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The overlap and separation distances of relay zones follow a power-law scaling relationship over nearly 8
orders of magnitude. Approximately one order of magnitude scatter in both separation and overlap exists
at all scales. The strong power-law relationship (R2 ¼ 0.98) suggests that the primary control on relay
aspect ratio (overlap/separation) is a scale-invariant process, such as the stress interaction between the
overlapping fault tips as suggested by previous authors. Within the compiled global dataset host rock
lithology does not appear to be a first-order control. Much of the observed scatter can be attributed to the
spread of measurements recorded from individual relay zones, which relates to the evolving three-
dimensional geometry of the relay zone as displacements on the bounding faults increase. Relay
ramps exposed at two localities where the faults cut layered sedimentary sequences display mean aspect
ratios of 8.20 and 8.64 respectively, more than twice the global mean (4.2). Such high aspect ratios can be
attributed to the relay-bounding faults having initially been confined within competent layers, facili-
tating the development of large overlap lengths. The presence of pre-existing structures (veins) at fault
tips may also enhance fault propagation, giving rise to increased overlap lengths.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Fault arrays comprise multiple fault segments at all scales
(Peacock and Sanderson, 1991; Childs et al., 1995, 1996a; Willemse,
1997; Crider and Pollard, 1998; Peacock, 2002). As the fault array
grows these segments overlap to form relay zones (Fig. 1a), which
are dynamic structures that evolve with increased displacement
(Peacock and Sanderson, 1994; Childs et al., 1995; Walsh et al.,
1999). The linkage of fault segments at relay zones is a funda-
mental process bywhich faults grow (Cartwright et al., 1996;Walsh
et al., 2003). In map view, different stages in the evolution of relay
ramps have been recognised. Relay ramps initiate as open struc-
tures with a continuous relay ramp linking the footwall and
hanging wall (Fig. 1a) (Peacock and Sanderson, 1994). As displace-
ment on the bounding faults increases, the ramp continues to rotate
(i.e. to accommodate shear strains) and linking faults begin to grow.
Finally, a through going fault is formed producing a breached relay
ramp (Fig. 1b and c). It is inferred that different stages of relay ramp
evolution can coexist within a single relay zone (Peacock and
Sanderson, 1994; Long and Imber, in review).
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The geometry of a relay ramp is most commonly described in
terms of its aspect ratio, which is the ratio between the fault overlap
and separation, as measured in map view on a particular strati-
graphic horizon (Fig. 1) (Aydin and Schultz, 1990; Huggins et al.,
1995; Acocella et al., 2000; Soliva and Benedicto, 2004). Published
datasets of relay ramp aspect ratios show a power-law scaling
relationship between overlap and separation, with mean relay
aspect ratios ranging from4 to4.9 (Aydin andSchultz,1990;Huggins
et al., 1995; Acocella et al., 2000; Soliva and Benedicto, 2004). In
these global relay datasets, there is approximately one order of
magnitude scatter around the trend line at all scales. A proportion of
this scatter may arise from the different techniques used to define
andmeasure fault overlaps and separations in disparate outcrop and
seismic reflection datasets, each with different resolutions and at
different scales of observation. We describe an approach to reduce
the main sources of sampling-related error before presenting
a refined global dataset. This refined dataset comprises a consistent
set of overlap and separationmeasurements from relays observed in
three-dimensional (3D) seismic surveys, outcrops and selected
published sources. Any remaining scatter within the refined dataset
should primarily reflect geological processes, rather than measure-
ment errors or inconsistencies between disparate datasets. We use
this refined dataset to propose a simple mechanical model, which
explains the overall power-law relationship between fault overlap
and separation distances in relay zones. We then investigate the
geological causes of scatter within the refined global dataset. An
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Fig. 1. (a) A schematic depiction of a relay ramp in map view. Fault overlap is measured
between the two overlapping fault tips and separation is the perpendicular distance
between the two fault segments measured at the centre of the relay ramp. Relay aspect
ratio ¼ Overlap/Separation. (b) A linked relay ramp. Overlap length is measured
between the branch point and the fault tip. (c) A fully breached relay ramp. Overlap
length is measured between the two branch points. (d) In three-dimensions, faults
have a component of heave and the separation distance is thus the distance between
the fault polygon centrelines. (e) When a relay ramp is bounded by two laterally
continuous monoclines (Long and Imber, 2010), the separation distance is measured
between the points of maximum deflection on the limbs of each monocline. (f) Seismic
reflection datasets have limited resolution. Laterally continuous monoclines could
therefore result from different combinations of sub-seismic scale faults, each with
a different location to which separation should be measured (white circle; see text for
further explanation).

Fig. 2. A limestone bed exposed at Kilve, Somerset, UK, showing a “simple” relay ramp
that resembles the schematic depiction of a relay ramp in Fig. 1a. Fault tips for faults F1
and F2 are annotated T1 and T2, respectively. Veins are located along-strike of the fault
tips, annotated V1 and V2, respectively. (b) A schematic displacement-distance plot for
faults F1 and F2 (a). Fault tips are located at the point where the measureable
displacement on the fault decreases to zero.
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important difference between this and previous studies (e.g. Aydin
and Schultz, 1990; Acocella et al., 2000; Soliva and Benedicto,
2004) is that we focus on the role played by the 3D geometric vari-
ability of individual relay zones (e.g. Kristensen et al., 2008). We
conclude that processes attributed to relay zone growth and linkage,
and the influence of mechanical stratigraphy and pre-existing
heterogeneity are the main causes of scatter within the overall
power-law scaling relationship.

2. Criteria to identify and measure fault overlap and
separation

In the context of this paper, uncertainty occurs when multiple
interpretations can be drawn from the same data and a unique
interpretation cannot be ascertained. Errors in measurement are
those arising due to sampling-related inaccuracies or inconsis-
tencies. The main sources of error or inconsistency are related to
accurately locating the positions of the relay-bounding faults and
their lateral tips in disparate datasets (outcrops and 3D seismic
surveys). In the following section, we explain how methods
developed by Long and Imber (2010, in review), which permit
measurements of both the continuous and discontinuous compo-
nents of fault-related deformation (Walsh et al., 1996, 2003), can be
used to derive a consistent set of overlap and separation
measurements from relay zones observed in outcrop and 3D
seismic data.
2.1. Fault overlap

Overlap is defined as the distance between the tips of the relay-
bounding faults, measured parallel to the strike of the faults on
a given stratigraphic horizon (Fig. 1a). In linked (breached) relay
ramps, overlap is measured from the branch point to the fault tip
(Fig. 1b), or branch point to branch point (Fig. 1c). Measuring
overlap length thus depends on accurately locating fault tips and
branch points. Branch points are the intersections between two
faults. Displacements at branch points are non-zero. Therefore, in
datasets which have limited vertical and horizontal resolution, such
as 3D seismic surveys, the errors in locating fault tips are likely to be
greater than those for locating branch points (Long, 2011; Long and
Imber, in review). In suitable outcrops, fault tips can be observed
directly, whereas in seismic data there is an inherent resolution
limit below which discrete fault geometries cannot be imaged
(Steen et al., 1998; Townsend et al., 1998). Therefore, outcrop
observations are used to develop simple criteria for identifying the
location of fault tips. The same criteria are then used to identify the
tips of fault zones mapped using 3D seismic reflection datasets.

2.1.1. Criteria to locate fault tips at different scales of observation
2.1.1.1. Outcrop scale examples - Kilve. Two examples of fault tips
associated with a centimetre-scale relay zone from Kilve, UK, are
shown in Fig. 2. For details of the tectonic and sedimentary history
of Kilve, see Peacock and Sanderson (1991, 1992, 1994). The throws
on faults F1 and F2 decrease laterally and terminate within pre-
existing veins (Crider and Peacock, 2004). The magnitude of
continuous deformation (reverse drag or fault propagation folding)
around these faults is negligible, and the tips can be located with
a high degree of accuracy from (throw) displacement vs. distance
plots (Fig. 2b).

Fig. 3 shows the tip of a metre-scale fault zone from Kilve
(maximum displacement > 2.5 m). In map view (Fig. 3b), the fault
passes laterally into a monocline. The apparent dip map in Fig. 3b is
calculated along orientated transect lines oriented perpendicular to
the fault trace, as described by Long and Imber (2010) who applied
a similar technique to analyse two-way time structuremaps derived
from interpretations of three-dimensional seismic reflection data.



Fig. 3. (a) View towards the lateral termination of a monocline at Kilve. Foreground
shows annotated cross section of the fold. Middle-ground shows deflection of bedding
surface, which decreases away from the viewer, towards the west. Tape measure sits
on top of the limestone bed and is 5 cm high. (b) Apparent dip map of monocline
pictured in (a), derived from digital elevation data acquired by terrestrial laser scan-
ning. Monocline is region of steeper apparent dips outlined by a bold contour.
Apparent dips have been measured on transect lines oriented perpendicular to the axis
of the monocline. Transect line spacing is 5 cm(c) Vertical displacement (throw) vs.
distance plot along the axis of the monocline. Displacements have been calculated
from the apparent dips shown in (b), see Long and Imber (2010) for details.
Displacement decreases steadily towards the west. The west end of the monocline is
covered by sand. (d) A displacement-distance plot with fault throw recorded from the
field and displacements measured across the monocline (b and c). Despite the change
from fault to monocline, displacement decreases continuously towards the west.
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Bed rotationswithin themonocline are facilitated by shearing of the
surrounding shale layers and by development of wedge-shaped
veins within the limestone bed (Fig. 3a). The vertical deflection of
the limestone bed across themonocline can bemeasured byhand in
the field or, more effectively, by obtaining measurements from
terrestrial laser scans of the deformed bedding surface (Long, 2011;
Chapter 2). The total vertical displacement (throw) on the fault and
adjacent monocline decreases monotonically towards the west
(Fig. 3d), indicating that the fault andmonocline are part of a single,
coherent fault zone (sensuWalsh andWatterson,1991;Walsh et al.,
1996). In this case, the “true” tip of the fault zone is situated at the
lateral termination of the monocline, approximately 20 m west of
the point at which the fault scarp disappears (Fig. 3d). A similar
situation pertains to fault zones mapped in 3D seismic reflection
datasets, as described below.

2.1.1.2. Seismic scale example - Inner Moray Firth. Long and Imber
(2010; their Figs. 8 and 9) have shown that seismically-resolvable
normal faults that cut sub-horizontal sedimentary sequences pass
laterally into bands of continuous deformation (monoclinal folding
and/or sub-seismic scale faulting; Steen et al., 1998; White and
Crider, 2006). Added together, the continuous and discontinuous
deformation define a coherent fault array (Walsh et al., 1996; Long
and Imber, 2010). The location of the “true” fault tip is assumed to
be the point at which the total vertical displacement (fault
throw þ continuous deformation) reaches zero. Fig. 4 shows the
aspect ratios measured on different stratigraphic horizons within
a single relay zone from the Inner Moray Firth, Scotland (Fig. 4). The
grey line shows the aspect ratios calculated using fault overlap
lengths based on locating the fault tips using plots of fault throw vs.
distance (i.e. the standard method used to define the location of
fault tips). Using plots of total vertical displacement (i.e. vertical
displacement due to fault-related folding þ fault throw) vs.
distance in order to locate the “true” tips of the relay-bounding
faults increases the aspect ratio by approximately 1.1 at all depths
within the relay zone (Fig. 4: black line). We have therefore used
plots of total vertical displacement vs. distance to obtain the “true”
fault tip locations, hence a consistent set of relay overlap lengths, in
all the data derived from outcrop and seismic examples presented
in this paper.

2.2. Fault separation

Fault separation is defined as the perpendicular distance
between two overlapping fault segments, measured at the centre of
the relay zone (Fig. 1). There are two main sources of error in this
measurement: (1) correctly identifying the centre of the relay zone;
and (2) correctly locating the primary relay-bounding fault surfaces
within a potentially wide zone of fault-related deformation.
Locating the centre of a relay zone depends on knowing the overlap
length. Therefore, errors in establishing the fault overlap length will
alter the location at which separation is recorded. Separation has
therefore beenmeasured after the “true” tips of the relay-bounding
fault zones have been established.

2.2.1. Criteria to locate the primary relay-bounding faults within
a zone of fault-related deformation

Long and Imber (2010, in review) have shown that fault planes
mapped in 3D seismic data are surrounded by volumes of contin-
uous deformation that vary in width in both the strike and dip
directions of the fault. These volumes of continuous deformation
can be asymmetrically distributed between the hanging wall and
footwall and may comprise more than 50% of the total vertical
displacement across a fault zone. In all cases, however, the
continuous deformation is an integral component of the coherent
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Fig. 4. Aspect ratio plotted against depth for a single relay zone from the Inner Moray
Firth, mapped using 3D seismic data. For the light grey profile, relay overlap and
separation are measured using only discontinuous fault offsets, i.e. fault polygons. The
black profile includes the regions of continuous, coherent deformation around the
mapped faults in measurements of relay aspect ratio. The difference in measured
aspect ratio between the two profiles is approximately 1.1 for each horizon. The largest
aspect ratios are found towards the centre of the relay zone; the upper section of the
relay zone (above 170 ms TWT) has elevated aspect ratios compared to the lower
section of the relay (below 2000 ms).
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Fig. 5. Measurement of relay zone overlap and separation before and after continuous
deformation was included. Relay zones from a range of scales are plotted (IMF R1 and
Laminaria east R7). Including continuous deformation in measurements of fault
overlap and separation increases the aspect ratio of relay zones by an approximately
constant factor, over this scale range.
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fault array (Walsh et al., 1996; Long and Imber, 2010, in review;
Long, 2011).

In this study, the principal relay-bounding faults are taken as
laterally continuous structures onwhich themajority of the offset is
accommodated. In settings where the fault traces can be mapped
directly (e.g. in outcrop or some 3D seismic datasets), fault sepa-
ration is measured between the centres of the mapped fault poly-
gons (Fig. 1d). In relay zones where the bounding faults are
identified solely by zones of continuous deformation (e.g. in many
3D seismic datasets; see Long and Imber, 2010; their Fig. 9 horizons
H1-H3) the separation is measured between the centres of laterally
continuous monoclines with the largest measured deflections i.e.,
between the inferred fault traces (Fig. 1e). Nevertheless, mono-
clines can range inwidth from 50 to 300 m and the precise location
of the main fault trace cannot always be inferred. Fault separation
could therefore be under or over estimated by an amount up to half
of thewidth of the monocline (Fig.1f). At present, there is noway to
ascertain the unique distribution of faults below the resolution of
seismic data and therefore these uncertainties cannot be mitigated.
3. First-order trends in the global dataset of relay zone aspect
ratios

Fig. 5 demonstrates the effect of including continuous defor-
mation in obtaining measurements of fault overlap and separation,
using examples of relay zones on normal faults interpreted using
three-dimensional seismic reflection data from the Inner Moray
Firth (offshore Scotland) and Laminaria High (NW Shelf of Aus-
tralia). Accurate location of the “true” fault tips using total
displacement vs. distance plots (Section 2) has caused a shift
towards greater overlap lengths, by approximately a factor of 1.5 for
relays mapped using 3D seismic data (Fig. 5). Fault separation
measurements for some relay zones also changed when continuous
deformation was included, because an increase in overlap length
changed the point at which relay separation was measured (Fig. 5).
A correction factor of 1.5 has therefore been applied to all literature-
derived fault overlap measurements, where the relay zones have
been mapped from 3D seismic data (Fig. 6). This correction incor-
porates the zone of coherent, continuous deformation that is likely
to exist beyond the mapped fault tips. Literature-derived fault
overlap measurements obtained from relays measured in outcrop
have not been corrected: unless specifically stated in the source
paper, it is assumed that monoclines and/or minor structures at
fault tips would have been included in the measurements of fault
overlap length.

Fig. 6 shows the global dataset of relay zone overlaps and
separations, which includes the corrected literate data (diamonds).
The data are all derived from faults in extensional terrains and
include measurements from selected literature sources (triangles),
in addition to new measurements obtained during the present
study (circles). The new measurements have been obtained from
relay zones mapped using 3D seismic data (Inner Moray Firth,
offshore Scotland; Laminaria High, NW Shelf of Australia; and
Miskar, Gulf of Gabès, offshore Tunisia; n ¼ 161), terrestrial laser
scans of centimetre- to metre-scale relays exposed onshore (Kilve
and Lilstock, Bristol Channel, UK; and Lamberton, Berwickshire, UK;
n ¼ 52) and high-resolution digital elevation models of larger
metre- to decametre-scale relays exposed onshore (Bishop Tuff,
California; and Arches National Park, Utah; n ¼ 12). These
measurements have been made in accordance with the criteria
outline in Section 2 (i.e. continuous deformation has been included
in order to define fault overlap and separation). The raw data are
provided in the Supplementary Material and the background
geology of each area is summarised by Long (2011). The data from
the literature sources have been derived from a range of different
sources (Barnett et al., 1987; Larsen, 1988; Morley et al., 1990;
Cartwright, 1991; Roberts and Jackson, 1991; Stewart and
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Hancock, 1991; Gawthorpe and Hurst, 1993; Anders and Schlische,
1994; Peacock and Sanderson, 1994; Trudgill and Cartwright, 1994;
Childs et al., 1995; Huggins et al., 1995; Walsh et al., 1999; Acocella
et al., 2000; Gupta and Scholz, 2000; McLeod et al., 2000; Peacock
et al., 2000, 2002; Cowie and Roberts, 2001; Morley, 2002; Soliva
and Benedicto, 2004; n ¼ 291). The raw data are provided in the
Supplementary Material.

The global dataset displays a clear power-law relationship
between overlap and separation that spans nearly 8 orders of
magnitude (Fig. 6). The best-fit power-law trend line is
y ¼ 3.634 � 0.97 R2 ¼ 0.98 and the mean aspect ratio of 4.2 and
a standard deviation of 3.0. The extent of the observed scatter in the
global dataset is approximately an order of magnitude in both
overlap and separation across the entire measured scale range
(Fig. 6). The correction of the literature data makes little different to
the overall scatter. Nevertheless, applying this correction gives us
confidence that: (1) the observed correlation between overlap and
separation is genuine; and (2) that the remaining scatter is
primarily caused by geological processes, not measurement errors
or inconsistencies.

More detailed analyses of the overall controls on the power-law
scaling and scatter are provided below, but three key points are
immediately evident from inspection of the refined global dataset
(Fig. 6). First, plotting individual data points by the dominant host
rock lithology suggests that no systematic relationship exists
between lithology and relay aspect ratio for this dataset. We thus
infer host rock lithology is not a first-order control on relay aspect
ratio. However, it is recognised that any potential trend could be
masked by a number of factors such as: (1) the large scale range
over which these data are displayed; (2) combining multiple
datasets from contrasting lithological setting, which are not easily
subdivided; and (3) sampling inherently 3D relay zones at different
depths. More detailed studies are therefore needed to confirm the
relationship between host rock lithology and relay aspect ratio, for
example by investigating similar-sized relay zones in different host
lithologies within the same extensional basin.

Second, relays from particular locations, whether those sampled
for this study or those acquired from literature sources, often
display a spread of relay ramp measurements that fill the observed
scatter range (Fig. 6). Third, relay ramps at two of the field localities
in this study (Kilve and Lamberton) both systematically plot above
the global trend line and have higher than mean aspect rations, of
8.20 (standard deviation ¼ 4.9) and 8.64 (standard deviation ¼ 4.5)
respectively, when compared to the global mean aspect ratio (4.2).
Relay aspect ratios from these outcrops are also greater than other
outcrop-scale relays from literature sources of similar scales and
quality of outcrop exposure (Fig. 6) (Peacock and Sanderson, 1994;
Gupta and Scholz, 1998, 2000; Acocella et al., 2000). These obser-
vations suggest there may be location-specific controls on relay
ramp geometries.

4. Geometries of individual relay zones

The global relay dataset can be subdivided to show the changes
in relay ramp aspect ratio with depth throughout individual relay
zones mapped using 3D seismic reflection data (Fig. 7). The over-
laps and separations of relay-bounding faults surrounding indi-
vidual relay zones span up to the entire range of scatter observed in



Fig. 7. (a) Logelog plot of overlap verses separation for individual relay zones (large
symbols). Data for each relay zone have been circled to highlight trends in the spread
of data. Three trends are recognised: sub-vertical distributions (dashed black line),
point distributions (solid grey line), and horizontal distributions (solid black line). The
range of aspect ratios measured from individual relay zones span almost the entire
scatter in the global dataset (grey dots). (b) Relay aspect ratio against normalised
depth, in order to show changes in aspect ratio between the top and bottom of relay
zones. Details on each location can be found in Supplementary Material: Relay Table 1.
As in (a) three trends are recognised; low-high-low vertical aspect ratio profiles
(dashed black line), approximately uniform aspect ratio with depth (solid grey line),
low-high vertical aspect ratio profiles (solid black line). Relay zones Laminaria east R8,
R6, R7 and west R2 display modified vertical aspect ratio profiles, open symbols.
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the global dataset (Fig. 7a). Three main trends can be identified
from this data: type one, relay zones have a wide spread in overlap
length but a narrow range in separation values (dashed black lines
defining sub-vertical ellipses in Fig. 7a); type two, relay zones have
similar spreads in both overlap and separation lengths (solid grey
lines defining circles in Fig. 7a); and type three, relay zones have
a wide spread in separation length but a narrow range in overlap
length (solid black lines defining sub-horizontal ellipses in Fig. 7a).

The same data have been re-plotted as aspect ratio against
normalised depth in Fig. 7b in order to show how the observed
trends in overlap and separation measurements relate spatially. In
general, type one relay zones (Fig. 7: dashed black lines) can be
described as having low aspect ratios at the upper and lower parts
of the relay zone (i.e. towards the upper and lower tip lines of the
relay-bounding faults) and relatively high aspect ratios in the
centre. An example of this type of relay zone is shown in Fig. 4,
which is comprised of two overlapping semi-planar fault segments.
The upper and lower tip lines retreat upwards and downwards
respectively, and appear elliptical in strike projection (Fig. 8a). Type
two relay zones (Fig. 7: solid grey lines) can be approximated to
relay zoneswith relatively uniform aspect ratios with depth. The tip
lines of the overlapping relay-bounding faults are sub-vertical and
display only slight curvature (retreat) at the top of the relay zone
compared to type one relays (Fig. 8b). Finally, type three relay zones
can be described as having relatively low aspect ratios in the upper
sections of the relay zone and comparatively large aspect ratios in
the lower sections of the relay zone. Relay Laminaria east R9, for
example, displays an increase in aspect ratio with depth
throughout the relay zone (Fig. 7b). The relay-bounding faults, for
Laminaria east R9, are also linked along branch lines (Fig. 8c).

Not all relay zones conform to these idealised geometries. For
example, the Laminaria east R7 relay zone has relatively large
aspect ratios, of 6.8e8.4, in the upper and lower sections of the
relay zone but has aspect ratios, of 4.4e4.7, in the centre of the relay
zone (Fig. 7b). Such variations can be ascribed to partially-breached
relay zones in which the relay-bounding faults are linked along
branch lines at certain stratigraphic levels, but retain free tips above
and below (Fig. 8d) (Imber et al., 2004). The stratigraphic levels at
which linkage occurs could be related to the mechanical properties
of the host stratigraphic sequence, which can influence how strains
are accommodated (Ferrill and Morris, 2008). However, we do not
have the data required to test this hypothesis in the Laminaria east
R7 example (e.g. detailed well log calibration).

To summarise, variations in the geometries of the relay-
bounding faults (tip line shape, fault surface geometry and loca-
tion and continuity of branch lines) within a single relay zone can
account for much of the observed scatter within the refined global
dataset of relay aspect ratios.

5. Discussion

5.1. Global scaling of fault overlap and separation in relay zones

The power-law relationship between fault overlap and separa-
tion in relay zones suggests that the primary control on relay zone
geometry scales with the size of the relay-bounding faults (Fig. 6).
We propose that Gupta and Scholz’s (2000) elasticeplastic model
of fault interaction can explain this first-order scaling relationship.
In the model, the relay-bounding faults interact through their
overlapping stress fields, and little or no interaction is expected
between overlapping faults where the separation distance exceeds
15% of their total length. Gupta and Scholz (2000) assumed the
stress distribution surrounding an isolated normal fault is a first-
order approximation of the stress field surrounding two interact-
ing faults (Fig. 9). The stress field surrounding a relay zone can in
fact be quite perturbed (Segall and Pollard,1980; Crider and Pollard,
1998), and more complex models that explicitly capture fault
growth and/or mechanical interaction are available (Willemse
et al., 1996; Crider and Pollard, 1998; Imber et al., 2004).
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However, this degree of sophistication is not required for our
purposes.

Gupta and Scholz (2000) considered the shear stress changes
induced on a normal fault (F1) by slip on a neighbouring fault (F2;
Fig. 9). For a given fault segment size and material properties of the
host rock, there is a critical stress drop contour located within the
stress drop region of the adjacent to F2 (Fig. 9), through which an
overlapping fault (F1) does not propagate (Gupta and Scholz, 2000).
The critical stress drop contour coincides with the boundary of the
stress shadow region outlined in Ackermann and Schlische (1997).
The interaction between the propagating fault tip and the critical
stress drop contour limits the overlap of the bounding faults,
providing an upper bound on the aspect ratio of the relay ramp. The
important point here is that the size of the stress drop zone, and the
radius of the critical stress contour, scale with the size of the
bounding faults. Thus, the maximum separation and overlap
dimensions of any potential relay ramp will increase along with
displacement on the bounding faults, but aspect ratios will remain
approximately constant.
5.2. Geometric model to explain the development of individual
relay zone geometries

The simple model of fault interaction, in Section 5.1, can account
for the power-law relationship between fault overlap and separa-
tion in relay zones. However, it does not explain the variation in
relay zone geometry identified in Section 4 (Figs. 7 and 8), nor does
it account for the order of magnitude scatter observed within the
separation and overlap data. In this section, we outline a geometric
model for the 3D geometric evolution of individual relay zones,
based on the interaction and linkage of two initially isolated normal
faults, which is consistent with Gupta and Scholz (2000). However,
the model is not unique. As discussed below, some of the geome-
tries observed in Fig. 8 could arise due to fault surface bifurcation,
rather than interaction and linkage of two initially isolated faults.

Stage 1 corresponds to the type one relay zones identified in
Fig. 7. The characteristic relay ramp geometries within a single
Stage 1 relay zone are: low aspect ratios near the upper tip lines,
maximum aspect ratios around the centre of the relay zone, and
low aspect ratios near the lower tip lines (Fig. 10a and b). Fault
separation varies little with depth and is controlled by the original
separation distance between the overlapping fault segments
(Fig. 10a). Maximum overlap occurs towards the centre of the relay
zone where displacements on the bounding faults are the highest.
At this early stage of relay zone development, the tip lines of the
overlapping bounding faults are approximately elliptical in strike
projection (Fig. 10c). During Stage 1, we suggest that unrestricted,
elliptical fault tip lines overlap to form a relay zone (Fig. 10c),



J.J. Long, J. Imber / Journal of Structural Geology 33 (2011) 1790e1800 1797
resulting in a large spread in fault overlap at different depthswithin
the relay zone (Fig. 10a).

During Stage 2, the lateral tip lines of the relay-bounding faults
are sub-vertical within the relay zone (Fig. 10b). Overlap length and
separation are approximately constant with depth. The separation
is equal to that of the original separation distance of the over-
lapping fault segments (Fig. 10a). Sub-vertical tip lines develop in
response to further displacement accumulation and propagation of
the relay-bounding faults. As such, sub-vertical lateral tip lines may
develop when the relay-bounding faults become pinned and
subsequent propagation is retarded (Gupta and Scholz, 2000).

During Stage 3, further displacement accumulation on the relay-
bounding faults gives rise to linked relay zones. The tip line
geometries will depend on the location and extent of fault linkage
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Fig. 10. The three stages in the geometric evolution of a relay zone, identified from Fig. 7. (a
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Stage 2, the bounding faults are laterally pinned by the adjacent fault and develop sub-vertic
each other and link, which results in a decrease in fault separation at certain levels within
(Kristensen et al., 2008; Long and Imber, in review). In relay zones
that display down-dip fault linkage, along slip-normal branch lines,
the separation distance decreases with depth, as fault propagate
towards each other (Fig. 10e). This results in an increase in relay
zone aspect ratio with depth towards the branch line, if fault
overlap length remains the same, such as in Laminaria east R9
(Fig. 7a and b). Alternatively, a downward-decrease in separation
between the relay-bounding faults could arise due to fault surface
bifurcation, rather than linkage processes (e.g. Childs et al., 1995;
Childs et al., 1997; Kristensen et al., 2008).

The proposed geometric progression is based on a relay zone
consisting of two planar, initially isolated faults (Fig. 10b). However,
fault propagation within a heterogeneous layered sequence will
inevitably lead to irregular lobed shaped tip lines (Huggins et al.,
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Fig. 11. A modification to Gupta and Scholz (2000) fault interaction model based on
observations from Lamberton. The model includes a fault array that is initially confined
within a mechanical layer. (a) Faults initiate within a strong mechanical layer. (b) The
faults are confined within the mechanical layer and develop low displacement-length
ratios, with relatively small stress fields when compared to unconfined faults with
similar lengths. D* is the maximum distance of the critical stress drop contour from the
fault trace. S* is the separation distance between two overlapping faults. (c) Faults
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1995; Marchal et al., 2003; Schöpfer et al., 2006), which become
out-of-plane with one another (Childs et al., 1996b) and overlap to
form a relay zone. The geometric evolution of relay zones formed
by the bifurcation of fault tip lines has already been document
(Childs et al., 1995, 1997; Huggins et al., 1995; Kristensen et al.,
2008). In such relay zones, the bounding faults are linked at
depth throughout the growth of the relay zone and both the
overlap and separation may vary with depth at all stages during
relay zone development.
5.3. Influence of mechanical stratigraphy and heterogeneity

The post-depositional normal faults at Lamberton have
maximum displacements of less than 20 cm, and cut and offset an
inter-bedded sandstone-shale sequence. Their upper tip lines are
restricted by a shale layer (c. 80 cm thick), which overlies this
sequence (Long, 2011). The post-depositional normal faults at Kilve
developed in and offset an inter-bedded limestone-shale sequence.
They nucleated within the mechanically strong limestone beds and
were initially confined by intervening shale layers (Peacock and
Sanderson, 1992; Crider and Peacock, 2004).

Dip-slip faults within mechanically confined sequences are free
to propagate laterally but are restricted vertically. This results in
long faults with relatively low displacements (Benedicto et al.,
2003). The width of the stress shadow zone bounded by the crit-
ical stress drop contour relates to the displacement and shape of
the fault. Large displacement faults produce wider stress drop
regions than small displacement faults (Willemse, 1997; Gupta and
Scholz, 2000). Faults that are mechanically confined therefore have
relatively narrow stress drop zones for their length (Fig. 11a). In
addition, despite increases in fault length, the displacement
remains low and therefore the value of the critical stress drop
contour is approximately constant (Soliva et al., 2006). Mechan-
ically confined faults with separation distances (Fig. 11b: S*) that
are greater than the radius of the critical stress drop contour
(Fig. 11b: D*) are able to overlap un-hindered by neighbouring
faults as they accommodate extension. The initially confined faults
eventually propagate through the confining layer. Displacement
now increases and the stress shadow enlarges (i.e. D* increases)
(Fig. 11c). Eventually the stress field will grow to a point where the
critical stress drop contour will intersect with the overlapping fault
tip (Fig. 9), which stops further propagation (Fig. 11d). In this way,
the aspect ratios of relay ramps formed between mechanically
confined relay-bounding faults are predicted to be greater than
those whose growth is unrestricted.

The concept behind this proposed model is supported by
observations made by Soliva et al. (2008), who observed elevated
aspect ratios for a relay ramp that was bounded by a low
displacement footwall fault. The low displacement on the footwall
fault resulted from restrictions on slip due to a reduction in fault dip
near a slip-normal branch line. The cause of the restricted
displacement differs from that inferred from Lamberton, but the
underlying relationship between reduced displacement and
increased fault overlap length is the same.

Faults at Kilve are also closely associatedwith pre-existing veins,
which are oriented sub-parallel to the strike of the faults. The
presence of vein material at fault tips could change the yield
strength needed to be overcome by a propagating the fault. We
begin to propagate through the mechanical layer into surrounding strata. The size of
the stress shadows grow as fault displacement increases. At a certain point the critical
stress drop contour will interact with the nearby fault tip, preventing further overlap.
(d) Fault linkage occurs and a through going fault is formed. Large aspect ratios are
produced by accumulating large overlap lengths in stage (b) prior to the expansion of
the stress fields in (c). Figure style after (Soliva et al., 2006: their Fig. 14).
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postulate that the calcite veins themselves, and/or the vein-wall
rock interfaces have lower yield strengths than intact limestone.
No yield strength measurements are known to exist for calcite
veins, although previous authors suggest that veins are relatively
weak structures compared to the intact host rock (Peacock and
Sanderson, 1994; Crider and Peacock, 2004). If this is correct, the
presence of pre-existing veins may further enhance fault propa-
gation, again giving rise to relay ramps with large aspect ratios.

The proposedmodifications to Gupta and Scholz’s (2000) model
of fault interaction are only applicable in situations that have
similar controls to Lamberton and Kilve, i.e. mechanical layering
that restricts fault growth and/or the presence of pre-existing
structures that influence fault tip propagation. Therefore, the
scale over which these controls operate depends strongly on the
size of the faults relative to the thickness of the mechanical layers
or size of heterogeneity. Further research is needed to test whether
such controls on relay aspect ratios are applicable to larger scale
structures than are observed at Lamberton and Kilve.

6. Conclusions

1. Overlap and separation distances for relay-bounding faults
have been measured for 225 relay ramps, using a consistent
approach that takes account of both continuous and discon-
tinuous deformation to accurately define relay ramp geometry.
A correction factor has been applied to published overlap and
separation distances, which have been combined with our new
measurements to produce a refined global dataset of relay zone
geometries.

2. The refined dataset of overlap and separation distances for
relay-bounding faults displays a single power-law scaling trend
over nearly 8 orders of magnitude. The best-fit power-law
trend line is y¼ 3.634� 0.97 R2¼ 0.98 and themean aspect ratio
of 4.2 and a standard deviation of 3.0. This conclusion similar to
published datasets which have power-law exponents of 0.97
andmean aspect ratios (overlap/separation) between 4 and 4.9.
However, at all observed scales there exists an order of
magnitude scatter in both overlap and separation.

3. The overall power-law scaling between overlap and separation
distance suggests that a single mechanism, common at all
scales, controls the first-order geometry of relay zones. It is
inferred that stress field interaction of overlapping faults could
be the primary controlling factor in relay ramp geometries, as
exemplified by the Gupta and Scholz (2000) elasticeplastic
model of fault interaction. Within the limitations of the global
dataset, host rock lithology does not appear to be a first-order
control on relay ramp geometry.

4. Almost all the scatter in the global dataset of relay ramp
overlap and separation distances can be accounted for by the
variation in 3D geometry within individual relay zones. This
variability reflects processes associated with fault surface
bifurcation, relay growth and breaching.

5. Specific instances occur where relay ramps have aspect ratios
more than twice that of the global mean. Relay rampswith high
aspect ratios may develop where growth of the relay-bounding
faults is restricted by the mechanical layering, and/or where
fault tip propagation is enhanced by the presence of pre-
existing structures, such as veins.
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