This is the peer reviewd version of the followng article:

Fracture density variations within a reservoir-scale normal fault zone: A case study from shallow-water
carbonates of southern Italy / Camanni, Giovanni; Vinci, Francesco; Tavani, Stefano; Ferrandino, Valeria;
Mazzoli, Stefano; Corradetti, Amerigo; Parente, Mariano; lannace, Alessandro. - In: JOURNAL OF
STRUCTURAL GEOLOGY. - ISSN 0191-8141. - 151:(2021), pp. 104432-N/A. [10.1016/j.js9.2021.104432]

Terms of use:

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. For all terms of use and more information see the publisher's website.

24/05/2026 01:46

(Article begins on next page)




Universita degli Studi di Trieste
Archivio della ricerca — postprint

ar'T

Fracture density variations within a reservoir-scale normal fault zone: A
case study from shallow-water carbonates of southern Italy

Giovanni Camanni®, Francesco Vinci ®", Stefano Tavani >¢, Valeria Ferrandino?,
Stefano Mazzoli ©, Amerigo Corradetti 4 Mariano Parente ?, Alessandro Iannace *

@ DiSTAR, Universita degli Studi di Napoli Federico II, Naples, Italy

Y panTerra Geoconsultants, Leiderdorp, the Netherlands

¢ Consiglio Nazionale delle Ricerche, IGAG, Rome, Italy

d Dipartimento di Matematica e Geoscienze, Universita di Trieste, Trieste, Italy

€ School of Science and Technology - Geology Division, University of Camerino, Camerino, Italy

ARTICLE INFO ABSTRACT

Keywords:

Fault structure

Fracture density

3D virtual outcrop model
Fluid flow

Fault zones can often display a complex internal structure associated with antithetic faults, branch and tip points,
bed rotations, bed-parallel slip surfaces, and subordinate synthetic faults. We explore how these structural
complexities may affect the development of fault-related fractures as displacement accumulates. We analysed in
detail an incipient fault zone within well-bedded, shallow-water carbonates of the southern Apennines thrust belt
(Italy). The fault zone crops out with quasi-complete exposure at a reservoir scale on an inaccessible sub-vertical
cliff face, and fault and fracture mapping were carried out on a 3D virtual outcrop model of the exposure built for
this study using photogrammetry. Comparing the structure of the fault zone and the density of 9444 mapped
fractures allowed us to unravel their spatial relationships. Our results show that the areas of denser fractures
coincide with: (i) rock volumes bounded by antithetic faults developed within the fault zone, (ii) branch points
between these antithetic faults and fault zone-bounding fault segments, (iii) fault zone-bounding fault segments
associated with significant displacement gradients, and (iv) relay zones between subordinate synthetic faults.
These findings may aid locating sub-seismic resolution volumes of dense fracturing and associated enhanced

permeability within faulted reservoirs.

1. Introduction

Normal faults rarely occur as individual planar surfaces and mostly
comprise multiple synthetic fault segments (Walsh and Watterson, 1989;
Childs et al., 1996, 2009; Peacock, 2002; Marchal et al., 2003; Walsh
et al., 2003; Kristensen et al., 2008; Delogkos et al., 2020). Within such
segmented faults, portions bounded by two synthetic, adjacent fault
segments or individual slip surfaces enclosed by a zone of lower shear
strain faults and fractures, are often referred to as “fault zones” (e.g.,
Peacock et al., 2000; Childs et al., 2009; Faulkner et al., 2010; Ferrill
et al., 2011). Furthermore, in circumstances in which it can be demon-
strated that displacement is transferred between two synthetic, adjacent
fault segments, the rock volume they bound is referred to with the more
specific term of “relay zone” (Peacock and Sanderson, 1991, 1994;
Childs et al., 1995; Huggins et al., 1995; Camanni et al., 2019; Nicol
et al., 2020; Roche et al., 2020, 2021). Relay and fault zones can display
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a complex internal structure comprising, among other features, anti-
thetic faults, branch and tip points, bed rotations, bed-parallel slip sur-
faces, as well as subordinate synthetic faults (Mandl, 1987; Ferrill and
Morris, 2008; Van der Zee et al., 2008; Childs et al., 2009; Ferrill et al.,
2011; Zaky, 2017; Delogkos et al., 2017a, b, 2018; Nixon et al., 2018;
Nabavi et al., 2020).

As displacement accumulates on normal faults, it has been shown
that their segmentation can variably influence the spatial distribution of
fractures and fault rock (Aarland and Skjerven, 1998; Rotevatn et al.,
2007; Childs et al., 2009; Michie, 2015; Michie and Haines, 2016). For
example, it has been demonstrated that shear strain can be greatest in
relay zones between adjacent fault segments (Fossen et al., 2005;
Rotevatn et al., 2007; Childs et al., 2009; Nixon et al., 2018, 2020;
Mercuri et al., 2020). Furthermore, with increasing displacement these
relay zones breach (e.g., Peacock and Sanderson, 1991; 1994; Childs
et al., 1995; 2009; Crider and Pollard, 1998; Peacock, 2002; Soliva and
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Benedicto, 2004), and can eventually form fault-bound lenses of fault
rock (Childs et al., 2009). However, it is still poorly understood how, at
the scale of individual relay and fault zones, fault-related fractures are
spatially distributed and how their density may relate to the complex
internal structure that relay and fault zones can display.

In this study we conducted a detailed analysis of an incipient normal
fault zone developed in carbonates and preserving a broad spectrum of
internal, structural complexities. These are: antithetic faults, branch
points between these antithetic faults and fault zone-bounding fault
segments, fault segments tipping out and associated with significant
displacement gradients, and relay zones between subordinate synthetic
faults. The fault zone crops out at a reservoir scale, and with its entire
width and a significant part of its height fully exposed, allowing very
detailed mapping not only of its structure, but also of fractures within it.
The structure of the fault zone and the density of fractures were
compared to one another to investigate whether a spatial relationship
between them existed.

2. Geological setting

The study area is located in the southern Apennines fold and thrust
belt of Italy, a Neogene belt consisting of a stack of NE-verging nappes,
each deforming distinct Mesozoic-Paleogene paleogeographic domains
(Roure et al., 1991; Cello and Mazzoli, 1999; Menardi Noguera and Rea,
2000). The outcrop analysed in this work is exposed within the car-
bonate succession of the Apennine Carbonate Platform (D’ Argenio et al.,
1975), one of the major nappes of the tectonic pile, and is located near
the Catiello peak in the Lattari Mountains of the Sorrento Peninsula
(Fig. 1). The Lattari Mountains are mainly made of Upper Triassic to
Upper Cretaceous shallow-water limestones and dolostones (De Castro,
1962; Robson, 1987; Iannace, 1993; Carannante et al., 2000; Iannace
et al.,, 2011, 2014; Vinci et al., 2017), unconformably overlain by
Miocene foredeep and wedge-top basin successions (including sand-
stones, calcareous sandstones, and conglomerates). The entire sedi-
mentary pile is locally covered by Quaternary pyroclastic deposits
(Fig. 1; ISPRA, 2016). The carbonate succession of the Lattari Mountains
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Fig. 1. Geological map of the Sorrento Peninsula in the southern Apennines
fold and thrust belt (modified after ISPRA, 2016). Inset shows location of the
map in southern Italy. Note location of the studied fault highlighted with a red
star in the geological map. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

is affected by high angle faults (Fig. 1) and by a background fracture
network consisting of dominantly bedding-perpendicular joints (e.g.,
Milia and Torrente, 1997; Caiazzo et al., 2000; Guerriero et al., 2010,
2011; Perriello Zampelli et al., 2015; Corradetti et al., 2018).

The outcrop studied (Fig. 2A) exposes a gently NE-ward dipping
succession comprising alternating shallow-water limestones and dolo-
stones belonging to the Lower Cretaceous “Gastropods and Requienid
limestones” (“Calcari con Requienie e Gasteropodi”) Formation (Fig. 1).
Within the study outcrop, the stratigraphic succession includes two main
units (Vinci et al., 2017): an upper unit of thinly-bedded limestones and
dolostones (“C” interval of Vinci et al., 2017), and a lower unit mostly
comprising thinly-bedded dolostones (“B” interval of Vinci et al., 2017).
The boundary between the two stratigraphic units is marked by a
well-defined break in the cliff slope, due to differential erosion of the
two lithologies (Fig. 2A).

3. Methodological approach

The outcrop studied consists of a mostly inaccessible cliff face nearly
250 m in height and 100 m in width. To study faulting and fracturing in
the cliff, we used field acquisition of digital images collected by an un-
manned aerial vehicle (UAV), designed to generate a 3D virtual outcrop
model (VOM). Subsequently, fault and fracture mapping were carried
out on both the 3D model and 2D orthorectified images. The resulting
maps were used to determine the density of fractures. Detailed de-
scriptions of each of these methodological steps are outlined in the
following sections.

3.1. Data acquisition and construction of the virtual outcrop model

The initial phase of this study was aimed at the construction of the
VOM of the study outcrop, which was carried out by means of structure
from motion-multi view stereo (SfM-MVS) photogrammetric techniques
(Westoby et al., 2012). This is a fairly common technique in Earth Sci-
ences, and consists of reconstructing a 3D object through the analysis of
multiple, partly overlapping images of the same scene taken from
different points of view (Remondino and El-Hakim, 2006). Due to the
rough outcrop topography, as well as its large size (ca. 250 m x 100 ;m),
we acquired photos by UAV. The UAV was equipped with a digital
photo-camera Sony Alpha 7r, with a sensor of 7360 x 4912 pixel and a
lens Sonnar/carl-zeiss of 35 mm f2.8, that allowed to collect photos of 36
Mpixels each.

To build the VOM, a selection of 173 digital photos was input into the
Agisoft Metashape photogrammetry package. After the SFM-WMS
workflow, a dense point-cloud consisting of ~23.8 x 10° points, was
created and used to build a mesh of ~44.5 x 10° triangles. A texture
map was draped onto the triangular mesh, in order to obtain a photo-
realistic VOM. Finally, the model was geo-referenced using seven
ground control points located by differential GNSS antenna. The final
VOM comprises of a surface of ~3.93 x 10* m? with a resolution in the
original point cloud of ~0.6 point/cm?. An orthophoto of the final VOM
was also exported, using a view direction approximately orthogonal to
the strike of the main faults, to aid fault and fracture mapping (Fig. 2A,
and Supplementary Fig. 1).

3.2. Fault and fracture mapping

To map the faults and the fractures, the VOM was imported into
3DMove and OpenPlot (Tavani et al., 2011) software, respectively. Fault
segments and horizons were mapped to estimate fault throws. Mapping
was initially carried out in the 3DMove environment, and successively
refined in 2D using the orthophoto of the VOM, and some individual
high-resolution photos collected from the UAV during data acquisition.

Fractures were digitized on the VOM within the 3D environment of
OpenPlot, which permitted creation of planar polygons used to extract
dip and strike of each digitized fracture. Only fractures with heights
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Fig. 2. A: Fault interpretation and drawing of selected marker horizons on the orthophoto exported from the VOM in a direction nearly orthogonal to the strike of the
main faults. White dots are fault tip points, while red dots show main branch points between opposed-dipping faults. The dotted white line highlights the break in the
cliff topography, which is steeper in the upper limestone unit (made up of thinly-bedded limestones and dolostones) than in the lower one (made up of thinly-bedded
dolostones). B: orientation of faults indicated as great circles and poles in the lower hemisphere, equal-area projection (N = 8). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

greater than 20 cm were mapped as, within the study area, the orien-
tation of a fracture cannot be reliably measured from the VOM for
shorter fractures.

3.3. Fracture density analysis

Fracture traces were extracted from OpenPlot in. txt node format and
were input into the MATLAB™ toolbox FracPaQ v. 2.8 (Healy et al.,
2017), where fracture traces were used for performing spatial fracture
analysis. This analysis consisted, for the scope of this article, in deter-
mining their density, labelled P20 by Dershowitz and Herda (1992).
Fracture density is defined as the number of fractures per unit area, and
was determined using the circular scan window method of Mauldon
et al. (2001). According to this method, fracture density is estimated as:

ml2nr?

where m is the number of fractures terminating within a circle of radius
r. FracPaQ generated a 2D grid of evenly spaced circular scan windows
to fit within the fracture trace map area, where the scan circle diameter
is defined as 0.99 of the grid spacing in x and y in order to avoid over-
lapping scan circles. The choice of an appropriate scan circle size is key

to adequately capture the spatial distribution of fractures, since it can
greatly influence fracture densities. In literature it is suggested that, as
rule of thumb, the chosen scan circle size should be sufficient to achieve
a minimum of 30 fracture terminations per circle (Rohrbaugh et al.,
2002; Zeeb et al., 2013). For the outcrop area mapped in this article, the
number of the scan circles was 10 along the horizontal axis, 15 along the
vertical axis, and their radius was 7.34 m. This scan circle size allowed a
meaningful sampling of fractures as each scan circle is large enough to
contain at least a few tens of fractures, but it is also small enough to
create a grid with a number of elements sufficient for adequately
capturing the spatial variability in the distribution of fractures within
the study area. We are aware that some scan circles will include a larger
number of fractures than others, but this is inevitable due to the irre-
goular borders of the data extent. Furthermore, a scan circle radius of
7.34 m is roughly one order of magnitude smaller than the average fault
height in the study area, and it is therefore suitable for comparing the
two sets of structures. Fractures were then gridded in box-shaped bins
corresponding to the locations of the scan circles to produce a fracture
density map.



4. Results
4.1. Faults

The outcrop studied is affected by five nearly N-S-striking, steeply
dipping, and variably segmented faults with normal displacements
(Fig. 2A and B). Although no kinematic data are directly available from
the outcrop due to its inaccessibility, we interpret these extensional
displacements to be predominantly dip-slip, consistent with the kine-
matics of similar faults in adjacent areas (e.g., Milia and Torrente, 1997;
Caiazzo et al., 2000). The mapped normal faults are parallel to N-S and
orthogonal to E-W striking tension fractures forming the two dominant
joint sets in the region (Corradetti et al., 2018). Faults are associated
with several tens of meters heights and are either dipping to the west
(faults FIt1, F1t4 and FIt5) or to the east (faults F1t2 and Flt3). However,
we stress that this non-fractal distribution of fault sizes is apparent as
smaller faults can be also noted within the outcrop and larger faults can
be expected to occur at a scale larger than that of the outcrop. Despite
showing opposite dip directions, W-dipping and E-dipping faults are
structurally linked to one another at well-defined branch points (red
dots in Fig. 2A). Faults Flt1 and FIt2 link upward at the branch point
BP1, located near the boundary of the analysed surface exposure, while
faults F1t3 and FIt5 are linked at the branch point BP2, located near the
break in the cliff slope (Fig. 2A). Furthermore, faults F1t2 and Flt4 are
approaching one another at the bottom part of the outcrop, suggesting
that they may also link at a branch point located outside the study area.

All five faults accommodate several meters throw, and each fault is
associated with a characteristic throw distribution (Fig. 3). For example,
fault Flt1, after a sudden increase in throw from nearly 8 m to nearly 9 m
near its upper branch point BP1 with fault Flt2, displays a well-defined
throw gradient associated with an overall downwards decrease in throw.
Throw on fault Flt1 reaches values as low as ca. 2 m at the bottom of the
outcrop, where the fault bifurcates downward into two segments. In
contrast, fault FIt2, the largest throw fault in the outcrop, is associated
with a constant throw of ca. 16 m along its entire sampled height. Fault
F1t3 has a roughly constant throw of ca. 5 m along most of its height,
with minor variations of < than 1 m. However, at its branch point BP2
with fault FIt5, fault F1t3 displays a rapid decrease of throw from ca. 5 m
to ca. 1 m. Fault Flt4, which comprises two segments that link upward,
displays a downward increase in throw from null values at its upper tip,
to a throw of ca. 2 m at the base of the investigated outcrop surface.
Finally, throw across fault FIt5 has values of ca. 5-6 m.

The total throw calculated by summing the throw of individual faults
along the outcrop vertical extent (Fig. 3) has a nearly constant magni-
tude in the central part of the outcrop where throws of all 5 faults are
readily measurable. However, the total throw decreases upward and
downward along the outcrop where faults extend outside the data extent
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and, therefore, throws are not detectable.

Fault F1t 5 (Figs. 2A and 4) comprises three synthetic steep westward-
dipping fault segments, which bound zones associated with antithetic
faulting and local synthetic bed rotation (Fig. 4). All three synthetic fault
segments have at least one tip within the study area. Interestingly, the
westernmost segment increases downward in throw from its upper tip
point, and this is accompanied by a downward decrease in throw along
the fault segment in its immediate footwall. These displacement changes
indicate that throw is transferred between the two fault segments, and

Fig. 4. Interpretation and drawing of selected marker horizons on the ortho-
photo exported from the VOM in a direction nearly orthogonal to the strike of
the main fault segments for the highly segmented portion of fault Flt 5. The
location of the area of this figure is indicated in Fig. 2 B. White dots show fault
tip points.

Total

Throw profiles

Fig. 3. Throw profiles for the faults comprised in the outcrop. The starting point for measuring distances for building these profiles has been taken to coincide with
their upper end of data (i.e., faults Flts 2, 3 and 5), tip (i.e., fault Flt 4) or branch (i.e., fault Flt 1) points. The location of some key beds illustrated in the sketch in the
left is also shown on the throw profiles. Note that for building these profiles throw values of many more markers horizons than those shown have been used.



that the rock volume between segments, associated with several anti-
thetic faults, forms a contractional a relay zone (e.g., Camanni et al.,
2019 and references therein). Finally, the easternmost segment of fault
FIt5 is also associated with a downward decrease in throw, which cannot
be directly associated with throw transfer between this fault segment
and the segment in its hanging wall, as both tip out downward.

4.2. Fractures

A total of 9444 fractures were mapped and digitized within the VOM
(Figs. 5 and 6A). Inspection of fracture orientations (Fig. 5) indicates
that they are steeply dipping, with some strike maxima of ENE-WSW,
ESE-WNW, and NNW-SSE. In the next paragraph, we will describe the
main features associated with the spatial distribution of the density of
fractures (Fig. 6B) from east to west, with reference to the location of the
faults previously described, and to the location of the break in the cliff
slope (dashed black line in Fig. 6B).

An area of nearly null fracture densities can be identified east of fault
F1t5. The highly segmented central portion of fault F1t5, whose structure
is detailed in Fig. 4, is associated with larger fracture density values (P20
up to nearly 0.2 m'2). West of fault FIt5, density values of ca. 0.1 to 0.3
m'2 define a roughly triangular area bounded to the west by fault Flt3.
Within this triangular zone, a maximum fracture density occurs in the
hanging wall of fault FIt5, reaching values of 0.5 m? in the uppermost
part of the study area. Fault Flt3 is associated with a westward
increasing gradient in fracture density values, with the P20 parameter
spanning from roughly 0.2 m to around 0.4 to 0.5 m™2 above the break
in the cliff slope, and from 0 to 0.1 m™ to ca. 0.3 m™ below it. In the area
between faults F1t3 and Flt1, which includes fault Flt2, P20 values range
overall between 0.3 and 0.5 m™2, with some minima occurring around
the zones of no data, and some local maxima. One of these maxima
occurs between faults FIt2 and FIt3. This maximum has fracture den-
sities of ca. 0.6 m2 above the break in the cliff slope and values as high as
ca. 1 m~2 near the uppermost boundary of the study area. Another

Fig. 5. Mapped fractures (N = 9444) within the VOM. The contour plot shows
the principal clusters of poles to fractures. The triangle corresponds to the
average pole to bedding, which is gently dipping to the NNW.

maximum, associated with P20 values of up to ca. 0.6 m'2, occurs near
the intersection of faults Flt4 and Flt2. However, the most striking
maximum occurs around the branch point BP1 between faults Flt1 and
Flt2 and is associated with values of P20 up to at least 2 m™~2. Finally, the
area west of fault Flt1 is associated with fracture density values higher
than 0.5 m?, locally reaching magnitudes in excess of 1.2 m™.

5. Discussion
5.1. An incipient fault zone

The five faults that we recognised within the studied outcrop,
although displaying diverse dip angle values and accommodating
various amounts of displacement, appear to be related in several ways.
Firstly, their displacements sum up to one another to give rise to a bulk
nearly constant displacement (central portion of the outcrop in Fig. 3).
Furthermore, along the entire height of the outcrop exposure, across all
faults, beds seem to neither downthrow significantly in W or E directions
(Fig. 2A). These considerations indicate that all faults are part of a
coherent array in which each has a role in maintaining roughly constant
the overall amount of horizontal extension (e.g., Walsh and Watterson,
1991; Nicol et al., 2016). Secondly, faults are spatially arranged in a way
that fault Flt1 to the west and faults Flt4 and FIt5 to the east bound faults
Flt2 and FIt3. Thirdly, opposed-dipping faults are physically linked at
well-defined branch points and abut, rather than cross-cut, one another,
indicating that all faults are likely associated with the same faulting
event.

According to previous studies (e.g., Peacock et al., 2000; Faulkner
et al., 2003; 2010; Ferrill et al., 2011; Childs et al., 2009), all of these
observations indicate that the five faults are part of a composite “fault
zone”. In this scenario, and considering this fault zone as a portion of a
larger, segmented fault that extends beyond the outcrop extent, fault
Fltl can be envisioned as the fault segment bounding the zone in the
hanging wall, while faults Flt4 and Flt5 defining the bounding fault
segment in the footwall. In contrast, faults FIt2 and Flt3 can be consid-
ered to be antithetic faults developed within the fault zone. The fault
zone has a maximum width (distance between faults Flt1 and FIt5
calculated normal to the fault planes) of ca. 65 m, which makes it
comparable in size to those that can be mapped in high-resolution
seismic reflection data.

As described in the previous paragraph, the total displacement across
the fault zone is relatively small. This suggests that the fault zone as a
whole is embryonal, or alternatively that we analysed a portion located
near the fault tip line — where displacement would rapidly decrease — of
a more evolved fault zone. In both possibilities, the analysed portion of
the fault zone can be considered at an incipient stage of development.
Furthermore, by comparing the structure of the fault zone (Fig. 2A) with
that of the relay zone that we identified along its bounding fault segment
5 (Fig. 4), some remarkable similarities can be noticed. The relay zone in
Fig. 4 is bound by two synthetic fault segments and displays an internal
structure associated with antithetic faulting, similar in geometry to the
larger fault zone that affects the entire outcrop. Therefore, it seems
reasonable to infer that the large-scale fault zone may represent a
“picture” of an early stage of development of a relay zone such as is
observed in Fig. 4. However, it is beyond the scope of this article to
address relay zone growth and evolution processes, and we prefer to use
the more generic term “fault zone”, which does not necessarily have a
kinematic connotation on how displacement is transferred among
bounding fault segments (e.g., Childs et al., 2009).

5.2. Spatial relationships between fault zone structure and fracture
density

Most of the measured P20 (i.e., fracture density) values are at least
one or two orders of magnitude smaller than the typical P20 values
measured in the damage zone of carbonate faults of the Apennines (e.g.,
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Fig. 6. Fracture traces (depicted in blue) viewed in FracPaq v. 2.8 software environment. A: grid of evenly spaced scan circles. Note that their number and size is
defined by FracPaQ software on the basis of the extent of the fracture trace map area (in this case, 10 scan circles were constructed along the horizontal axis, and 15
along the vertical one, each with a radius of 7.34 m). B: Fracture density map of the data in A in box-shaped bins corresponding to the locations of the scan circles.
The grey patches show areas of no outcrop data (e.g., highly vegetated areas, or areas covered by debris). The location of the principal faults recognised within the
outcrop is indicated, together with the break in the cliff slope (dashed black line). White dots are fault tip points; red dots show the main branch points between
opposed-dipping faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Demurtas et al., 2016; Mercuri et al., 2020), supporting the embryonic
nature of the studied fault zone. In this regard, occurrence of similar
fractures in adjacent unfaulted carbonate cliffs (e.g., Corradetti et al.,
2018), indicates that part of the studied fractures has formed during
extension but before incipient faulting, and should be regarded as
background fractures. We speculate that P20 values associated with
these background fractures are preserved in the less fractured areas and
thus we here interpret P20 values of less than ca. 0.4 m™ to be associated
with the pre-faulting background fracture network, while P20 values in
excess of ca. 0.4 m™ to be related to faulting.

Comparison of fracture data with fault zone structure indicates that
highest fracture density values within the fault zone are from the area
between the antithetic faults F1t2 and F1t3 (Fig. 6B). These faults both
show low throw gradients (i.e., nearly constant throws), indicating that
significant throw is not being transferred between them. On the other
hand, the triangular areas bounded by opposed-dipping faults, such as
that between the fault zone-bounding fault segment Flt1l and the anti-
thetic fault F1t2, and that between the fault zone-bounding fault segment
Flt5 and the antithetic fault Flt3, are characterised by low fracture
densities (Fig. 6B). However, opposed-dipping faults seem to be asso-
ciated with the development of localised areas of enhanced fracturing at
their branch points, likely due to the high strains occurring at those sites
(Fig. 6B).

Another local site of high fracture density (P20 of 0.5 m™ to more
than 1.2 m2) occurs in the hanging wall of the fault zone. Here, the fault
zone-bounding fault segment Flt1 is associated with the largest and most
intense zones of fracturing (Fig. 6B), although this fault accommodates a
rather small throw. Fault segment Flt1 does however display a marked
throw gradient from ca. 9 m (at its upper branch point BP1 with anti-
thetic fault F1t2) to ca. 2 m at the lower edge of the study area (Figs. 2A

and 3).

A similar site in which the location of dense fracturing (P20 up to
nearly 0.2 m®) is associated with significant throw gradients is the
centre of the fault-zone bounding fault segment Flt5 (Figs. 4 and 6B). In
this area, enhanced fracturing causes a salient where very little strain
occurs in the footwall of the fault zone (Fig. 6B). This salient may be
interpreted as the result of throw transfer processes (and associated
throw gradients) in an area affected by a relay zone internally charac-
terised by a zone of antithetic faulting, as well as by a pair of fault
segments both associated with a downward, rather rapid decrease in
throw.

It is well known that displacement gradients can be accommodated
in several ways, depending on whether normal faults are isolated or in
pairs, and on whether they are analysed in map or cross-section views
(Walsh and Watterson, 1989; Walsh et al., 1999; Camanni et al., 2019;
Nicol et al., 2020). In cross-section, displacement gradients are
commonly accommodated by volumetric changes of the layers of the
faulted sequence (Walsh et al., 1999; Rykkelid and Fossen, 2002;
Camanni et al., 2019), and can be associated with areas of antithetic
faulting (Mandl, 1987; Ferril and Morris, 2008; Childs et al., 2009;
Ferrill et al., 2011; Zaky, 2017; Nixon et al., 2018; Nabavi et al., 2020).
We interpret the significant thickness of the zone of fracturing in the
hanging wall of fault zone-bounding fault segment Flt1 and in the cen-
tral part of fault zone-bounding fault segment FIt5 to be the result of
these strain localisation processes.

Finally, the above-described areas of increased fracture density
considerable as fault-related are very localised and likely developed in
response to local strains that are not necessarily reflecting the overall
strain field that led to the development of the fault zone. For example, at
branch points between fault segments with opposed dips, we expect



fractures to develop in a radial way. Similarly, fractures due to shearing
between antithetic faults are not expected to have necessarily all the
same orientation. This could justify the dispersion of the poles of the
fractures within the study area (Fig. 5 inset) and their departure from
parallelism with the N-S faults to which they relate.

6. Implications and conclusions

How the density of fault-related fractures may relate to the full range
of structural complexities that fault zones can display at their interior is
relatively poorly explored in the literature. This poor exploration could
be due to, (i) the fact that circumstances in which fault zones can be
observed in detail and in their full width for a significant portion of their
strike or dip extents are relatively rare, and/or (ii) the fact that as
displacement is progressively accumulated, fault displacement may
localise on a single slip surface and the initial structural complexities of
the fault zone can be obliterated and/or bypassed (e.g., Walsh et al.,
2001; Childs et al., 2009; Delogkos et al., 2017b).

The high-resolution data analysed in this article allowed us to study
in detail an incipient fault zone that still preserves a significant degree of
structural complexities, and to relate these complexities to the density of
fault-related fractures. Areas of denser fracturing are very localised and
coincide with: (1) rock volumes bounded by antithetic faults developed
within fault zones (Fig. 7A); (2) branch points between antithetic faults
within the interior of fault zones and fault zone-bounding fault segments
(Fig. 7B); (3) fault zone-bounding fault segments associated with sig-
nificant displacement gradients (Fig. 7C); (4) relay zones between sub-
ordinate synthetic faults (Fig. 7D).

These results may aid prediction of the location of areas of fracturing
within seismically mapped fault zones similar in structure to the one
studied in this article. Fracturing associated with faulting is often below
the resolution of the seismic reflection data and therefore cannot be
readily detected and estimated using this technique. Accurately pre-
dicting fracture densities may be of pivotal importance for industrial
applications that deal with sub-surface data, since regions of fracturing
in fault zones are often demonstrated to be rock volumes of enhanced
permeability (e.g., Caine et al., 1996; Evans et al., 1997; Agosta, 2008;
Faulkner et al., 2010; Bense et al., 2013; Gillespie et al., 2020; Scibek,
2020; Michie et al., 2021; Boersma et al., 2021; Smeraglia et al., 2021).
Therefore, being able to predict their location can have very significant
implications for better understanding and even predicting fluid flow
within faulted reservoirs for a wide range of practical applications, from
CO; and energy (Hpy) storage, to geothermal and hydrocarbon explora-
tion and production, to mining and civil engineering.
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