0 0
32.2 131 3.3 4.0 1 75 0.00 1.00 1.00 1 0 0 0
2.9 2.2 1.2 1.8 1 38 1.00 1.00 1.00 1 0 0 0
63.8 19.1 2.6 7.3 0 163 0.60 0.58 0.67 1.00 10 0 0 0
47.1 11.3 2.5 4.5 0 163 0.00 1.00 0.50 1 0 0 0
F6 135.1 22.7 5.1 4.4 0 188 0.90 1.00 0.40 10 0 0 0
F13 46 111 4.9 2.3 0 125 0.57 0.57 0.25 1.00 7 0 0 0
Porcupine Basin 9.1 11.7 0.9 12.6 1 71 0.57 0.92 0.33 1.00 7 0 0 1
F4 15.6 12.2 1.4 8.8 0 94 0.67 1.00 0.50 6 0 0 1
4.6 6.4 0.7 8.7 0 48 1.00 1.00 0.00 1 0 0 1
2.6 4.3 0.7 6.3 0 55 1.00 1.00 0.25 2 0 0 1
2.9 4.5 0.6 7.2 0 43 0.67 1.00 0.75 3 0 0 1
5.0 5.0 1.2 4.1 0 68 0 0 1
2.4 2.8 1.0 2.9 1 51 1.00 1.00 0.50 2 0 0 1
F3 2.7 3.2 0.9 3.5 1 30 1.00 1.00 0.00 2 0 0 1
Molasse Basin F20 2.6 3.2 0.9 3.7 0 28 0.26 0.52 0.17 0.64 19 1 1 0
Taranaki Basin F11 82.4 16.9 5.2 3.2 0 128 0.82 0.84 0.00 1.00 11 0 1 0
South China Sea F15 3.9 4.2 1.0 4.2 0 106 1.00 0.75 0.67 1.00 4 0 0 0
3.7 3.8 1.2 3.2 0 68 1.00 1.00 0.00 1 0 0 0
F9 2.6 2.4 0.9 2.5 0 25 0.50 1.00 0.33 2 0 0 0
0.6 1.4 0.5 2.9 1 13 0.00 1.00 0.00 1 0 0 0
F8 2.0 3.0 0.5 5.4 0 36 1.00 1.00 0.00 2 0 0 0
1.0 2.0 0.8 2.6 0 25 0.00 1.00 0.50 2 0 0 0
2.7 3.1 0.9 3.2 0 48 0 0 0
0.5 1.9 0.3 5.5 1 23 1.00 1.00 0.00 1 0 0 0
Levant Basin () L1 14.0 14.0 1.0 14 0 125 0.00 1.00 0.00 3 0 0 0
Egersund Basin ) L3 7.5 4.0 1.9 2.1 1 109 1.00 0.00 1.00 2 1 0 0
5.6 3.0 1.9 1.6 0 227 1.00 0.00 1.00 2 1 0 0
9.0 4.0 2.3 1.8 0 76 1.00 0.00 1.00 3 1 0 0
Analogue Model () 0.0 0.0 0.0 2.0 0 0.50 1.00 0.50 2 0 0 0
Gulf of Gabes 0.5 1.5 0.3 5.0 0 1.00 1.00 0.00 2 0 0 0
12.6 7.0 1.8 3.9 0 1.00 1.00 0.50 2 0 0 0
Niger Delta 4.0 3.3 1.2 2.8 0 130 0.33 0.33 0.00 0.50 3 0 0 0

(continued on next page)
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Table 1 (continued)

Location Ref.” Name”  Fault geometry® Tmax Segmentation® Geological
(m)? controls'

S L H AR Inc./ P. p. P. p. # M. S. S.

(km?) (km) (km) Com. bif. str. right. cont. H. L B.
Northern N. Sea 10.0 5.0 2.0 2.5 0 1.00 1.00 0.33 3 0 0 0
Suez Rift @ 240.0 40.0 6.0 6.7 0 500 0.00 0.57 0.88 1.00 14 1 1 0
E. Denmark (e) 0.0 0.0 0.0 0.4 0 <1 0.50 0.25 1.00 0.33 4 0 0 0
Inner Moray Firth [6)] L6 8.0 4.0 2.0 2.0 1 250 0.36 0.73 0.38 1.00 11 1 0 0

Basin 42.0 14.0 3.0 4.7 0 450 0.60 1.00 0.00 5 1 0 0

Petrel Sub-basin ©® L4 0.4 1.0 0.4 2.7 0 40 0.00 0.00 1.00 2 0 0 1
Porcupine Basin (] 4.5 4.0 1.1 3.6 0 150 1.00 1.00 1.00 4 0 1 0
Ptolemais Basin @ L8 0.1 0.6 0.2 4.0 0 19 0.50 0.50 0.75 1.00 8 1 0 0
Columbus Basin G 8.0 4.0 2.0 2.0 0 250 1.00 1.00 1.00 6 0 0 0
Analogue model k) L7 0.0 0.0 0.0 3.2 0 <1 0.50 0.25 0.00 1.00 8 1 0 0
Taranaki Basin 0] 15.0 7.5 2.0 3.8 1 50 0.00 1.00 0.00 1 0 1 0

10.0 5.0 2.0 2.5 0 40 0.50 1.00 0.50 2 0 1 0

L2 15.0 5.0 3.0 1.7 0 100 1.00 1.00 0.00 3 0 1 0

12 4.0 3.0 2.0 0 60 1.00 0.00 1.00 2 0 1 0

Enderby Terrace (m) 350.0 35.0 10.0 3.5 0 2000 0.00 0.55 1.00 1.00 8 1 1 0
m LS 120.0 20.0 6.0 3.3 0 300 0.00 0.44 0.00 1.00 9 1 1 0

@ Data for the literature faults from: (a) Baudon and Cartwright (2008), (b) Tvedt et al. (2013) (C3, C4, C2)*, (c) Marchal et al. (2003) (F1, F7, F2, F6, Fz)*, (d)
Jackson and Rotevatn (2013), (e) Kristensen et al. (2008) (Fig. 5)*, (f) Lapadat et al. (2017) (Fig. 10, Fig. 9)*, (g) Seebeck et al. (2015), (h) Worthington and Walsh
(2017) (Fig. 10)*, (i) Delogkos et al. (2020), (j) Freitag et al., 2017 (F1)*, (k) Vasquez et al. (2018), (1) Collanega et al. (2019) (F1/2, F3/5, F7, F6)*, (m) Deng and
McClay (2019), (n) Deng et al. (2020). *: The names and figures inside the brackets refer to the associated publications

b Name of the faults in Figs. 1 and 6.

¢ S: Fault surface area; L: Fault length measured in the strike dimension; H: Fault height measured in the dip dimension; AR: Fault surface aspect ratio; Inc./Comp:
incomplete fault (0), complete fault (1).

4 Tmax: estimated maximum throw.

¢ P. bif.: Proportion of bifurcating relay zones; P. str.: Proportion of strike relay zones; P. right.: Proportion of right-stepping relay zones; P. cont.: Proportion of
contractional relay zones; #: number of bifurcating and cylindrical relay zones.

f (1) indicates a mechanical heterogeneity (M.H.), an underlying structural inheritance (S.1.) and a stratabound fault (S.B.), (0) indicates that these settings are not

recognised.

weak layer in the faulted sequence in promoting the formation of dip
relay zones (Childs et al., 1996a; Schopfer et al., 2006; Jackson and
Rotevatn, 2013; Lapadat et al., 2017; Vasquez et al., 2018; Deng and
McClay, 2019) and of a reactivated underlying structure on the forma-
tion of strike relay zones between fault segments with a bifurcating
geometry (Giba et al., 2012; Worthington and Walsh, 2017; Collanega
et al.,, 2019). The catalogue of segmented faults presented here (see
Table 1) is based primarily on faults mapped from eight 3D seismic
surveys, but also incorporates data derived from published accounts
such as those in Fig. 1. It covers a range of different geological settings,
permitting a general overview of the first-order controls on fault zone
geometry in three-dimensions.

As well as presenting results from newly mapped faults, this paper
draws extensively from previously published examples of fault surfaces
and the ideas presented in them. The large database of fault surfaces
provides a basis for a general description of fault surface geometry in 3D
and for considering the constraints that 3D geometry may place on
models of fault growth. Different fault geometries have in the past
promoted different models of how faults evolve (Childs et al., 1996b;
Walsh et al., 2003). For example the series of unconnected fault seg-
ments in Fig. 1(L1) may suggest that initially isolated fault segments
grew towards one another to form a segmented array, while Fig. 1(L2)
may be interpreted to indicate that segmentation arose by bifurcation of
an upward propagating fault. By providing a broad overview of fault
geometry, this paper provides a basis for considering how fault geometry
constrains models of fault development. Furthermore, our mapping and
the data derived from the literature are subject to the inherent and
irreducible resolution limits that place constraints and biases on fault
mapping from seismic reflection data. The impact of these on our results
and on the use of seismic data for constraining models of fault
geometrical evolution are considered.

It is intended that the generalised description of the 3D geometry of
fault arrays can be of value for many practical applications, for example
to better evaluate fault controls on the flow of mineralising fluids in ore

systems and of hydrocarbons within faulted reservoirs (e.g. Rotevatn
et al., 2007; Manzocchi et al., 2008; Micklethwaite et al., 2015; Walsh
et al., 2018; Kyne et al., 2019), or the initiation and termination of
earthquake ruptures (Das and Aki, 1977; Segall and Pollard, 1980;
Machette et al., 1991; Stein et al., 1997; Soliva et al., 2008; Wesnousky,
2008; Pizzi et al., 2017; Oglesby, 2020).

2. Approach to fault parameterisation
2.1. Parameterization of relay zones

To compare the geometry of individual segmented faults we
parametrize them based on the “form” and “orientation” of the relay
zones that separate their segments, following the terminology of
Camanni et al. (2019) (Fig. 2). Two forms of relay zone are distin-
guished: (i) relay zones that are bound by segments that merge to a
single surface (e.g. Clayton, 1966; Segall and Pollard, 1980; Jackson,
1987; Childs et al., 1995; Huggins et al., 1995; McGrath and Davison,
1995; Walsh et al., 1999; Freitag et al., 2017) referred to as bifurcating
relay zones, and (ii) relay zones that are bounded by segments that are
unconnected in three dimensions (e.g. Childs et al., 1995; Baudon and
Cartwright, 2008; Long and Imber, 2011) referred to as cylindrical relay
zones (Fig. 2). Other forms of relay zones (e.g. double-bifurcating) also
exist in nature (Camanni et al., 2019), but are relatively uncommon and
are not considered here.

There are two end-member relay zone orientations: (i) relay zones
where the bounding segments step along the fault strike (e.g. Childs
et al., 1995; Huggins et al., 1995; Marchal et al., 2003; Baudon and
Cartwright, 2008; Long and Imber, 2011) referred to as strike relay
zones and (ii) relay zones which step in the dip direction of the fault (e.g.
Childs et al., 1996a; Mansfield and Cartwright, 1996; Walsh et al., 1999;
Kattenhorn and Pollard, 2001; Kristensen et al., 2008; Tvedt et al., 2013)
referred to as dip relay zones. Strains at strike relay zones are volu-
metrically neutral for normal faults, i.e. with a screw dislocation type of
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Fig. 2. Main geometries of relay zones observed on fault surfaces, which can be reduced into four types: bifurcating strike relay, bifurcating dip relay, cylindrical

strike relay and cylindrical dip relay.

discontinuity that forms a characteristic relay ramp in horizontally
layered sequences (Larsen, 1988). For this reason, relay zones with these
orientations have been referred to previously as neutral relay zones (e.g.
Walsh et al., 1999; Camanni et al., 2019; Delogkos et al., 2020). By
contrast, strains at dip relay zones accommodate an edge dislocation
type of discontinuity that can be either contractional or extensional in
restraining and releasing relay zones, respectively. Relay zones are
identified here as either dip or strike despite many “oblique” relay zones
having intermediate orientations. This relatively crude categorisation is
used to simplify relay zone parameterisation and is reasonable as obli-
que relay zones mapped from seismic data are significantly less common
than strike and dip relay zones (Camanni et al., 2019). A pitch of 45° for
the relay axis is used as a threshold value to differentiate strike and dip
relay zones (see Camanni et al., 2019). The terms strike and dip relay
zones are equivalent to the “displacement-parallel” and “displacement-
normal” relay zones used in previous studies (e.g. Peacock and Sand-
erson, 1991).

Based on form and orientation, three-dimensional relay zone ge-
ometries can therefore be subdivided into four categories: bifurcating
strike, bifurcating dip, cylindrical strike and cylindrical dip relay zones
(Fig. 2). It is important to note that the form and orientation of a relay
zone are the same irrespective of whether it is breached or not. For
example, a fault that bifurcates from one surface into two, does so
irrespective of whether the two fault segments are separated from one
another by an intact relay zone or are connected along a branch-line(s)
(see Walsh et al., 1999; Camanni et al., 2019). The categorisation is also
independent of the stepping direction between the bounding segments,
insofar as dip relay zones can be either contractional or extensional and
strike relay zones can be either left- or right-stepping.

2.2. Parameterisation of fault surfaces

We describe the geometries of individual faults as the proportion of
relay zones on the fault that are strike, as opposed to dip, and the pro-
portion that are bifurcating, as opposed to cylindrical, so that each fault
can be represented as a point on a cross-plot of proportion of strike relay
zones versus proportion of bifurcating relay zones (Fig. 3). The outer
limits of this diagram correspond to a range of simple segmented fault
geometries. End-member geometries of segmented faults comprising
relay zones that all have the same form and orientation are located in the
four corners of the graph. The segmented faults that plot on the lower
horizontal axis comprise all cylindrical relay zones with a range of ori-
entations from all strike (lower right-hand corner) to all dip (lower left-
hand corner) relay zones. The segmented faults that plot on the upper
horizontal axis define an equivalent spectrum of fault structure but with
all bifurcating relay zones. The segmented fault that plots in the centre
of the diagram shows a more complex mixture of relay zone form and
orientation. By locating many faults on this plot, we can distinguish

between the segmentation characteristics of fault surfaces of different
size, shape and geological setting.

This parameterisation is based on the numbers of different types of
relay zone on a fault surface. These numbers are relatively easy to
measure from 3D fault mapping and can be defined objectively as we
consider a relay zone as the region between two adjacent segments and
we do not, for example, group segments together to define larger scale
relay zones. This point is illustrated by Fig. 1(L5) that comprises six fault
segments, five segments in the upper half of the fault and one in the
lower half. The upper five segments are separated by four cylindrical
strike relay zones and they are each separated from the lower segment
by a cylindrical dip relay zone so that a total of nine relay zones are
identified for this fault. There are rare instances where we record two
relay zones between two fault segments where the tip-lines bounding the
relay zone bend so that a strike relay zone gives way to a dip relay zone.
An example of this geometry is illustrated by the upper left-hand corner
of the fault in Fig. 1(L6).

3. Fault data
3.1. Fault surface database

The compiled fault surface database comprises data derived both
from published fault surface maps and from eight seismic reflection
surveys interpreted for this purpose. The main geometrical attributes of
all faults within the database are given in Table 1.

The 63 newly-mapped fault zones used in this study have been
mapped using inline and cross-line interpretation, horizon tracking and
seismic attributes, with detailed mapping of all seismically resolvable
relay zones. An example of a seismic line for each area is presented in
Fig. 4 to illustrate the quality of the data. Two of the seismic datasets are
depth migrated. For the six datasets in time domain, the fault throws and
the down-dip dimensions were converted to depth using a multiplier of
1.25 (i.e. a constant velocity of 2500 m/s), a value which is within c.
10% of the estimated average velocities for the sequences and depth
ranges of the individual datasets.

The mapped fault zones are referred to as “complete” where they are
entirely covered by the seismic survey and bounded in all directions either
by tip-lines or by branch-lines with faults of a different orientation. They
are referred to as “incomplete” when they extend beyond the limits of the
resolvable seismic data (Inc./Com. in Table 1). The faults have surface
areas (S in Table 1) between 0.2 and 200 km? and offset sub-horizontal
sedimentary layering with throws generally between 10 m and 100 m
(T in Table 1, Fig. 5a). With a few exceptions in the East African Rift, the
faults have larger along-strike (L in Table 1) than down-dip dimensions (H
in Table 1) (Fig. 5b). The mapped fault surface aspect ratio (AR in Table 1)
is defined as the along-strike to down-dip dimension ratio (L/H) and
ranges from 0.8 to 14. This variability in aspect ratio may either be a
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consequence of sampling or of underlying geology, but in either case may
influence the proportions of relay zones of different types that may be
observed on the faults. This topic will be returned to in Section 4.3.
Examples of the outlines of 20 mapped segmented faults are pre-
sented in Fig. 6. Between them, these contain 179 relay zones of various
types. In total, 510 individual relay zones have been counted on all of
the newly-mapped faults. Among these, 408 are cylindrical or bifur-
cating relay zones, but 102 relay zones have not been categorised as
either bifurcating or cylindrical because they are not entirely contained
within the seismic volume (41), or have a double-bifurcating (20), or
more complex geometry (41). Hence about 20% of the total number of
relay zones cannot be included in the calculation of the relative pro-
portions of bifurcating and cylindrical relay forms. All the mapped relay
zones are used to calculate the proportion of strike relay zones, including
those that extend beyond the seismic volume. Two of the 63 faults do not
contain any relays identifiable as either bifurcating or cylindrical, and
hence are not included in the analysis of the proportion of relay zones.
The other faults each contain up to 23 bifurcating or cylindrical relay
zones (Table 1). While we have mapped equal proportions of left- and
right-stepping strike relay zones, contractional relays are much more
common than extensional ones (Table 1) (Camanni et al., 2019). The
smallest relay zones mapped have separations as low as 20 m for the
highest resolution data. In the lower-resolution datasets (from the
Barents Sea, Porcupine Basin and Taranaki Basin) minimum mapped
separation was 40 m. The largest mapped relay zones have a separation
of about 1000 m. The majority of the relay zones are bounded by seg-
ments that overlap in 3D, but there is also a proportion of relay zones
(24%) that are bounded by underlapping fault segments (see Camanni
et al., 2019 and Childs et al., 2017 for analyses of those geometries).
The 24 fault zones compiled from the literature are derived from
seismic reflection data (Marchal et al., 2003; Baudon and Cartwright,
2008; Jackson and Rotevatn, 2013; Tvedt et al., 2013; Seebeck et al.,
2015; Worthington and Walsh, 2017; Freitag et al., 2017; Lapadat et al.,
2017; Collanega et al., 2019; Deng and McClay, 2019; Deng et al., 2020),
field observations (Kristensen et al., 2008; Delogkos et al., 2020) and
sandbox models of normal faulting (Marchal et al., 2003; Vasquez et al.,
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2018). The same geometrical attributes as those described above for the
newly-mapped faults are given in Table 1. These "literature faults" have
been selected as they describe large parts of faults that were interpreted
in 3D for the purpose of studying fault geometry and therefore are suited
to parameterisation. Published accounts of limited areas of faults cen-
tred on individual relay zones (e.g. Childs et al., 1995; Long and Imber,
2011; Conneally et al., 2014) and faults for which interpretations of the
form and orientation of the relay zones are uncertain (e.g. Kattenhorn
and Pollard, 2001; Giba et al., 2012; Wilson et al., 2013) have not been
included in the database. The faults that have been included are para-
meterised based on published maps, cross-sections and fault surface
maps (strike-projections) and on descriptions of the faults provided in
the various publications. Selected examples of published fault surface
maps and simplified versions of these maps on which our parameter-
isation is based are illustrated in Fig. 1. This parameterisation is based
only on the published papers and our understanding of them, and it may
be that additional data or discussion with the authors could modify these
parameters. An example of subjectivity in interpretation is the fault
surface shown in Fig. 1(L6), which, as published, does not explicitly
show any dip relay zones. However, it appears from the associated paper
(Lapadat et al., 2017) that the authors identify breached dip relay zones,
which are represented in the simplified version of this fault surface.

Faults from the literature contribute a total of 109 relay zones to the
database, with up to 14 on a single fault. These data are included to
broaden the scope of our analysis but they are excluded from our plots
involving relay separation (see Sections 4.2 and 7.1), because that
attribute is not provided in the relevant publications.

3.2. Geological settings of the mapped faults

The newly-mapped faults are located in eight different sedimentary
basins including the Bonaparte Basin offshore northwest Australia
(Saqab and Bourget, 2015), the Porcupine Basin offshore West of Ireland
(Worthington and Walsh, 2017), the Taranaki Basin offshore western
New Zealand (Giba et al., 2012) and the Alps foreland Molasse Basin in
NE Switzerland (Marchant et al., 2005). The precise location of the other

o Proportion of bifurcating relays

0 Proportion of strike relays 1

Fig. 3. Conceptual geometries of 3D segmentation with different proportions of the four main types of relay zones. These geometries are located in different positions
on the diagram showing the proportion of bifurcating relays as a function of the proportion of strike relays.
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Fig. 4. Examples of seismic sections through segmented fault surfaces studied in each dataset. (a) African Atlantic Margin. (b) East African Rift. (c) Bonaparte Basin.
(d) Taranaki Basin. (e) Porcupine Basin. (f) Barents Sea. (g) South China Sea. (h) Molasse Basin. The locations of the sections relative to the fault surfaces are
indicated in Fig. 6. Thick line: fault trace; thin line: horizon; dashed line: fault trace that does not belong to the studied fault zones. Each section is presented with an
approximately 1:1 vertical to horizontal scale.
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four datasets is confidential but they are from the African Atlantic
Margin, the Barents Sea, the East African Rift and the South China Sea
(Table 1). The mapped faults are generally young (Cenozoic), at shallow
depths (less than 1.5 km) and in areas of low strain (less than c. 15%
extension). The only exception is the Barents Sea dataset for which Early
Cretaceous faults are mapped to depths of 5 km. The individual study
areas often have complex structural histories with several faulting epi-
sodes which are not detailed here. Instead, the settings specified below
and in Table 1 refer to the deformation history of the mapped faults only,
emphasising the three geological controls considered to have the highest
impact on 3D fault segmentation. These controls are: (1) underlying
structural inheritance, (2) mechanical heterogeneity and (3) whether
the faults are stratabound (Table 1, S.I,, M.H. and S.B.). The three con-
trols are considered as qualitative, binary selections in Table 1: either
the control is considered to have been influential, or it is not. The criteria
for making these choices are outlined below.

Faults that are said to have an underlying structural inheritance
(Table 1, S.1.) are those that are either directly connected to, or spatially
associated with, a pre-existing structure that is reactivated during later
extension. In this setting, fault surfaces can twist upward to form
segmented en-echelon arrays in the cover above the older structure as
seen from seismic mapping (Giba et al., 2012; Worthington and Walsh,
2017; Collanega et al., 2019) and analogue modelling (Corti, 2008;
Clifton et al., 2000). Underlying structural inheritance is considered
important (S.I. = 1 in Table 1) for several of the studied faults. The fault
mapped within the Mesozoic sequence of the Molasse Basin has a ge-
ometry controlled by oblique reactivation of an underlying fault during
a Miocene episode of extension (Roche et al., 2020). A Neogene aged

(a)
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fault mapped in the Taranaki Basin is mainly attributed to a deeper pre-
existing Cretaceous fault (see Giba et al., 2012; Conneally et al., 2017).
In the Bonaparte Basin, of the four Neogene age faults studied, one
connects downwards to an earlier Mesozoic fault, whereas the others do
not; see Saqab and Bourget (2015) for a detailed description of similar
types of faults. Similarly, in the East African Rift, three large faults
developed above a reactivated pre-existing structure while 20 smaller
faults are not associated with underlying faults. For the other mapped
areas, the influence of a pre-existing structure is considered to be
moderate to absent (i.e. S.I. assigned a value of 0 in Table 1), meaning
either: (a) there is no pre-existing structure observed locally, (b) the
faults are entirely decoupled from any pre-existing structure, (c) the pre-
existing structure is not reactivated.

Structural inheritance, as considered in this article and as described
above, is one of many causes for individual fault segments to be sys-
tematically misoriented relative to the overall trend of a fault with a
consistent sense of stepping in map view. These include upward prop-
agation of an older fault, fault nucleation above a deeper structure and
rotation of the stress field either in space or in time (Mandl, 1987;
Treagus and Lisle, 1997; Jackson and Rotevatn, 2013; Freitag et al.,
2017; Morley, 2017; Worthington and Walsh, 2017; Collanega et al.,
2019; Deng and McClay, 2019). In this paper we consider only the case
of fault growth under the influence of an older and deeper structure but
we have included at least one fault zone from the Columbus Basin where
it is believed that there has been a temporal change in stress direction
during fault growth (Freitag et al., 2017), with the resulting fault ge-
ometry being similar to faults formed under the influence of a pre-
existing structure.

(b)
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Fig. 5. (a) Relationship between maximum throw (Tmax) and fault surface area. (b) Down-dip dimension (H in Table 1) versus along-strike dimension (L in Table 1).
(a) and (b) Full and empty symbols represent complete and incomplete faults, respectively. (c) Outlines of 39 studied fault zones shown at a similar scale with
increasing fault surface area from left to right. The labels are the same as in Figs. 1 and 6.
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£20 Fig. 4(h)

400 m

Fig. 6. Examples of studied fault zones. F1-11: Faults that present relatively simple relay distributions. F12-F20: Complex faults that display various combinations of
the different types of relay. F1, F5, F7, F14, F16, F17: East African Rift; F2, F6, F13: Barents Sea; F3, F4: Porcupine Basin; F8, F9, F15: South China Sea; F10, F12:
African Atlantic Margin; F11: Taranaki Basin; F18, F19: Bonaparte Basin; F20: Molasse Basin. All the faults are shown on strike projections at an approximate 1:1
vertical to horizontal scale. Thin black lines represent tip-lines and dotted lines represent branch-lines. Locations of the sections shown in Fig. 4 are indicated. The
small grey arrows indicate the approximate levels of specific horizons influencing segmentation and discussed in the manuscript.

The second geological control considered is referred to as the me-
chanical heterogeneity (Table 1, M.H.), representing the degree of me-
chanical contrast within the faulted sequence at the scale of fault
mapping. Mechanical heterogeneity is known to be a key controlling
factor on the growth and geometry of extensional faulting based on
studies of faults in two (e.g. Muraoka and Kamata, 1983; Peacock and
Sanderson, 1992; Childs et al., 1996a; Ferrill and Morris, 2003; Schopfer
et al., 2006; Roche et al., 2012; Ferrill et al., 2017) and three dimensions
(Mansfield and Cartwright, 1996; Nicol et al., 1996; Tvedt et al., 2013;
Wilson et al., 2013; Lapadat et al., 2017). Whilst objectively assessing this
control at the time of faulting can be challenging, we nevertheless expect
different degrees of mechanical heterogeneity among the studied areas
and this control is deemed important (i.e. M.H. assigned a value of 1 in
Table 1) for two of the studied areas. In the Molasse Basin, the faulted
Mesozoic section contains a thick (120 m) clay dominated unit, the
Opalinus Clay, over- and underlain by more competent limestone units,
that provides a strong mechanical heterogeneity (Roche et al., 2020). In
the Bonaparte Basin, two weaker stratigraphic units within the calcar-
enite/mudstone dominated sequence, at the Base Pliocene and the Base

Miocene, are identified from well logs as zones of decreased P-wave ve-
locity. The Base Pliocene in this area is an unconformity at which some
faults terminate but in our study we include only faults formed signifi-
cantly later than the unconformity which have the same displacements
above and below this unconformity. In the other datasets, the faulted
sequences consist mainly of alternations of mudstones, sandstones and
shales at shallow depth and we expect a more moderate to weak me-
chanical heterogeneity (i.e. M.H. assigned a value of 0 in Table 1).

The third aspect of the geological setting identified in Table 1 is
whether or not the faults are stratabound (Table 1, S.B.), referring to
faults that are confined to a particular sedimentary unit so that they
often have high fault surface aspect ratios (Nicol et al., 1996; Soliva
etal., 2005; Roche et al., 2013; Ghalayini et al., 2017). The faults studied
in the Porcupine Basin are post-rift, stratabound faults confined toac. 1
km thick sequence of Paleocene and Eocene strata. Some of the smallest
faults studied in the East African Rift (i.e. 5 faults) are also stratabound
and restricted to a vertical interval of c. 400 m; the remaining 18 larger
faults from that dataset are either blind faults or reach the sea-floor and
have variable down-dip dimensions.
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Fig. 7. (a) Plot of the number of relay zones against fault surface area. (b) Plot of the number of strike relay zones per kilometre of mapped fault trace versus the
maximum throw along the fault trace (Tmax). (c) Plot of the proportion of strike relay zones against the maximum throw. (d) Plot of the proportion of bifurcating

relay zones against the maximum throw. (a-d) Legend as in (b).

Quantitative expressions of the degree of inheritance, based for
example on the obliquity between newly-formed faults and the reac-
tivated faults (Corti, 2008; Clifton et al., 2000; Worthington and Walsh,
2017), and of the mechanical heterogeneity (Ferrill et al., 2017; Roche
et al., 2020) are possible but these are beyond the scope of this paper
which aims to assess first-order controls on fault growth by examining
end-member cases and general trends. In Table 1 we identify the areas
where these controls are clear but we recognise that the same controls
may exist in the other areas and have a more subtle impact or may be
subject to other controls not considered here. The controls identified for
the faults taken from the literature are derived from the relevant pub-
lications and given in Table 1. Selected relevant information on the
geological settings of these faults are provided, where appropriate, in
the results section.

4. Mapping and sampling effects from seismic data

Here we discuss the biases in comparing fault geometries that may
arise from fault mapping from different areas, using data of various
qualities, and from comparing faults with different size and shape.
Despite these biases, there are trends in our data and correlations with
geological settings, which become apparent when individual datasets
are compared, as discussed in Sections 5 and 6.

10

4.1. Resolution effects on categorisation of individual relay zones

3D seismic reflection data are the best source of 3D maps of fault
surfaces, however there are clear limitations on what can be imaged. The
lower limit of seismically resolvable fault throws means that the tip
regions of faults are not imaged so that fault surfaces extend further than
they can be mapped seismically (Badley et al., 1990; Watterson et al.,
1996; Rotevatn and Fossen, 2011). While this means that the overlap
areas on relay zones are larger than those mapped here, this will not
affect the mapped form of the relay zones and is very unlikely to cause a
dip relay zone to be mapped as a strike relay zone. We do not therefore
consider that limitations of throw resolution will impact on our
geometrical classification of resolvable relay zones.

A more significant effect for the purposes of this study is the lateral
resolution of the data. To discuss imaging of relay zones we define the
lateral resolution as the distance between two fault surfaces below
which they appear as a single fault on a seismic line. Relay zones with
separations that are lower than this limit will not be identified and are
not of concern here. However, we cannot rule out the possibility that
relay zones below the limit of resolution are systematically different to
those that are imaged, and observations must be recognised as applying
only to the scale at which they are made.

Of more concern is the possibility that cylindrical relay zones, in
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Fig. 8. (a) Plot of the separation versus throw across the relay zones for different datasets. Two lines of constant throw to separation ratio (T/S) are shown. (b)
Examples of sections through relay zones at high (i and iii) and low (ii and iv) throw to separation ratios. The corresponding relay zones are indicated in (a). Each

section is presented with an approximately 1:1 vertical to horizontal scale.

which the separation between the bounding faults varies and is locally
lower than the lateral resolution, may appear to have a bifurcating form.
Therefore, we may expect that resolution limits may bias our classifi-
cation of relay zones in favour of bifurcating geometries. Lateral reso-
lution is unlikely to cause a dip relay zone to be mistaken for a strike
relay zone or vice versa.

A third source of bias is the large degree of subjectivity in inter-
preting dip relay zones as opposed to strike relay zones from 3D seismic
volumes. The interpretation of dip relay zones and particularly those
that are breached can be highly subjective particularly when the sepa-
rations are low and/or there is little overlap between the fault segments.
This is primarily because dip relay zones are generally in the plane of
bedding so that horizon slices or horizon maps do not provide a second
interpretable cut through the relay zones and the interpretation is based
on vertical profiles only. In the case of strike relay zones, seismic profiles
and horizon slices provide a better basis for identifying and objectively
mapping them. This effect is likely to introduce a bias towards the
recognition of strike over dip relay zones.

4.2. Scale and data resolution effects on fault surface parameterisation

We do not expect that seismic resolution will significantly impact the
assignment of individual relay zones to a particular category, but there
are potential sources of bias in deriving the relative proportions of these
categories on individual faults, particularly as our sampling covers a
range of different fault sizes (Fig. 5). Large faults, with large surface
areas, would be expected to have greater numbers of relay zones than
small faults but this is not the case for the database as a whole (Fig. 7a).
This counterintuitive result arises from a systematic decrease in the
measured frequency of relay zones as the throw on the fault surface
increases (Fig. 7b) to give an effective decrease in lateral resolution for
larger faults. For the studied data, when the summed throw on two relay
bounding faults as seen on a seismic line is equal to the fault separation,
two faults are rarely resolved, even for the highest quality 3D seismic
datasets. This observation is reflected in Fig. 8 by the lower boundary of
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the data defined by a throw to separation ratio of 1. We note that this
limiting ratio is for the separation measured in the centre of the relay
zones in 3D (i.e. at the relay axis, see Camanni et al., 2019 for further
details). Smaller separations can be observed on individual seismic lines
and higher ratios are expected in this case. This observation is consid-
ered to be due to increased distortion of the seismic signal associated
with larger offset faults and to increased strain within relay zones at
higher throws leading to increased difficulty in imaging. Therefore, as
fault surface area and fault throw increase, the minimum separation at
which relay zones can be recognised also increases so that the number of
resolved relay zones does not increase with fault surface area. While this
trend is key for understanding sampling effects on relay zone mapping
from seismic data, it does not necessarily impact on either the propor-
tion of strike relay zones or their orientations, which are the two aspects
of most concern in this paper (Fig. 7 ¢ and d).

4.3. Fault aspect ratios

While the sizes of the faults do not impact on segment parameter-
isation, the proportion of strike versus dip relay zones may be dependent
on the shapes of fault surfaces, with higher mapped aspect ratio fault
surfaces promoting the sampling of strike relay zones (Fig. 9a). The
proportion of strike relay zones is larger both for larger faults that extend
below the lower edges of the seismic volume, so that they have artifi-
cially high mapped aspect ratios within the seismic volume (incomplete
faults in Fig. 9 a and b) and for stratabound fault surfaces (Fig. 9 a and
b). Non-stratabound "complete" faults do not show a relationship be-
tween the proportion of strike relay zones and aspect ratio, suggesting
that the trend observed for incomplete faults is due to data aliasing
rather than reflecting a real trend in non-stratabound faults.

A tendency to underestimate the numbers of cylindrical relay zones
could be expected as we do not include relay zones that extend outside
the mapped fault surface in our categorisation by relay zone form, and a
cylindrical relay, by definition, is longer than a bifurcating one at the
same position on the fault. However, Fig. 9c shows no relationship
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Fig. 9. Impacts of fault surface aspect ratio on the segmentation. Plots of (a) the
proportion of strike relay zones, (b) the maximum throw, and (c) the proportion
of bifurcating relays, vs. the fault surface aspect ratio. (a-c) Legend as in (a).
Data include newly-mapped faults and literature faults.

between the relative numbers of bifurcating versus cylindrical relay
zones as a function of aspect ratio, suggesting that incomplete sampling
has a negligible effect on the database.

5. The 3D geometries of segmented normal faults

Inspection of the selected faults illustrated in Figs. 1 and 6 provides a
visual impression of the broad range of fault surface geometries that
have been mapped previously and in this study. This selection includes
faults with the following attributes: (i) large central areas with no seg-
mentation and relay zones restricted to bifurcation at the outer bound-
aries of the fault surface (e.g. Fig. 6, F6 and F12) and particularly
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towards the contemporaneous free surface (e.g. Fig. 1, L2 and Fig. 6, F3),
(ii) multiple relay zones transecting the entire fault surface (e.g. Fig. 1,
L1 and Fig. 6, F1 and F2), (iii) multiple relay zones that are remote from
the fault tip (e.g. Fig. 6, F19) and (iv) "holes" in the centre of the fault
surface (e.g. Fig. 6, F18-20). Although this complexity and variability
could be described in many different ways, we consider that charac-
terisation in terms of relay zone form and orientation is an approach that
is both objective and readily applied to a wide range of geometries. Our
approach is to represent the geometry of fault surfaces by cross-plotting
the proportion of relay zones on the fault that are bifurcating as opposed
to cylindrical, against the proportion that are strike as opposed to dip
(Fig. 3). The plot for the newly-mapped and literature faults (Table 1) is
shown in Fig. 10, categorised further by dataset (colours) and number of
relay zones on the fault (circle size).

5.1. Fault segmentation data derived from the literature

This section provides an outline of the published fault surfaces that
have been parameterised as described previously and incorporated into
this study. Although relay zone form and orientation have not been used
explicitly in the literature, these papers have described and/or illus-
trated these geometrical attributes for particular faults and some have
related them to underlying geological controls.

Of the 24 faults taken from the literature, 13 lie at the corners of the
plotin Fig. 10 and six at the edges of the plot. The majority of individual
faults therefore contain either one or two relay zone types. While it is
likely that higher resolution data would allow identification of a more
varied range of relay zone types on these faults (see below), those
mapped are presumably the largest segments in the fault array and
reflect controls acting at the largest scales. Hence, these faults demon-
strate that, at the largest scale, the dominant relay zones on particular
faults may be all of one type giving rise to relatively simple geometries.
Two end-member geometries observed in the literature are faults that
contain only cylindrical strike relay zones (lower right-hand corner of
Fig. 10) and faults that contain only bifurcating strike relay zones (upper
right-hand corner of Fig. 10). These fault geometries are illustrated by
published examples from the Levant Basin (Fig. 1, L1) (Baudon and
Cartwright, 2008) and the Taranaki Basin (Fig. 1, L2) (Collanega et al.,
2019). It is worth noting that these two fault geometries are commonly
recognised or inferred in the broader literature. They have been inferred
for natural faults mapped in 2D (e.g. Segall and Pollard, 1980; Trudgill
and Cartwright, 1994; Soliva et al., 2006) and 3D seismic data (e.g.
Childs et al., 1995; Walsh et al., 1999; Baudon and Cartwright, 2008;
Collanega et al., 2019; Giba et al., 2012; Worthington and Walsh, 2017;
Marchal et al., 2003), generated in sandbox experiments (e.g. Acker-
mann et al., 2001) and numerical models (e.g. Schopfer et al., 2016) and
incorporated into a range of modelling exercises (e.g. Willemse, 1997;
Crider and Pollard, 1998; Soliva et al., 2008; Manzocchi et al., 2008;
Islam and Manzocchi, 2019; Oglesby, 2020).

The upper left-hand corner of the plot is occupied by faults con-
taining only bifurcating dip relay zones (Fig. 10). Fig. 1(L3) provides a
representative example of a fault from the Egersund Basin, Norwegian
North Sea (Tvedt et al., 2013). This fault is restricted to a thick cover
sequence of mudstone with upper and lower segments separated by two
bifurcating dip relay zones that are aligned horizontally in the organic
shale of the Tau Formation (Fig. 1, L3, level Sh). By contrast, accounts of
faults containing only cylindrical dip relay zones (lower left-hand corner
in Fig. 10) are sparse in the literature. The fault shown in Fig. 1(L4) is
from a polygonal fault system in the Bathurst Island Group regional seal,
Petrel Sub-basin, offshore NW Australia and is composed of three seg-
ments separated vertically by an unbreached relay zone and a breached
relay zone at greater depths (Seebeck et al., 2015). In this case, however,
the dip linkages are not related to the presence of incompetent layers in
the faulted sequence but rather result from initially unconnected faults
that formed in different tiers of the polygonal fault system that became
kinematically related (see also Laurent et al., 2012).
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Fig. 10. Proportion of bifurcating relays vs. proportion of strike relays for 61 newly mapped normal fault zones in 8 different datasets and 24 normal fault zones from
the literature. Faults L1-L8 and F1-F20 are illustrated in Figs. 1 and 6, respectively. The dashed squares in three of the four corners contain a number of faults that
should plot exactly in the corner but are shown in this way to make them visible.

Although many of the literature faults are simple and plot at the
corners of Fig. 10, some are more complex. A model of fault surface
geometry proposed in the literature is a patchwork of distinct segments
separated by a combination of cylindrical dip and strike relay zones
(Mansfield and Cartwright, 1996; Willemse and Pollard, 2000; Katten-
horn and Pollard, 2001; Peacock, 2002); such faults would plot on the
lower horizontal axis in Fig. 10. This pattern has been observed from
detailed mapping. For example, Jackson and Rotevatn (2013) (Fig. 10,
point (d)) described a fault zone from the Suez Rift that is composed of
four, amalgamated fault segments that offsets a pre-rift crystalline
basement below a salt-bearing interval of Late Miocene and six fault
segments in the Pliocene cover strata above the salt. The supra- and sub-
salt segments are interpreted as soft-linked by six cylindrical dip relay
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zones and interact laterally through eight breached and unbreached
cylindrical strike relay zones, which are all but one right-stepping. Very
similar geometries from the Enderby Terrace, NW Australia are
described in Deng and McClay (2019) (Fig. 10, point (m)) and Deng et al.
(2020) (Figs. 1 and 10, L5). In this case, a series of cylindrical dip relay
zones at a mechanically incompetent Lower Triassic Locker Shale
(Fig. 1, L5, level Sh) separate a reactivated pre-existing fault below the
shale, from en-echelon segments separated by cylindrical strike relay
zones within the more competent Triassic units above.

A similar, but rather more complicated fault has recently been
described from the Inner Moray Firth Basin, offshore Scotland (Lapadat
et al., 2017) (Fig. 1, L6). Like the fault zones from the Suez Rift and the
Enderby Terrace, this fault zone contains cylindrical dip relay zones that
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are associated with a mechanically incompetent Lower-Middle Jurassic
pre-rift interval and several fault segments separated by cylindrical
strike relay zones above the dip relay zones. Additionally, the fault also
contains a series of bifurcating strike relay zones that tend to be rooted
vertically in the incompetent interval (Fig. 1, L6, level Cl), resulting in a
fault which plots towards the centre of Fig. 10. Other complex
segmented faults have also been previously described from analogue
models and outcrop data. Fig. 1(L7) shows an example from an analogue
model by Vasquez et al. (2018) (Fig. 10, L7), with cylindrical dip and
strike relay zones that are associated with ductile silicone layers with a
similar fault zone configuration to those described above, but also with
bifurcating dip relay zones that are aligned in the incompetent layers
(Fig. 1, L7, level Si). Finally, Fig. 1(L8) shows a fault zone mapped in
three dimensions using successive mapping of mine faces in an opencast
lignite mine in Greece by Delogkos et al. (2020) (Fig. 10, L8). The fault
contains four strike relay zones and four dip relay zones that have either
a cylindrical or bifurcating form and, in a similar manner to the previous
examples described, the influence of a thick mechanically weak unit (in
this case a lignite unit) is believed to control the location of the 3D
segmentation (Fig. 1, L8, level Li).

5.2. Fault segmentation data derived from newly-mapped faults

A wide diversity of fault surface geometries is recognised among the

(a)

No control

(b) Underlying structural inheritance
but no mechanical heterogeneity
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newly-mapped fault zones that occupy most of the area of the plot in
Fig. 10. We identify several faults with relatively simple geometries that
plot at the corners of the plot in Fig. 10. Among these, faults with
exclusively cylindrical strike relay zones or bifurcating strike relay zones
are relatively common (i.e. lower and upper right-hand corners in
Fig. 10), whereas faults that contain only bifurcating dip relay zones (i.e.
that plot at the upper left-hand corner in Fig. 10), are less well repre-
sented and faults containing only cylindrical dip relay zones were not
identified (i.e. lower left-hand corner in Fig. 10). Usually, however, the
mapped faults display more complex geometries with different pro-
portions of relay forms and orientations and hence do not plot on the
edges or corners of Fig. 10. The rationale for this variability in fault
geometry is discussed in detail in later sections.

5.3. Fault segmentation — general trends

A number of conclusions can be drawn from the distribution of the
datapoints representing all the investigated faults, both newly-mapped
and from the literature (Fig. 10). Data plot in virtually all areas of the
plot so that all of the various geometries illustrated in Fig. 3 can be found
in nature. The data are not evenly distributed over the plot but there are
clusters at the corners and towards the centre of the plot. The datapoints
located at the corners of the plot are usually, but not exclusively, derived
from faults where few relay zones have been mapped and we interpret

(c) Mechanical heterogeneity
but no underlying structural inheritance
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Fig. 11. Proportion of bifurcating relays vs. proportion of strike relays for the 8 different datasets and the literature examples showing the geological controls. (a)
Faults in black show an absence of strong geological controls. (b-e) Faults in black show influence of an underlying structural inheritance (b), of mechanical het-
erogeneity (c), a combined effect of mechanical heterogeneity and underlying structural inheritance (d), or are stratabound (e). The plotted circles for individual
faults are scaled as a function of the number of relay zones. Empty and full circles represent complete and incomplete faults.
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their locations on the plot as an artefact of small sample sizes. When the
number of relay zones that can be mapped is greater than 8 to 10, the
datapoints do not lie on the plot axes leading to the key conclusion that,
when sufficient resolution is available, faults comprise segments that are
separated by bifurcating and cylindrical relay zones in both strike and
dip orientations.

Faults with greater numbers of mapped relay zones tend to lie in the
upper half of Fig. 10 so that, in general, individual faults have a pre-
dominance of bifurcating over cylindrical relay zones. There is no
similar trend in terms of the frequency of strike as opposed to dip relay
zones and all ratios between these are equally well represented. Faults
from a single area also show a wide variety of three-dimensional ge-
ometry as illustrated by the largest dataset, i.e. the East African Rift, in
which the 23 faults occupy most of the plot area. This particular dataset
can be subdivided into different subsets that plot in different parts of
Fig. 10 for reasons of different geological setting discussed below. While
the data in Fig. 10 are distributed widely over the plot, there are some
trends that reflect underlying controls on fault surface geometry. In the
following sections we examine in detail aspects of the data in Fig. 10 and
individual faults, in an attempt to provide a generalised description of
the controlling factors on the segmentation characteristics of normal
faults.

6. Geological controls on 3D fault surface geometry

The previous section described and charted the wide variety of 3D
fault surface geometries that have been described in the literature and
identified in this study (Fig. 10). While some aspects of the data distri-
bution reflect data limitations (see Section 4), a significant component of
variability is attributed to underlying geological controls on the form
and orientation of relay zones, which will be described in this section. In
common with many previous studies, we consider the two most signif-
icant controls to be the mechanical heterogeneity of the faulted
sequence and the influence of pre-existing structure (e.g. Giba et al.,
2012; Jackson and Rotevatn, 2013; Morley, 2017; Lapadat et al., 2017;
Worthington and Walsh, 2017; Collanega et al., 2019; Deng and McClay,
2019). The approach taken is to examine sub-sets of the data in which
different combinations of controls are expected to be important
(Fig. 11). These controls are categorised on a fault-by-fault basis
(Table 1) using the criteria described in Section 3.2.

6.1. Fault geometry under homogeneous conditions

For many of our datasets there is no reason to expect that there was
either a strong mechanical heterogeneity of the faulted sequence at the
scale at which the faults are mapped, or clear evidence for an inherited
structural control on segmentation; these faults are highlighted in
Fig. 11a. While we treat these faults as having formed in a broadly ho-
mogeneous sequence under a uniform stress field, we recognise that
there may be sub-resolution mechanical heterogeneities or other
unrecognised controls on fault geometry. Despite these caveats, it is
useful to examine the distribution of these data in relation to those
where strong controls are evident.

The datapoints for faults with no apparent control, particularly with
a larger number of relay zones, tend to lie towards the centre of the
cross-plot with a tendency towards higher proportions of bifurcating
relay zones (Fig. 11a). The proportion of strike relay zones covers the
full range of possible values but the faults with the highest numbers of
relay zones are concentrated in the upper central part of the graph and
those with fewer mapped relay zones lie at the boundaries of the graph.
Some faults mapped in the East African Rift dataset occupy the space in
the upper left corner of Fig. 10 with large proportions of dip relay zones
(e.g. Figs. 6 and 11a, F5, F7 and F17). These faults have low aspect ratios
and a near-circular shape, circumstances that promote the occurrence of
dip relay zones as described in Section 4.3. We conclude that, in the
absence of strong geological controls on faulting, faults display a wide
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range of segmentation patterns and all combinations of form and
orientation is the norm.

6.2. Influence of underlying structure

Faults formed under the influence of underlying structures in rela-
tively homogeneous cover sequences lie in the upper right area of
Figs. 10 and 11b, i.e. they display high proportions of strike and bifur-
cating relay zones. These relay zones are associated with vertical
twisting of the fault surface above the reactivated structure, often
resulting from a component of oblique extension. For example, Neogene
reactivation of pre-existing Cretaceous normal faults in the Taranaki
Basin is accompanied by upward clockwise twisting of fault segments
with the formation of numerous left-stepping bifurcating relay zones (e.
g. Figs. 6 and 11b, F11 or Figs. 1 and 11b, L2) (Collanega et al., 2019;
Giba et al., 2012). Worthington and Walsh (2017) describe similar right-
stepping segment geometries arising from oblique Eocene reactivation,
with a c. 5° obliquity from pure orthogonal, of pre-existing Jurassic
faults in the Porcupine Basin (e.g. Fig. 11b, point (h)). For these ex-
amples the points at which the fault surface bifurcates into two relay-
bounding segments are at a similar level on the parent fault surface, a
level that is not necessarily directly at the top of the pre-existing struc-
ture (e.g. level h in Fig. 1, L2 and Fig. 6, F11).

Although we focus in this paper on the control of pre-existing
structure, we consider this to be a subset of cases in which extension
direction is oblique to the overall trend of a fault. For example, Freitag
et al. (2017) describe a situation in which a temporal change in exten-
sion direction caused the formation of a fault surface comprised of
bifurcating and right-stepping strike relay zones, and that plots at the
upper right-hand corner of Fig. 10 (Fig. 11b, point (i)). Mandl (1987)
described how similar geometries arise when faults propagate through a
heterogeneous stress field. Arrays of en-echelon faults may also form
where mechanical layering is inclined, rather than perpendicular to, the
propagation direction of fault surfaces (Mandl, 2005; Schopfer et al.,
2007). The impact of these processes is generally more apparent at the
upper tip-lines of faults but may occur anywhere around the fault tip-
line. For example, the upper tip-line of fault F6 from the Barents Sea
dataset shows three right-stepping bifurcating relay zones but the lower
part of the fault is also segmented with five left-stepping bifurcating
strike relay zones. Similarly, the fault F10 from the African Atlantic
Margin shows five left-stepping bifurcating strike relay zones on the
upper tip and two at the lower tip (Figs. 6 and 11a).

6.3. Influence of mechanical heterogeneity

Vertical segmentation and the formation of dip relay zones is often
related to strong mechanical heterogeneity (Peacock and Xing, 1994;
Childs et al., 1996a; Rykkelid and Fossen, 2002; Koledoye et al., 2003;
Walsh et al., 2003; Schopfer et al., 2006; Ferrill et al., 2017). This is
reflected in the generally low proportions of strike relay zones for faults
in the presence of strong mechanical heterogeneity as is evident for the
faults mapped in the Bonaparte Basin (e.g. Fig. 11c, F18 and F19). Here
two relatively weak stratigraphic levels are identified within the faulted
sequence, at the Base Pliocene and Base Miocene. Although there is
evidence of fault reactivation in this area, three of the faults mapped are
not considered to have been influenced by underlying structures and are
readily distinguished from nearby faults that form above earlier Meso-
zoic faults (Sagab and Bourget, 2015). Two examples are illustrated in
Fig. 6 (F18 and F19) and both faults show numerous dip relay zones that
are aligned along the Base Pliocene (Fig. 6, level B-P) and to a lesser
extent the Base Miocene incompetent layer (Fig. 6, level B-M).

An apparent exception to the increase in dip segmentation due to
mechanical heterogeneity from the literature is the data we have derived
from Lapadat et al. (2017), where, for one of their faults, we have
measured only strike relay zones (Fig. 11c, point (g)). However, in that
paper the authors emphasise the significance of layering in promoting
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vertical segmentation. The reason for this apparent contradiction is that
the dip relay zones on these faults are now observed as layer parallel
bends in the faults which we have not measured as dip relay zones.
Therefore, the datapoints derived from Lapadat et al. (2017) could
indicate a much lower proportion of strike relay zones than is repre-
sented in Fig. 11c (L6 and point (g)). Delogkos et al. (2020) describe a
similar fault in which a long, initially underlapping dip relay is only
identifiable as a lower-dip strike-parallel panel on the fault surface
(Fig. 11c, L8).

The presence of mechanical heterogeneity may not only result in
greater numbers of dip relay zones but may also limit the vertical extent
of strike relay zones. For example, the left-hand side of F18 in Fig. 6 is
divided into two portions, above and below the Base Pliocene horizon,
that are separated by dip relay zones centred on this horizon. A series of
strike relay zones separate the segments above and below but these relay
zones terminate at the Base Pliocene and are not aligned across it.
Similar patchworks of segments have been described in the Gulf of
Mexico (Mansfield and Cartwright, 1996) and in the Wessex Basin, UK
(Kattenhorn and Pollard, 2001) with dip segmentation at the level of
relatively incompetent formations and unaligned strike segments above
and below. Similar patterns of vertically restricted strike relay zones
have been produced in analogue models of extensional faulting in the
presence of weak layers (Fig. 1, L7, levels Si and Figs. 10 and 11d, L7)
(Vasquez et al., 2018).

There may also be a tendency for the locations of bifurcation points,
where single fault surfaces split into two segments in bifurcating strike
relay zones, to be controlled by mechanical heterogeneity of the
sequence. For example, bifurcation points in F18 in the Bonaparte Basin
(Fig. 6) are preferentially located at the Base Pliocene horizon. There are
also many more examples of fault bifurcation occurring within a
restricted depth range on individual faults which we suspect are defined
by a marked mechanical heterogeneity (e.g. Fig. 6, level h in F10 and
F12) but for which we do not yet have corroborating evidence.

Our analysis of faults in sequences with strong mechanical contrasts,
such as those within the Bonaparte Basin, show the full spectrum of
impacts of sequence control on segmentation and on the elevations of
fault tips. This spectrum of structure can also be recognised in a fault
from the Inner Moray Firth Basin, offshore Scotland described by
Lapadat et al. (2017) (Figs. 1, 10 and 11c¢, L6) where a mechanically less
competent unit within the Lower-Middle Jurassic pre-rift interval
(Fig. 1, L6, level C) is potentially associated with (i) alignment of dip
relay zones, (ii) cylindrical strike relay zones above the cylindrical dip
relay zones and (iii) bifurcating strike relay zones rooted vertically in the
same interval as the cylindrical dip relay zones.

6.4. Combined influences of mechanical heterogeneity and underlying
structures

The fault studied in the Molasse Basin presents a moderate propor-
tion of strike relay zones despite the strong mechanical heterogeneity in
this dataset, and a low proportion of bifurcating relay zones despite the
influence of an underlying structure (Fig. 10). This fault, illustrated in
Fig. 6 as F20, shows a characteristic alignment of dip relay zones in the
weak Opalinus Clay Formation (Fig. 6, level Opa), whereas above the
clay the fault comprises left-stepping en-echelon segments bounded
laterally by cylindrical relay zones. The vertical twist that occurs in a
homogeneous sequence in response to the reactivation of a misoriented
underlying structure, is interrupted here by the incompetent layer that
decouples the lower portion of the fault that is directly connected to the
pre-existing fault from its upper portion. The bifurcating relay zones
found in the absence of a weak unit are replaced by cylindrical relay
zones that are vertically restricted. Moderate proportions of strike relay
zones are maintained as the increased proportion of strike relay zones
due to reactivation is balanced by an increased number of dip relay
zones due to the presence of the weak layer.

We propose that the pattern of segmentation observed in the fault
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from the Molasse Basin is the typical signature of the influence of pre-
existing structures combined with a strong mechanical heterogeneity
that creates favourable conditions for segments that are bounded both
laterally and vertically by cylindrical relay zones. The sub-set of faults
subject to both controls is shown in Fig. 11d. Previous studies by Jackson
and Rotevatn (2013), Deng and McClay (2019) and Deng et al. (2020)
display a similar structure (Figs. 1, 10 and 11d, points (d), (m) and L5),
in which there is an alignment of cylindrical dip relay zones along either
a salt bearing or a thick shale dominated formation (Fig. 1, L5, level Sh)
with en-echelon fault segments above.

6.5. Stratabound fault systems

Examples of stratabound faults have been mapped in two areas: the
East African Rift and the Porcupine Basin. These faults lie on the right-
hand side of Fig. 10 with high proportions of strike relay zones due to
their limited dip dimensions and large aspect ratio that precludes the
occurrence or the sampling of dip relay zones (Fig. 11e). In the East
African Rift, stratabound faults have only cylindrical strike relay zones,
whereas in the Porcupine Basin bifurcating relay zones dominate. Other
potential examples not integrated in the database include sub- and
supra-evaporite faults studied by Wilson et al. (2013) in the Halten
Terrace on the mid-Norwegian continental margin, or segmentation
observed on polygonal faults system by Ghalayini et al. (2017) in the
Levant Basin.

6.6. Model linking fault geometry and geological controls

The discussions above and sub-samples of the dataset show that the
3D geometries of fault surfaces are dependent primarily on the hetero-
geneity of the faulted sequence and whether or not the fault segments
are misoriented relative to the overall fault trend. To summarise sche-
matically the general relationships identified in the previous sections,
Fig. 12 shows the spectrum of fault surface geometries encountered and
places them in a matrix defined by variation in these two controlling
parameters. The figure illustrates how, in the absence of any strong
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Fig. 12. Model linking segmented fault geometry to the presence/absence of an
underlying structural control for a range of sequence heterogeneities, see text
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controls, all combinations of form and orientation are encountered
(Fig. 11a). Increased impact of mechanical layering promotes the for-
mation of dip relay zones (Fig. 11c), and in particular bifurcating dip
relay zones centred on weaker units. As mechanical heterogeneity be-
comes more pronounced faults may comprise segments that are decou-
pled across weaker layers so that bifurcating relay zones are replaced
with cylindrical relay zones to form a “patchwork” of initially uncon-
nected fault segments. At the upper limit of this figure, we suggest that
stratabound faults are end-member cases of layering control in which
faults are contained within a single unit that limits their vertical extent
giving rise to high fault aspect ratios and promoting the development of
strike relay zones (Fig. 11e).

The two vertical columns in Fig. 12 illustrate the range of fault
structure with and without the influence of an extension direction that is
oblique to the overall structure. Of the many ways in which segment
obliquity can arise, the figure illustrates the case of extension oblique to
an underlying structure. The key difference with the introduction of the
pre-existing structure is that the sense of stepping of the faults is
consistent and the formation of strike relay zones is promoted (Fig. 11b).
In the absence of mechanical heterogeneity these strike relay zones have
a bifurcating form but become more frequently cylindrical when me-
chanical heterogeneity is introduced.

Segments that are misaligned relative to the overall fault trend are
shown in Fig. 12 to arise from the presence of a pre-existing structure.
However, other ways in which this geometrical relationship can develop
have been previously identified. Spatial variations in the orientation of
the principal stresses can cause bifurcation of a propagating fault surface
and a systematic twisting of the fault segments (Mandl, 1987). To
illustrate this case Fig. 12 could be modified to replace the line repre-
senting the pre-existing structure with a lower tip-line with segmenta-
tion characteristics reflecting a downward rotation of the stress field.
Spatial variations in stress orientation are to be expected and dramatic
vertical changes in stress orientations have been observed across salt
layers (Roth and Fleckenstein, 2001; Tingay et al., 2011; Haghi et al.,
2013).Temporal changes in stress orientation may also give rise to sys-
tematic stepping directions and Freitag et al. (2017) have described an
example of segmentation formed in this manner.

7. Discussion
7.1. Effect of resolution on the characterisation of fault geometry

Normal faults are segmented over the full range of observable scales
(Walsh and Watterson, 1990; Trudgill and Cartwright, 1994; Peacock
and Sanderson, 1994; Willemse, 1997; Willemse and Pollard, 2000;
Peacock, 2003; Long and Imber, 2011; Delogkos et al., 2020). In this
study we have mapped relay zones with separations down to 20 m with
the knowledge that there are scales of segmentation smaller than those
we observe. To examine whether the nature of segmentation on these
faults varies with the size of the relay zones, Fig. 13 shows changes in the
average proportions of relay zone form and orientation for the faults
within each of the 8 mapped datasets, as the lateral resolution is artifi-
cially degraded by excluding relay zones below a particular separation
(indicated by datapoint labels in Fig. 13). With decreasing resolution
and decreasing numbers of relay zones, datapoints representing each
area, with the exception of the Bonaparte Basin, drift from the centre of
the plot towards the margins. For most study areas the point moves
downwards and to the right with decreasing lateral resolution, reflecting
the fact that the largest relay zones in these datasets tend to be strike and
cylindrical. Faults observed at low resolution therefore have a tendency
to exhibit an apparent high proportion of strike relay zones, and faults
observed at very low resolution may have an apparent high proportion
of cylindrical strike relay zones (lower right-hand corner in Fig. 3).
Therefore, while faults with only strike relay zones are frequently
mapped from seismic data, it should be borne in mind that other unre-
solved relay forms are likely to be present.

17

Earth-Science Reviews 216 (2021) 103523

1
2 08
©
et
b 320
.C
R 06 12 N\ 9640
g 20
= 100 b 160
el
-..6 80
- 04 East African Rift
~8 @ African Atlantic Margin
IS} @ Bonaparte Basin
8‘ @ Barents Sea e,
S . .
a 0.2 1 @ Porcupine Basin 30
Molasse Basin
@ Taranaki Basin
South China Sea
0
0 0.2 0.4 0.6 0.8 1

Proportion of strike relays

Fig. 13. Change in observed fault segmentation when all the relay zones with a
size below a certain value are removed, which is equivalent to degrading the
lateral resolution. Fault segmentation is calculated for decreasing lateral reso-
lutions of 10, 20, 40, 80, 160, 320 and 640 m, as indicated by the numbering.
For simplification, we use the data related to each entire dataset, rather than
the individual faults.

It is tautological to say that more variability in fault surface structure
occurs as more relay zones are mapped. Nevertheless, it is important to
recognise that given a sufficient number of relay zones, all geometries of
relay zone are likely to occur on all faults. It may be possible to distin-
guish different areas in terms of the frequency of segmentation and the
dominant form or orientation of relay zones but there is no reason to
expect that any particular setting has exclusively one type of relay zone.
It is also worth noting that the mapping conducted here is at a single
scale of observation and the individual mapped fault segments will
themselves be segmented on smaller scales. Extrapolation of the trends
in Fig. 13 to fault separations lower than those achieved in seismic im-
aging suggests that higher proportions of bifurcating and dip relay zones
are likely to occur below the limit of seismic resolution.

7.2. Relating fault structure to geological controls

The assignment of particular geological parameters to a particular
area can be subject to significant uncertainty. One of the most compel-
ling lines of evidence for the conditions at the time of faulting is the
geometry of the faults themselves. Faults that step across layering and
the preferential location of fault segments in specific layers can be
suggestive of mechanical heterogeneity (Childs et al., 1996b; Wilkins
and Gross, 2002; Ferrill et al., 2017) and could be used as the basis for
defining the relative competence of adjacent units. Similarly, en-echelon
segments with a consistent sense of stepping can be taken as evidence for
a structural inheritance control on fault initiation and propagation
(Clifton et al., 2000; Ferrill et al., 2016). To objectively determine
controls on 3D fault zone structure these criteria are not appropriate.
Instead, to identify those cases where we consider there is a clear con-
trol, we rely on additional information on the mechanical stratigraphy,
for example from direct measurement of rock properties, or evidence for
the presence of pre-existing faults from mapping (see Section 3.2). There
are however many situations in which fault geometry is suggestive of a
systematic control but there is no additional information to support
assignment of a particular controlling parameter. For example, fault F12
from the African Atlantic Margin dataset, has a number of bifurcation
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points and two dip relay zones about halfway up the mapped fault
surface (level h in Fig. 6) which may suggest some sequence control on
fault geometry but we do not have any evidence from the character of
the sequence to make this assignment. The point representing fault F12
in Fig. 10, together with another fault from the same dataset, lies to-
wards the left-hand side of the plot with relatively lower proportions of
strike relay zones and is adjacent to other points where a sequence
control is clear. It may well be that there is a subtle variation in the
sequence in the African Atlantic Margin dataset which impacts on fault
propagation that is not recognised. Therefore, the group of faults iden-
tified as having no control (Fig. 11a) may incorporate faults where
layering or structural inheritance controls are present but unidentified.
While the data in Fig. 10 show systematic trends, albeit with large
variability, it may well be that these trends would be much clearer if it
was possible to identify more subtle effects.

The geometries mapped from seismic reflection data are at a
particular scale and the controls attributed to them must act at that scale
to be recognised. The geological controls we have highlighted may
operate, or be absent, at scales both larger and smaller than those
examined. For example, strong competence contrasts within a thinly
bedded sequence (< 1 m) will not be reflected in the geometry of seis-
mically imaged fault surfaces and the en-echelon arrangement of fault
segments arising from pre-existing structural control may occur only at
one scale and segmentation at smaller scales may not show the same
consistency in stepping direction or increased proportion of strike relay
zones. Despite the difficulties in objectively defining the controls oper-
ating on the geometry of fault surface, the scales at which they operate
and the sampling biases as described in Section 4, our analysis of data
from a range of settings has illustrated the wide range of fault surface
geometry that occurs and has recognised systematic variations attrib-
utable to the properties of the faulted sequence and the influence of pre-
existing structure.

7.3. Fault propagation

There are few geological constraints on the manner of fault surface
propagation in 3D. One constraint that may be relevant is the 3D fault
geometry insofar as cylindrical and bifurcating relay zones could be
indicative of different modes of fault propagation. For example, it might
be suggested that faults that are unconnected in 3D demonstrate fault
surface growth by coalescence of initially isolated faults or that bifur-
cating geometries result from a single fault splitting into two lobes as it
propagated, but alternative explanations have been proposed (Marchal
et al., 2003; Conneally et al., 2014; Freitag et al., 2017). Here we have
shown that, where sufficient data are available, individual faults
comprise both forms of relay zone and individual faults contain seg-
ments that would have been initially unconnected and those with
bifurcating geometries. The relative proportions of these two forms of
relay zone vary according to geological setting leading to the conclusion
that, although they have different geometries they do not represent
fundamentally different modes of fault formation. Instead, the two relay
forms are expressions of fault surface propagation, the details of which
depend on geological controls that include the mechanical properties of
the sequence and the presence of pre-existing structure or other causes
of obliquity between the overall fault orientation and the orientation of
the fault segments. We conclude that both fault bifurcation and stepping
to form new unconnected segments are general modes of segmentation
during fault propagation that vary according to geological setting and
also potentially with scale.

8. Conclusions

Analysis of high-quality datasets highlights the broad variety of fault
zone structure in three-dimensions. Faults exhibit a variety of geome-
tries including individual fault surfaces bifurcating towards their tip-
line, faults initially comprising a patchwork of unconnected fault
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segments, and, most commonly, a complex combination of both these
geometries. This fault zone complexity is accommodated by bifurcating
and cylindrical relay zones developed in both strike and dip orienta-
tions. This variety has been examined in a compilation of faults from the
literature and from newly-mapped seismic data, and attributed to the
influence of geological controls, the impacts of resolution limit and
biases on fault mapping from seismic data. When faults can be mapped
in detail it appears that they contain a variety of relay zone types, but as
data degrades and resolution decreases, strike and cylindrical relay
zones appear to predominate. Pronounced mechanical layering pro-
motes the formation of segmentation in the dip direction, with dip relay
zones centred on weaker units, and may give rise to unconnected seg-
ments. For faults overlying a pre-existing structure, strike relay zones
with a consistent sense of stepping are promoted. In the absence of
mechanical heterogeneity these strike relay zones have a bifurcating
form, but are more frequently cylindrical when mechanical heteroge-
neity is present. These geological controls define the dominant form or
orientation of relay zones within a particular area but there is no reason
to expect that any particular setting has exclusively one type of relay
zone. Given a sufficient number of mapped relay zones, a wide variety of
relay zone geometries are present, especially when no strong geological
controls are apparent, and models of fault propagation should
acknowledge that propagating faults can comprise segments that are
both bifurcating and unconnected in three dimensions.
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