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Faults are characterized by a complex internal architecture. In carbonates, the geometry, attitude, and distri-
bution of fault-related fractures and subsidiary faults can largely affect the petrophysical properties and hy-
draulic behavior of the fault zone. This work investigates the footwall damage zone of a seismic-scale normal
fault (throw ~ 300 m) from a structural, petrophysical and seismic point of view. The studied Venere Fault (VF)
bounds the intra-mountain Fucino Basin (central Italy) and crosscuts Lower Cretaceous platform carbonates. A
significant portion of the footwall VF damage zone (VF-DZ) is well exposed in the 400 x 200 m Santilli Quarry.
There, we assess the amount of outcrop-scale fracture porosity and permeability by in-situ fracture analyses and
permeability measurements. The results show a composite power-law decay of fracture intensity away from the
main slip surfaces, strongly influenced by subsidiary faults. An outcrop-based, digital 2D model of the VF-DZ is
constructed and populated with acoustic properties (Vp, Vs and density) derived from both the matrix and
fracture porosities. This model is enlarged five times and used for seismic modelling to investigate the seismic
signature of the VF-DZ under different but realistic geological and geophysical conditions. Seismic modelling
suggests that within the modelled damage zone and for wave frequencies of 20-40 Hz, seismic impedance
contrasts associated with subsidiary faults may be imaged, depending on the degree of fracture porosity, fracture
aperture, and the illumination angle (a measure of the maximum dip that can be imaged), the last two pa-
rameters being controlled by overburden depth. These results have implications for the seismic interpretation
and characterization of fault zones in carbonates, and hence for the evaluation of fluid migration through these
structures.

1. Introduction usually below seismic resolution, their cumulative effect could be

detected as a distortion of the seismic signal (Chopra and Marfurt, 2009;

The geometrical and structural properties of brittle faults are very
difficult to characterize in the subsurface. Although seismic reflection
data can be successfully used for fault network interpretation, a few
studies document the architecture and seismic attributes of single faults
(i.e., Cohen et al., 2006; Dutzer et al., 2010; Liao et al., 2019). Both
seismic modelling and attribute-based interpretation have been
employed to characterize the geometry of single fault zones, and assess
their surrounding deformation (Botter et al., 2016; Alaei and Torabi,
2017; Cunningham et al., 2019) according to their seismic disturbance
zone (lacopini et al., 2016). In fact, although individual fractures are
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Li et al., 2015), and their main orientation estimated by structural
seismic attributes (Michelena et al., 2013; Mendez et al., 2020). Syn-
thetic fault models and their associated seismic response show the po-
tential for characterizing damage zones using seismic attributes (Botter
et al., 2017). However, since the interpretation in the subsurface of
sub-seismic structures across fault zones (i.e., subsidiary faults, fracture
networks) are often affected by either a limited spatial distribution of 1D
well data or low-resolution of seismic data, it is not clear how the seismic
anomalies from these areas correlate with actual fracture distribution
and petrophysical properties.
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Fault damage zones, which commonly surround the fault cores,
include thick volumes of fractured and faulted host rocks still preserving
some of the original features such as bedding (Caine et al., 1996; Aydin,
2000; Gudmundsson et al., 2001; Sagy et al., 2001; Rotevatn et al.,
2007). Within fault damage zones, many studies have documented
common trends of both fracture density and intensity (Wilson et al.,
2003; Faulkner et al., 2006, Mitchell and Faulkner, 2009; Savage and
Brodsky, 2011; Johri et al., 2014; Ceccato et al., 2021). Although these
trends have been verified in many outcrops, fracture parameters do not
always scale proportionally with fault displacement (Anders and
Wiltschko, 1994; Shipton and Cowie, 2003; Myers and Aydin, 2004;
Mayolle et al., 2019; Mercuri et al., 2020). In this regard, several authors
consider the role played by stress distribution along the evolving main
slip surfaces on the localization of fault-related fracture clusters,
assuming cohesive end zone models, different scales of mechanical unit
thickness, and failure modes (Cowie and Scholz, 1992; Davatzes and
Aydin, 2003; De Joussineau and Aydin, 2007a, 2007b; Camanni et al.,
2021; Mayolle et al., 2021).

This work focuses on an integrated outcrop-based characterization
and seismic modelling of a 100’s m-thick footwall damage zone in low-
porosity, platform carbonates. We investigate the complexity of the in-
ternal architecture of the fault zone from the structural, petrophysical,
and seismic imaging points of view. The workflow is rooted on a field-
and digital-based structural analysis. The studied fault, known as the
Venere Fault (VF, Fig. 1), bounds eastward the intramontane Fucino
Basin (Central Italy), and juxtaposes Lower Cretaceous platform car-
bonates on the footwall against Plio-Quaternary fluvio-lacustrine sedi-
ments on the hanging wall (Cavinato et al., 2002). By studying in detail
the fractured and faulted carbonates exposed along the eastern and
western walls of the active Santilli Quarry (Fig. 2), which are oriented
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approximately orthogonal to the main slip surface (MSS), we assess the
inner structure of the Venere fault damage zone (VF-DZ).

We document fracture distribution across the VF-DZ and show a
fracture intensity decrease from the MSS following a composite power-
law equation. The outcomes of fracture analyses are then used to esti-
mate the contribution of fractures to porosity; in this regard, different
scenarios of fracture aperture/length aspect ratio obtained from both
field measurements and literature are considered (Olson, 2003; Schultz
et al., 2008; Klimczak et al., 2010; Ghanbarian et al., 2019). Further-
more, in-situ permeability measurements are performed. As a result, a
clear picture of petrophysical properties across the fault damage zone
and poro-perm relations are obtained. Then, the resultant outcrop-scale
2D petrophysical model is further constrained by merging it with a
virtual outcrop model of the fault zone, constructed using photogram-
metry techniques. This base model has property zones (including
acoustic properties) that obey the geometrical and spatial relationships
observed in the outcrop. Finally, an enlarged version of the base model is
used for seismic modelling and sensitivity analyses of both geological
and geophysical parameters. Therefore, to evaluate the uncertainties in
the seismic characterization and fluid-flow modelling of large faults in
low-porosity carbonates, we integrate outcrop-based geological and
petrophysical models of the VF-DZ with seismic modelling to generate
seismic images of the fault zone.

2. Structural setting of the Fucino Basin

The Fucino Basin lies in the Peri-Adriatic outer portion of the central
Apennines fold-and-thrust belt, Italy (Vezzani and Ghisetti, 1998; Vez-
zani et al., 2010). The central Apennines are characterized by primarily
east-verging regional-scale thrusts, which formed during Late
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Fig. 1. (a) Geological map of the Fucino Basin and
surrounding areas (modified after Cavinato et al.,
2002). 1) Alluvial deposits (Upper Pleistocene— Ho-
locene); 2) Lacustrine deposits (Upper Pleistoce-
ne-Holocene); 3) Lacustrine-lagoonal deposits
(Upper Messinian); 4) Lazio—Abruzzi flysch deposits
(Lower Messinian); 5) Marine carbonate ramp (Lower
Miocene); 6) Slope and marginal Latium-Abruzzi
carbonate platform (Eocene-Lower Cretaceous); 7)
Inner carbonate platform (Upper Cretaceous-Middle
Jurassic); 8) Normal fault; 9) Indistinct high-angle
fault; 10) Thrust fault. (b) Inset showing the loca-
tion of the Fucino Basin in central Italy.
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Fig. 2. Google Earth image (lat-long: 41.971°, 13.661°) of the study area with the main structural elements and studied sections. The 1st order fault is the main slip
surface of the Venere Fault, and the study focuses on the northern footwall block, which consists of tight Lower Cretaceous platform carbonates. CSL stands for

circular scanline.

Miocene-Pliocene compressional tectonics (Bigi et al., 1992; Ghisetti
and Vezzani, 1999). Since Late Pliocene-Early Pleistocene, the imbri-
cated fold-and-thrust belt has been crosscut and dissected by NW-SE
striking normal faults, which mainly dip SW, and to a lesser degree by
E-W striking normal faults. The central Apennines were uplifted and
exhumed from shallow crustal depths during Plio-Quaternary times
(Ghisetti and Vezzani 1999, 2002). As testified by the 1915 Avezzano
earthquake (Ms = 7.0), tectonic extension is still ongoing, with major
seismic normal faults bounding the eastern side of the Fucino Basin
(Boschi et al., 1997; Lanari et al., 2021 and references therein).
Regarding the Avezzano earthquake, paleoseismological investigations
document pure dip-slip extension (Michetti et al., 1996; Galadini and
Galli, 1999), although minor right-lateral slip was determined in the
Fucino Basin area by means of detailed fault scarps analysis (Piccardi
et al., 1999). Overall, a ca. 300 m throw, and an average slip rate of
0.4-1.0 mm/year were estimated for the Venere fault and the study area
of the Fucino Basin (Cavinato et al., 2002; Roberts and Michetti, 2004;
Faure Walker et al., 2010).

In this work, we focus on key outcrops located within the active
Santilli Quarry. There, the footwall damage zone of the Venere Fault
(VF-DZ) is nicely exposed allowing a full 3D characterization (Fig. 2).
The platform carbonates consist of Lower Cretaceous limestones (Vez-
zani and Ghisetti, 1998), which mainly include carbonate boundstones
with very low values of porosity and permeability (Agosta et al., 2007).
After detailed analysis of fracture attitude, nature, distribution, abutting
and crosscutting relations, Agosta and Aydin (2006) identified the
fundamental fracture modes and main structural elements related to the
processes of VF-DZ nucleation and growth. These authors documented
three different orders of subsidiary faults according to their dimension
and throw. The 1st order fault includes the main slip surface (MSS) and a
cataclastic fault core, up to 1 m-thick, made up of grain- and
matrix-supported cataclasites (Agosta and Aydin, 2006; Ferraro et al.,
2018; Merico et al., 2020). These fault rocks were partially cemented by
meteoric-derived fluids, which mainly infiltrated along the MSS (Ghi-
setti et al., 2001; Agosta and Kirschner, 2003; Agosta, 2008). The 2nd
order faults, sub-parallel to the main fault, are characterized by length
on the order of few to several hundred meters and include cm-thick fault
cores made up of grain-supported cataclasites and/or gouge. Due to

outcrop limitation the amount of displacement is not observable and was
estimated on the order of several tens of meters according to their
geometrical parameters (Agosta and Aydin, 2006). The 3rd order faults
show throws on the order of several centimeters and their internal
structure is mainly made up of brecciated carbonate rocks and rarely
millimeters to centimeters thick cataclasites. Previous works along the
VF-DZ also analyzed the mineralogical, petrographic, textural, petro-
physical, and ultrasonic properties of the fault rock assemblage (Agosta
etal., 2007; Ferraro et al., 2019, 2020). Based on petrophysical analyses,
these authors documented a near linear porosity-permeability relation-
ship in the uncemented fault rocks. On the contrary, the cemented cat-
aclasites that localize along the MSS show constant low values of
permeability, like the host rock permeability, and varying values of
porosity. Ferraro et al. (2020) interpreted this behavior as due to the
presence of moldic porosity associated with the selective dissolution of
survivor grains within the cemented cataclasites.

3. Methods

We use a workflow designed to investigate the VF zone through an
integrated multidisciplinary approach. The inner structure of the VF-DZ
is analyzed by coupling structural data acquired in the field and digital-
based measurements on virtual models of the outcrop. The petrophysical
properties of the fault-related fracture network (fracture porosity and
fracture permeability) are obtained by integrating in-situ permeability
measurements with results of fracture analysis. The resulting VF-DZ
model includes the variations of the estimated values of fracture
porosity and acoustic properties (P-wave velocity, S-wave velocity, and
bulk density). Finally, an enlarged version of this model is employed as
input data to seismic modeling simulating different geological and
geophysical scenarios, which provide useful information on the seismic
character of the fault zone.

3.1. Structural analysis
The field structural analysis was conducted along two exposed walls,

respectively labelled as eastern and western, cropping out in the Santilli
Quarry (Fig. 2). Both eastern and western walls, sub orthogonal to the



T. Volatili et al.

MSS, expose the VF footwall damage zone to its south-eastern tip and
central portion, respectively.

3.1.1. Circular scan line analysis

A total of 13 circular scan line measurements (CSL) are performed at
specific sites (orange circles in Fig. 2) to assess the amount of fracture
properties across the VF-DZ. At each site, we calculate the values of
fracture density (Pyg), which is the number of fractures per area [m’z],
fracture intensity (P2;), which is the sum of fracture length per area
[m’l], and mean fracture length (1), which is expressed in [m]. In this
work, we refer to fracture length as fracture traces on the studied
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vertical walls. These parameters are estimated using the following
equations (Mauldon et al., 2001):

m

Py v (@]

Py :% 2)
n (mr

-

where n is the number of fracture intersections within a circular scan
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Fig. 3. (a) Virtual outcrop model of the eastern wall with interpreted 2nd order faults. (b) Close-up of a 2nd order fault and (c) field photo showing in detail the fault
plane and striae (dashed lines). (d) Field photo showing a 3rd order fault and (e) dense point cloud of same area for measurements.
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line, and m is the number of fracture terminations within the circular
scan line. An optimal circle radius r of 0.1 m was chosen to avoid biases
related to undersampling of fractures (Rohrbaugh et al., 2002), and
multiple heterogeneity domains in a single survey. The required mini-
mum number of 30 fracture terminations is always respected. Thus, the
CSL size and the derived fracture properties (porosity and permeability)
are assumed to be representative of single sampling stations.

CSL analyses document the variation of both fracture density and
intensity as a function of distance to both the main fault and the sub-
sidiary faults, which respectively correspond to the 1st and 2nd order
faults of Agosta and Aydin (2006). In small and isolated faults, the
fracture density decreases away from the fault generally following a
power law function (Savage and Brodsky, 2011). However, in more
complex and large faults, the fracture density is generally characterized
by more irregular distributions due to the presence of subsidiary faults
and their related localized deformation. Savage and Brodsky (2011)
proposed modelling the composite curve of fracture intensity across a
fault zone characterized by subsidiary faults using a superposition of
power-law functions. Following the same approach, we decomposed the
estimated fracture intensity distribution into two main power-law
functions, which correspond to the main and subsidiary faults, respec-
tively. To obtain the coefficients of both power-law equations, an opti-
mization approach was adopted by using a generalized reduced gradient
nonlinear algorithm (Lasdon et al., 1974). This procedure consists of
iteratively varying the constants of the power-law equations until the
lowest sum of squared errors between the best-fit model and the data is
obtained. Since the 3rd order faults are characterized by poorly devel-
oped, vertically discontinuous damage zones (Agosta and Aydin, 2006),
their contribution is not incorporated in the fracture intensity decay
model.

3.1.2. Photogrammetry analysis

Photogrammetric surveys were performed along both eastern and
western walls by means of an Unmanned Aerial Vehicle (UAV). Then, by
using the Structure from Motion (SfM) technique, we construct a virtual
outcrop model (James and Robson, 2012). The aerial photographs were
taken using the DJI Phantom 4 Pro UAV, which is equipped with a 20Mp
onboard camera, and 1 inch image sensor. In the field, the UAV flew at
distances between ~2 and 5 m from the studied walls. Each digital
model was then built using ~200 overlapping photos. The general SfM
processing procedure follows the methods described by Pitts et al.
(2017) using the Agisoft Metashape software (Fig. 3a). The output from
the virtual outcrops consist of high-resolution surface meshes containing
more than 30 million faces, and associated point clouds (up to 250
million points).

The main advantage of using virtual outcrop models is the ability to
obtain additional information regarding the geometry of subsidiary
structural elements in the footwall VF-DZ (Fig. 3 b-e). The point clouds
were imported into the CloudCompare software for further interpreta-
tion, and to measure length, throw, dip direction and dip angle of sub-
sidiary 2nd order faults (Fig. 3e). These data were obtained by using a
semi-automatic fracture tracing method (Thiele et al., 2017). In addi-
tion, the high resolution orthomosaics (near 1.5 mm/pix) from the vir-
tual outcrop model were used for the construction of the VF-DZ base
model. The eastern and western walls orthomosaics were merged into a
single 2D section representing the footwall DZ. In this model, the 2nd
order faults and the largest 3rd order faults cover a more representative
area. Subsequently, the entire 2D geological model is populated with
petrophysical and acoustic properties, as described in the following
section.

3.2. Petrophysical and acoustic properties
3.2.1. Fracture porosity

The amount of fracture porosity was calculated from the fracture
density (Pgo) across the damage zone, using the following equation:
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@cs. =P X I XE ()]

where [ is the mean fracture length calculated from the CSL analysis, and
E is the mechanical fracture aperture estimated from a linear relation-
ship with the fracture length. Many studies focusing on fracture scaling
relations, involving multiple fracture datasets, have demonstrated that
the trend of this linear relationship (aperture/length) varies between
0.01 and 0.001 (e.g., Olson, 2003; Schultz et al., 2008; Klimczak et al.,
2010; Ghanbarian et al., 2019, and reference therein). This linear frac-
ture aperture/length relationship was further validated from field
measurements (cf. Ch. 4.1). In this regard, we evaluated three scenarios
of fracture porosity by varying the ratio E/I:

i. ®csp1, which assumes E/I = 0.01 and returns an average fracture
aperture likely related to a relatively low confining pressure
condition;

ii. ®cgrp, which assumes E/I = 0.005 and represents the trend of
fracture aperture/length measured in the studied outcrop;

iii. ®cgr3, which assumes E/I = 0.001 and results in very small
average fracture aperture values, likely resembling the fracture
aperture at greater, kilometer depths.

3.2.2. Fracture permeability

In-situ permeability measurements were carried out using a portable
air permeameter, TinyPerm (Balsamo et al., 2010; Filomena et al., 2014;
Tondi et al., 2016). To avoid biases due to surface irregularities and
weathering, the sampling sites were cleaned and cleared out of detritus
(Antonellini et al., 2014; Riegel et al., 2019). A maximum of 9 mea-
surements were taken at each CSL station.

To obtain a reliable permeability value at each CSL station and avoid
the use of fracture roughness correction factors (Zambrano et al., 2019
and reference therein), the hydraulic aperture, e, is first calculated using
the equation for smooth parallel plates (Snow, 1969):

e= vV x 12 )

where k; [m?] is the average permeability for each CSL station, derived
from the permeability measurements. Then, the fracture permeability kf
is calculated as follow:

n(é
k= Z(ﬁ) ©

where n/L is the linear fracture intensity [m’l], the number of fractures
(n) per unit of length (L). To take advantage of our areal fracture survey
approach, eq. (6) was modified to obtain the equivalent fracture
permeability k. as follows:

3
k.= Py (%) @

The impact of fracture orientation was not considered for the esti-
mation of the equivalent fracture permeability. However, k. was
assumed to resemble the along-fault permeability component since the
in-situ permeability measurements were taken in single fractures ori-
ented sub-parallel to the MSS. According to the CSL analyses, the frac-
tures are highly connected and therefore we assume that the fracture
network is above the percolation threshold.

3.2.3. Seismic velocities and density

To perform the seismic modelling of the VF-DZ, the base model was
populated with the P wave velocity Vp, S wave velocity Vs, and density,
estimated from the field measurements. The Vp was derived from the
porosity estimates by discriminating the effect of fracture and matrix
porosity according to Kumar and Han (2005). These authors use a dif-
ferential effective medium (DEM), which defines the contribution of
interparticle pores (matrix) and crack-shaped pores (fractures) on
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P-wave velocity. To automate the selection of Vp values, we used a
Matlab function powered by the curve fitting toolbox, which includes
both matrix and fracture porosity components and delivers a Vp value in
agreement with Kumar and Han (2005). For the sake of simplification of
the implemented Vp-porosity relationship, the effect of fracture and
matrix pore network anisotropy was not considered. For matrix porosity,
we considered values ~0.8% as reported by Agosta et al. (2007). For the
fracture porosity, we used the values estimated in section 3.2.1. The Vs
values were obtained using a Vp/Vs ratio of 1.9, which is typical for
carbonates (Miller, 1992). The seismic velocities and density of the fault
core were assigned using data from Agosta et al. (2007). Finally, the bulk
density, p, was calculated assuming a water saturated porous medium,
using the following equation:
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p=pu(l = @) +p®@ €)
where p,, is the matrix density, which is equivalent to the density of
calcite (2.71 g/cm3), Py is the density of the fluid (water, 1.0 g/cm3), and

® is the total porosity, including both fracture and matrix porosity.

3.3. Seismic modelling

Seismic imaging simulations were used to evaluate the seismic
expression of the VF-DZ and the inner structures considering different
geological and geophysical scenarios. A based grid was built by
combining information from the virtual outcrops and petrophysical and
acoustic properties. Data obtained from the eastern and western walls
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were merged into a single 2D section representing the footwall VF-DZ
(Fig. 11). The fracture domains (FDs) were extrapolated to a larger
scale to include the surrounding geology of both the footwall and the
hanging wall. This resulted in a more complete fault zone model, which
is less biased by low contrasts of seismic impedance.

The synthetic seismic data were generated using the pre-stack depth
migration (PSDM) simulator implemented in the SeisRoX™ software.
This simulator reproduces the effects of seismic imaging on the PSDM
domain by acting as an image-processing method distorting an input
reflectivity grid (Lecomte, 2008; Lecomte et al., 2015; Lecomte and
Kaschwich, 2018). PSDM images can thus be rapidly simulated by
spatial convolution with detailed 3D reflectivity models. This method-
ology was previously successfully employed to reproduce synthetic
seismic images of faults and folds (Botter et al., 2014, 2016; Wood et al.,
2015; Anell et al., 2016; Lecomte et al., 2016; Grippa et al., 2019; Wrona
et al., 2020).

This method considers a spatial convolution operator called the
Point-Spread Function (PSF), which ideally depends on the acquisition
geometry, velocity model, and input wavelet, involving 3D angle-
dependent illumination and resolution effects (Lecomte, 2008;
Lecomte et al., 2015, 2016). The workflow and basic elements included
in the 2D PSF-based convolution approach are shown in Fig. 4, whereas
an extended description of this technique is given in Lecomte (2008).
The main input to the PSDM simulator is an incident angle-dependent
reflectivity model (Fig. 4a), which is derived from the acoustic proper-
ties of the model, i.e., density, Vp and Vs. In the absence of a given
survey and background velocity model, as is the case for the present
work, an angle of maximum illumination and a selected incident angle
suffice to form a generic PSDM filter, which can be combined with a
wavelet to add the frequency dependency (Fig. 4b). The angle of
maximum illumination means that geological dips steeper than that
angle will not be imaged. In the spatial domain, the PSF is the
Fourier-equivalent of the PSDM filter in the wavenumber domain ob-
tained by applying an inverse Fast Fourier transform (FFT!) to the
PSDM filter (Fig. 4c). The modelling can thus also be seen as a convo-
lution in the spatial domain between the input reflectivity and the PSF.
In the wavenumber domain, the PSDM filters are multiplied with the
reflectivity grid after first converting the latter by Fast Fourier transform
(FFT), and an inverse FFT (FFT™!) of the product yields the final
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simulated PSDM image (Fig. 4d).

3.3.1. Geological and geophysical parameters

For the simulations, we focus on understanding the seismic expres-
sion of the fault damage zone under different geological and geophysical
parameters as summarized in Fig. 5. Most of the VF-DZ structures are at
sub-seismic scales and would not be detected in industry seismic at km
depths (~20-40 Hz frequencies). To test the impact of a structure like
the VF-DZ at such depths and with standard seismic frequencies, we
enlarged five times the geological model. This procedure is reasonable
since fault zones mostly have a fractal nature, which means that their
dimension scales with fault displacement (Fossen and Gabrielsen, 1996;
Faulkner et al., 2011; Torabi et al., 2020), whereas their fracture
abundance variation is insensible to fault size (Scholz, 2019, and ref-
erences therein). Scibek (2020) also highlights the occurrence of similar
petrophysical properties in fault damage zones regardless of their
dimension.

Since the field data are limited to the footwall of the VF-DZ, we build
three different geological models (GMs), which differ in terms of sur-
rounding lithology above (footwall) and adjacent (hanging wall) to the
outcrop model as follows:

. GM1 carbonates with 10% matrix porosity.

ii. GM2 carbonates with 5% matrix porosity.

iii. GM3 saturated flysch with constant acoustic properties: Vp = 2.5
km/s, Vs = 0.8 km/s, and density = 2.2 g/cm® (data from Patruno
and Scisciani, 2021; Mancinelli et al., 2021).

These three models test the effect of different surrounding imped-
ance contrasts on the seismic signature of the VF-DZ. In the GM1 and
GM2 models, the VF-DZ is surrounded by the lithology observed in the
footwall. In the GM3 model, however, the fault zone is surrounded by
flysch of the Fucino Basin. For the three models, the petrophysical and
acoustic properties of the carbonates are varied by considering three
fracture aperture scenarios corresponding to 0.01, 0.005, and 0.001
times the mean fracture length of the fault zone as stated in section 3.2.1
(Fig. 5). To test the effect of these different geological parameters, the
geophysical parameters are fixed, and they include a Ricker wavelet of
30 Hz dominant frequency, and a 60° illumination angle. To complete

5 x BASE MODEL
(30 Hz frequency, < 60° illumination angle)

7

GM1

|

E/I
0.01
0.005
| 0.001

EFFECT OF GEOLOGICAL
PARAMETERS

EFFECT OF GEOPHYSICAL

PARAMETERS Hz
40
30

20

LN

GM2 GM3 Geological models including
l l different surrounding lithology
E/l E/l Fracture aperture / length ratio
0.01 0.01
0.005 0.005
0.001 0.001
<60° < 90° —— Jllumination angle
Hz Hz —— Wavelet dominant frequency
40 40
30 30
20 20

Fig. 5. Chart flow of the seismic models indicating both the geological and geophysical parameters that were tested.
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the sensitivity analysis, geophysical parameters controlling the PSF are
varied for the model GM2. Specifically, we test the effect of different
illumination angles (45, 60 and 90°), and wavelet frequencies (20, 30
and 40Hz).

4. Results
4.1. Fracture properties

The VF-MSS (1st order fault) is laterally continuous throughout the
study area (Fig. 2). The strike of this fault varies from S42E (southern
edge of the Santilli Quarry) to S64E (northern edge), whereas its dip
angle is ~ 50° SW. The well-developed slickenlines present on the fault
planes show pitch angles forming clusters at ca. 90° and ca. 105° along
the southern and northern edges of the quarry, respectively. The 100 m-
thick footwall VF-DZ includes four 2nd order faults, which roughly
strike NW-SE, and form high-angle synthetic structural elements with
respect to the MSS (Figs. 2 and 3). The spacing between adjacent 2nd
order faults increases away from the MSS. Hereafter, we document the
detailed architecture of two walls orthogonal to the MSS labelled as

® EASTERN WALL
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eastern and western walls, respectively.

The eastern wall is crosscut by two 2nd order faults (Figs. 2 and 6a).
The 2nd order fault closer to the MSS strikes S55E, and dips 65° SW,
whereas the other one strikes S46E, and dip 85° SW. The latter fault is
associated with a conjugate splay oriented S54E/64° NE. The amount of
displacement solved by these faults cannot be established. Both 2nd
order faults include a few m-thick fault damage zones encompassing
uncemented (poorly cemented in places) fault cores made up of 5-20
cm-thick cataclasites (Fig. 7a and b). We document a total of 47 3rd
order faults. Overall, they strike N8OW to N30W, dip 50-80° NE
(Fig. 6¢), and are hence antithetic to the MSS. Based upon the offset of
the carbonate beds, the 3rd order faults are characterized by throw
values ranging from 5 to 60 cm. These faults are made up of discon-
tinuous pods of brecciated carbonates that localize along the slip sur-
faces (Fig. 7c). We note that the bedding attitude along the whole
eastern wall varies from ca. S60E/45° SW, away from the MSS, to ca.
S60E/60° SW close to it.

The western wall exposes the MSS, and it is crosscut by two 2nd order
faults striking ~ S50E, and dipping 60° to 70°SW (Fig. 6b). These 2nd
order faults are therefore synthetic to the MSS. The amount of

®
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Fig. 6. Orthomosaics and line drawings of the structures observed along the a) eastern wall and b) western wall. ¢) Faults and bedding planes in lower hemisphere,
equal area stereonets. Lines’ legend is similar to (a) and (b). CSL# show the location of the circular scan lines.
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Fig. 7. Detail of the inner architecture of subsidiary faults on the eastern wall. a) 2nd order fault zone and associated close-up in (b), b) uncemented (UFC) and
cemented (CFC) fault rocks, ¢) two 3rd order faults highlighted by green arrows, including pods of fault breccia and clearly offsetting bedding. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

displacement solved by these faults cannot be established. Their inner
structure is made up of 5-10 cm-thick cataclasites. The western wall is
also crosscut by 39 3rd order faults, most of which are synthetic to the
MSS fault. Altogether, these subsidiary faults show a wider range of
attitudes with respect to those crosscutting the eastern wall. They strike
S40W to S20E, and dip 40-80° W (Fig. 6¢). Regarding the amount of
displacement, it is not possible to establish it due to the lack of evident
stratigraphic markers. The inner structure of these faults includes 2 to 5
cm-thick uncemented fault core, mainly characterized by fragmented
and comminuted carbonates. We note that the density of the 3rd order
faults is not homogeneous within the western wall, showing an incre-
ment by a factor of ca. 2 approaching the MSS (from about 20 m-dis-
tance). The bedding attitude measured along the western wall is
somehow constant at values of ca. N30W/15° NE.

The results of the CSL analyses are summarized in Table 1, and re-
ported in Fig. 8a and 8b. The computed values of fracture density (Po),
fracture intensity (P2;), and mean fracture length (1) are also shown as
normalized values with respect to the largest ones (Fig. 8b). Linear
fracture aperture/length relations are documented for the two study
outcrops of the footwall VF-DZ (Fig. 8c).

Although it is difficult to distinguish in the field the extent of 2nd
order fault damage zones from surrounding deformation, a further
analysis of the fracture intensity (P2;) shows that it decreases as function
of distance (D) from the MSS and that it can be decomposed into two
main trends, which are related to the 1st and 2nd order faults (Fig. 9).
The optimal solution obtained by applying the minimum squares tech-
nique generates a modelled decay with a mean absolute error (MAE) of
0.07 (dashed black line in Fig. 9). The modelled decay of fracture in-
tensity is represented by power-law functions (Py; = ¢ x d™), as re-
ported in the literature (Savage and Brodsky, 2011). It consists of a
main, broader decay with an exponent n = 0.5, a scaling factor ¢ = 700,
and a distance D (dashed red line in Fig. 9), representative of the 1st
order fault; and smaller, more localized decays with n = 0.52, ¢ = 56,
and distance to the subsidiary structure d;, representative of the 2nd
order faults.

Table 1

Data derived for the single CSL stations. Py = fracture density; P, = fracture
intensity; [ = mean fracture length; ®cs11, Pcsi2 and Pcgp3 = fracture porosities
from CSL analysis with E/l = 0.01, 0.005 and 0.001, respectively; k. = median
value of fracture equivalent permeability (Eq. (7)).

CSLID Py P2 [ Dcsia Dest2 Dcsi3 ke

[m 2 [m'] [em] [%] [%] [%] [m?]

1 5.4E4+03 112.5 2.0 2.24 1.12 0.22 5.83E-
15

2 7.3E+03 170 2.3 3.57 1.78 0.36 3.18E-
13

3 5.6E403 132.5 2.4 2.80 1.40 0.28 7.71E-
14

4 5.0E+03 115 2.4 2.44 1.22 0.24 5.41E-
13

5 8.5E+03 137.5 1.6 2.56 1.28 0.26 1.65E-
14

6 5.8E403 132.5 2.3 2.73 1.37 0.27 9.17E-
13

7 9.0E+03 187.5 2.1 3.79 1.90 0.38 1.89E-
14

8 5.8E4+03 135 2.3 2.77 1.38 0.28 7.53E-
14

9 6.6E+03 117.5 1.8 2.34 1.17 0.23 2.85E-
13

10 9.3E+03 172.5 1.9 3.38 1.69 0.34 1.59E-
12

11 9.6E+03 190 2.0 3.93 1.97 0.39 1.75E-
12

12 8.9E+03 185 2.1 3.89 1.94 0.39 2.3E-

15

13 1.9E+04 265 1.6 4.85 2.43 0.49 1.11E-
12

4.2. Petrophysical properties

The calculated fracture porosity (®cs) and the equivalent fracture
permeability (k,) are summarized in Table 1 and Fig. 10. In general,
across the VF-DZ both fracture porosity and permeability show a
decreasing trend away from the MSS, which is consistent with the re-
ported fracture intensity decay. The fracture permeability derived from
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CSL2

Fig. 8. (a) Examples of circular scan lines CSL (circle
radius = 0.1 m) from the eastern wall (1 and 2), and
western wall (13). Blue dots (n) are fracture in-
tersections, and red dots (m) are fracture termina-
tions. (b) Normalized P2, P2;, and ®cg. histograms.
The red and blue lines show the position of the 1st
and 2nd order faults, respectively. Colors in the
background refer to the fracture domains: fragmented
(red), highly fractured (yellow) and moderately
fractured (green) carbonates. (c) Plot of the fracture
mechanical aperture, E, and length, 1, measured at the
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field CSL measurements shows median values ranging from 1.1 E"2 to
5.8 E"15 m2. The range of variability at each CSL station is between 1
and 2 orders of magnitude, for the first and third quartile values of the
permeability distribution, respectively (Fig. 10). Generally, the calcu-
lated values of permeability are in agreement with the values of fracture
porosity documented for the fracture domains. However, close to the
2nd order faults (CSL #2, #7, #12), the calculated values of fracture
permeability are 3 orders of magnitude lower than the surrounding rock,
regardless of the estimated high fracture porosity values (Fig. 10).

The ®¢gp, values [%] are strongly dependent on the adopted fracture
aspect ratio (E/I). The high-end member (®cg 1), E/l = 0.01, gives an
average mechanical aperture, E, of 0.2 mm with ®¢gy, values ranging
from 2.2 to 4.9%. On the other hand, the low-end member (®¢s1.3), E/L
=0.001, gives an average mechanical aperture, E, of 0.02 mm with ®¢gp,
values not exceeding 1%. The combined analysis of fracture density/
intensity and fracture porosity is therefore key to assess the three main
fracture domains (FD, Fig. 8b). We also compare the values obtained for
these domains with those after the most conservative case, E/I = 0.005,
which is the most representative scenario for the studied outcrop, in
light of the measured fracture aperture/length trends (Fig. 8c). The first
fracture domain (®f > 2.1%) corresponds to fragmented carbonates,

10

which are present close to the MSS (<20 m from the MSS, western wall
of the quarry). The second domain is highly fractured (®¢ = 1.6-2.20%),
and corresponds to rock volumes located 20-40 m away from the MSS.
The third domain is moderately fractured (&= 1.1-1.6%) and is present
>40 m away from the MSS and 5-to-20 m away from the 2nd order
faults. This domain includes all meso-scale fault-related fractures and
those associated with the 3rd order faults (Fig. 8b). Within the most
deformed zones (i.e., in proximity of the MSS or 2nd order faults), the
fracture network is characterized by a higher fracture intensity but a
smaller fracture dimension (i.e., length and aperture). Furthermore, the
fracture aspect ratio in these areas can be smaller than in the less
deformed carbonate rocks, as demonstrated by the lower fracture
aperture-length trend of the western wall with respect to the eastern
wall (Fig. 8c).

4.3. Petrophysical and seismic velocity model

Since the amount of fracture porosity is modelled as a function of
distance from 1st and 2nd order faults (Fig. 11), we include the three FDs
(fragmented, highly fractured, and moderately fractured carbonates) in
the 2D base model. In addition, far (~130 m) from the MSS, the



T. Volatili et al.

Journal of Structural Geology 155 (2022) 104515

3000 T
(K] -
:_\t/ P, = 700 x D795+ 19 | 56 x d; 052
“
.'i:l SSE =13.1
N oen MAE = 0.07
L ,..\ G}/’
N
200.0 + //5 \ 7 .
3 ‘19! °
- " te @ o
., \ 1 [m]
é v I 5 31 X \
= A 9 8 6 1
o N e,V o M 4-, @
R A AU . !
'''' 4 v/ an \
1000 + el h
I o
P,; = 700 x D705
0.0 t Py t t t t
0 20 40 60 80 100 120 140 160
Distance from Main Slip Surface, D, [m]
— — =Modelled Decay =~ <eee Main Decay ©® Measured values O Modelled values

Fig. 9. Decay of the fracture intensity P»; with distance to the MSS (D) and to subsidiary n structures (d;), modelled as a superposition of power-law functions

corresponding to 1st and 2nd order faults. Labels correspond to CSL number. SSE: Standard square error, MAE: Mean Absolute Error.

VENERE FAULT DAMAGE ZONE
d)CSL ke
[l [m?]
MSS fault core 11
2" order fault zone 410 1.0E-11
5 2
408 1.0E-12
1 406 1.0E-13
104 1.0E-14
102 1.0E-15
10 1.0E-16
0 20 40 60 80 100
Distance from MSS [m]

Fig. 10. Petrophysical properties measured on the CSL stations across the VF-DZ

(Labels correspond to CSL number). ®cg, is fracture porosity normalized with

respect to the maximum value. Thus, the ®¢g;, trend is independent of the applied aspect E/I ratio. k. is equivalent fracture permeability and is shown by a box
(limited by the 1st and 3rd quartile) and whisker plot in logarithmic scale, to illustrate its high variability across the damage zone. Red line is the location of the MSS,
and blue lines are the locations of the 2nd order faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

modelled fracture intensity and porosity are lower than the values re-
ported from the CSL analyses within the VF-DZ (Figs. 8 and 9). There-
fore, we added a new fracture domain called weakly fractured
carbonates, which is associated with the host rock of the VF zone. In this
domain, the values of fracture intensity are almost stable (coefficient of
variation <0.5%) and the fracture porosity (for E/I = 0.005) is ~0.7%.

Both the calculated density and seismic velocity should mimic the
values of fracture porosity because they are derived from this parameter.
However, as explained in section 3.2.3, the seismic velocities have a
more complex relationship with fracture porosity (Kumar and Han,
2005). The calculated porosity, density, P-wave velocity, and the
resultant reflectivity model of the GM2 fault zone model is shown in
Fig. 11, and in tabulated format in Table 2.

11

4.4. Seismic models

The geological and geophysical parameters adopted for the seismic
modelling of the VF zone are summarized in section 3.3.1 (Fig. 5). The
base model including the FDs distribution, fracture porosity and acoustic
properties (Fig. 11a—c) was tested, and a sensitivity analysis was applied
to evaluate the (PSDM) seismic signature of the VF-DZ.

4.4.1. Impact of geological parameters

To perform a sensitivity analysis based on different geological pa-
rameters, we use the 3 different geological models (GM1-3), which differ
from each other in terms of surrounding lithologies (cf. Section 3.3.1,
and Fig. 5). In general, we observe that only the FDs characterized by a
higher fracture porosity variation (fragmented carbonates, and highly
fractured carbonates) are visible in the seismic image due to their higher
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Fig. 11. a) Porosity (¢), b) Bulk density (p), c) P-wave velocity (Vp), and d) reflectivity of the GM2 base model, assuming an E/I ratio = 0.005.

Table 2

Summary of the modelled petrophysical and seismic velocity properties of the main fracture domains within the VF-DZ. Matrix porosity
= 0.8% and fault core porosity = 0.6% according to Agosta et al. (2007). A second case considers a matrix porosity = 5.0%.

Fracture & [%] Vp [km/s] Vs [km/s] p [g/cm?]
Domain g/ 0010 0.005 0.001 0.010 0.005 0.001 0.010 0.005 0.001 0.010 0.005 0.001
$_m=08% —— 6.20 3.50 1.34 3.45 4.67 6.07 1.81 2.46 3.20 2.63 2.67 2.69
Fragmented

—= i5:20 3.00 1.24 3.87 4.92 6.12 2.04 2,59 3.22 2.65 2.67 2.69
Highly
Fractured

— 4.00 240 1.12 443 5.32 6.19 233 2.80 3.26 2.66 2.68 2.70
Moderately
Fractured

— 3.00 1.90 1.02 492 5.69 6.29 259 3.00 331 2.67 2.69 2.70
Weakly
Fractured

— 1.90 1.35 0.91 5.69 6.07 6.27 3.00 3.19 3.30 269 2.69 2.70
ém=50% 1040 770 554 3.02 3.96 5.15 1.59 2,08 271 258 2.62 2.64
Fragmented

—— 9.40 7.20 5.44 3.29 4.19 5.23 1.73 2.21 2.75 260 2.62 264
Highly
Fractured

—— 8.20 6.60 5.32 3.74 4.47 5.32 1.97 2.36 2.80 261 2.63 2.65
Moderately
Fractured

—— 7.20 6.10 5.22 419 4.74 5.40 221 2,50 284 2.62 2.64 2.65
Weakly
Fractured

—— 6.10 5.55 5.11 474 5.14 5.49 250 271 2.89 2.64 2.64 2.65
Fault core 0.60 6.43 3.22 2.64

impedance contrasts (Figs. 11 and 12). It is also clear that the area
corresponding to the 2nd order fault farther from the MSS is not very
visible. The internal architecture of the VF-DZ is imaged in more detail
in model GM2 (Fig. 12b). Differently, in model GM1, the higher matrix
porosity of the surrounding rocks provides a stronger reflector. Its
seismic response masks the weaker reflection related to the reflector

12

near the MSS, which corresponds to the interface between the frag-
mented and highly fractured carbonates in the vicinity of the 2nd order
fault closest to the MSS (Fig. 12a). This effect is more pronounced in
model GM3 (Fig. 12c) due to an even higher impedance contrast because
of the overlying flysch.

The fracture mechanical aperture, which is controlled by the fracture
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Fig. 12. Seismic signature of the VF-DZ for three different geological models (GM1 to GM3) and fracture aspect ratios (E/1 = 0.01, 0.005 and 0.001). (a, d, g) GM1
model, hanging wall and footwall overlying carbonates with 10% matrix porosity, (b, e, h) GM2 model, hanging wall and footwall overlying carbonates with 5%
matrix porosity, (c, f, i) GM3 model, hanging wall and footwall overlying flysch. In all simulations, we use a 30 Hz dominant frequency and 60° illumination angle.
The inset in (a) shows the PSF. The black arrows on c indicate the area with missing reflectors, masked by the seismic response of a stronger reflector related to the
surrounding lithology.

aspect ratio E/l, significantly affects the imaging of the FDs within the second scenario (intermediate values of fracture aperture, E/I = 0.005),
VE-DZ. In the first scenario (high values of fracture aperture, E/[ = 0.01), the FDs’ location and geometry are still recognizable from lower
the details of the internal architecture of the damage zone are high- amplitude reflectors in all three GM models, although some details are

lighted by high amplitude reflectors that are stronger in the GM2 model, lost (Fig. 12d, e, and f). Finally, in the third scenario (lowest fracture
and weaker in the GM1 and GM3 models (Fig. 12a, b, and c). In the aperture, E/l = 0.001), the FDs are not observable in any of the GM

[llumination angle
<60°

yidag

0.5 km
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30 Hz
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Det

amplitude

Fig. 13. Seismic signature of the VF-DZ for different illumination angles (45, 60 and 90°, left to right) and dominant wavelet frequencies (40, 30 and 20 Hz, top to
bottom). The PSFs (insets) indicate the vertical and horizontal resolution of the seismic image. For this set of simulations, we used the middle-member case GM2 and
E/1 = 0.005.
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models (Fig. 12g, h, and i).

4.4.2. Effect of geophysical parameters

The aim of this section is to investigate the seismic signature of the
VEF-DZ by varying the maximum angle of illumination for dominant
wavelet frequencies of 20, 30 and 40 Hz. We include only the results for
the GM2 model and E/l = 0.005. The maximum illumination angles
applied in this study are 45°, 60°, and 90°, which correspond to inter-
mediate (standard), high, and perfect seismic illuminations with the
latter being in practice not attainable. The VF-DZ shows a great variation
in seismic signature as the maximum illumination angle varies (Fig. 13).
As expected, at perfect illumination (90°) the seismic signature of the
VF-DZ shows illumination of the FDs related to the 2nd order faults
(Fig. 13c, f, and i). At high illumination angle (60°), some details of the
VF-DZ inner architecture are lost due to the lack of illumination of
structures steeper than 60°. However, the FDs are still detectable on the
seismic image, and can be partially interpreted (Fig. 13b, e, and h). On
the contrary, the seismic sections modelled with a 45° maximum illu-
mination angle do not show the MSS, and the FDs are only present as
discontinuous/vanishing reflectors and seismic disturbance zones from
antithetic structures with lower dip angle (Fig. 13a, d, and g). The
decreasing dominant wavelet frequency clearly impacts the seismic
image. This is particularly evident in the lowest frequency case (20 Hz,
Fig. 13g, h, and i), where most details of the VF-DZ are lost resulting in a
blurred seismic image.

5. Discussion
5.1. Fault damage zone architecture

The integration of observations and measurements on the outcrop
and the virtual outcrop models allow us to obtain an accurate repre-
sentation of the main structural complexity of the VF-DZ, specifically of
both attitude and distribution of subsidiary faults. In agreement with
Agosta and Aydin (2006), the MSS shows almost pure dip-slip kine-
matics, and minor right-lateral slip. The 2nd order faults are subparallel,
and mainly synthetic to the MSS. Differently, the 3rd order faults show
greater attitude variation, and cluster along the eastern wall close to the
southern tip of the VF. Such a clustering is interpreted as due to
along-strike kinematics variations associated with processes of lateral
fault growth by segment linkage, as similarly documented for carbonate
fault damage zones exposed in the northern edge of the Fucino Basin
(Mercuri et al., 2020, and references therein).

The results of the CSL analyses are employed to calculate the main
fracture parameters such as fracture density, P20, and intensity, P21.
This procedure is an efficient tool for fracture distribution character-
ization in highly deformed carbonates and is relatively quicker than
traditional time-consuming linear scanlines performed in carbonate
fault damage zones (Panza et al., 2016, 2019; Zambrano et al., 2016;
Giuffrida et al., 2019, 2020; Volatili et al., 2019).

We computed a composite power-law decay of fracture intensity
from the MSS (cf. Fig. 9) within the VF-DZ. A similar composite fracture
density decay has been documented for carbonate damage zones by
Mayolle et al. (2019), where the effect of secondary faults is represented
by the presence of secondary peaks in the fracture frequency decay
function.

Although it is not possible to discern the actual contribution on
fracture distribution by the 2nd order faults to the 1st order fault and
vice versa, our field-based statistical approach (Fig. 9) demonstrate that
the subsidiary fault zones farther from the MSS have higher peaks of
fracture intensity with respect to the main fracture distribution
decreasing trend. This behavior is likely linked to fault growth processes
limited by an already fracture saturated environment approaching the
MSS, yielding an obliteration of subsidiary fault damage zones.
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5.2. Petrophysical properties

Previous studies on permeability distribution in carbonate fault
damage zones based on different methods such as discrete fracture
network modelling (Panza et al., 2018; Volatili et al., 2019, Romano
et al., 2020, Smeraglia et al., 2021), in-situ measurements (Antonellini
et al., 2014, Tondi et al., 2016; Riegel et al., 2019), laboratory tests of
plugs derived from hand specimens (Bauer et al., 2016; Trippetta et al.,
2017), and drill core samples and slug/injection tests (Westphal et al.,
2004; Gabay et al., 2014) described a permeability range comprised
between 1071° and 107! m2 We show that the median values calcu-
lated in this work for fracture permeability vary from 10~° to 10712 m?
across the VF-DZ (cf. Fig. 10). These values lie within the range above,
and also highlight that the decreasing trend of the petrophysical prop-
erties moving away from the MSS present some divergencies near the
2nd order faults. This divergence is also shown in the poro-perm cross
plot (Fig. 14). There, we document a power-law best-fit line (R%2=0.7) of
data gathered from CSL stations distant from 2nd order faults (blue dots
in Fig. 14). We note that the aforementioned power-law poro-perm
relation does not apply to data gathered in the vicinity of the 2nd order
faults (orange squares in Fig. 14). We suggest two field-driven expla-
nations for such behavior, causing a drastic reduction of fracture
permeability independently of fracture porosity variation. First, within
the most deformed zones (i.e., in proximity of the MSS and/or 2nd order
faults), the fracture network is characterized by higher fracture intensity
values, smaller fracture dimensions (i.e., length and aperture), and
lower aspect ratios (fracture aperture-length relations shown in Fig. 8c)
with respect to the surrounding network. Second, fractures aside the
most deformed zones can be partially healed by carbonate cements, as
documented along the 2nd order faults by Agosta and Aydin (2006).
These authors reported the occurrence of sporadic veins clustering in the
surrounding of slip surfaces bounding narrow pods of cataclastic rocks.
In siliciclastic sedimentary successions, Riegel et al. (2019) also docu-
mented the control exerted by interconnected fracture networks on the
cementation processes within fault damage zones. However, we note
that an uneven distribution of fracture healing is predicted for active
fault zones (Mizoguchi and Ueta, 2013), such as the studied VF-DZ.
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5.3. Seismic modelling

Several studies document the benefit of using field-based geological
models as input data for seismic modeling (i.e., Rabbel et al., 2018;
Grippa et al., 2019; Wrona et al., 2020). This procedure helps unraveling
the seismic response of complex stratigraphy and structural heteroge-
neities. Some works have used digital outcrop models for seismic
modelling (Anell et al., 2016; Lubrano-Lavadera et al., 2019). In this
contribution, the use of an integrated field- and digital-based model of
the VF-DZ allows the investigation of the seismic signature of a complex
fault architecture by considering various geological and geophysical
parameters. In fact, despite the lack of model constraints such as well-log
data, survey geometry, and background velocity, the versatility offered
by the PSF-based convolution modelling technique allows us to perform
a sensitivity analysis of the (PSDM) seismic signature of the VF zone
(Figs. 12 and 13).

According to the results, the first set of simulations, investigating the
effect of geological parameters while keeping the same geophysical
parameters (Fig. 12), shows a slight obliteration of the internal archi-
tecture of the VF-DZ by the masking effect of the strong and regular
reflectors in the GM1 to GM3 models. This means that the surrounding
lithology does not significantly affect the seismic imaging of the VF-DZ.
Conversely, the fracture mechanical aperture seems to be a crucial
parameter. In fact, the sensitivity analysis based on the fracture aspect
ratio (E/l) demonstrates that the fault architecture is not imaged in the
low-end case (E/l = 0.001), thus suggesting that if fracture porosity is
below 1%, due to very small average fracture aperture (few microns),
their FDs would not give high enough impedance contrasts to be imaged
on seismic. The latter fracture aspect ratio scenario is the most repre-
sentative for km-depth structures affected by very high confining pres-
sure (e.g., >50 MPa), returning fracture aperture values in the order of
few microns, thus consistent with a well-known fracture aperture
reduction due to overburden load (Nelson and Handin, 1977).

The second set of simulations investigating the effect of geophysical
parameters (Fig. 13) while keeping the same geological parameters, i.e.,
the middle-member case GM2 and E/I = 0.005 of Fig. 12, identify the 30
Hz dominant frequency as the lowest frequency required to image the
internal architecture of the VF-DZ, without losing details depicting the
FDs. However, since the model of the fault zone was enlarged five times
to simulate reasonable dominant frequencies commonly observed in
conventional seismic at km depth (i.e., 20, 30, and 40 Hz), this means
that a much higher frequency typical of high-resolution seismic data (i.
e., ~150 Hz) is required to image the fault zone in its actual size. In this
regard, Faleide et al. (2021), comparing conventional and
high-resolution seismic data, pointed out the need of coupling the latter
with seismic modelling to reduce uncertainties related to seismic
interpretation of fault zones. Similarly, the illumination angle, which in
an actual seismic survey is determined by the background velocity
model and a given survey geometry, shows how the steepest features (i.
e., MSS and 2nd order faults) are barely imaged by illumination angles
below 45° (Fig. 13a, d, g). At standard or low illumination angles (and
larger depths), the fault would only be detected by the vertical offset of
gently dipping reflectors. Therefore, the left cases of Fig. 13, where the
fault plane does not appear due to lack of illumination, would likely
represent the outcomes of conventional seismic at km-depths. This
suggest that the complex internal architecture of structures like the
VEF-DZ at km-depth would be mostly undetected by conventional
seismic, although their presence and related petrophysical heterogene-
ity, as documented in this study, may affect fluid flow. However, the
seismic signature of the VF-DZ will still be characterized by the occur-
rence of seismic disturbance zones related to the subsidiary structures.
Through seismic modelling, Faleide (2021) reported the occurrence of
similar disturbances of the seismic signal in a fault damage zone.
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6. Conclusions

We presented a multidisciplinary integrated characterization of a
seismic scale (throw ~ 300 m) normal fault zone, the Venere Fault (VF),
which cuts across Upper Jurassic-Lower Cretaceous platform carbonates
and bounds the eastern side of the Fucino Basin (central Italy). The VF
damage zone (VF-DZ) architecture was investigated from the structural,
petrophysical, and seismic imaging points of view. By combining field-
and digital-based structural analyses, the results highlight the profound
control exerted by subsidiary faults on both fracture distribution and
petrophysical properties. The resultant 2D model of the VF-DZ was then
populated with elastic properties (i.e., Vp, Vs and density values)
derived from the porosity of both the matrix and fracture components.
This base model depicting subsidiary structures that impart heteroge-
neity to the fault zone, was the input to seismic modelling that allowed
us to perform a sensitivity analysis according to various geological
(surrounding lithology and fracture aperture) and geophysical param-
eters (wave frequency and illumination angle). To test the impact of a
structure like the VF-DZ at km-depths and with standard seismic fre-
quencies (~20-40 Hz) the model was enlarged five times. The main
outcomes of this work are the following:

e In terms of deformation, fracture abundance distribution does not
decrease regularly away from the main slip surface (MSS). In
contrast, the fracture distribution is profoundly affected by the
occurrence of subsidiary faults. In this regard, we documented a
composite power-law decay of fracture intensity as a function of the
distance from the MSS and the single secondary faults.

Regarding petrophysical properties, both fracture porosity and
permeability show a decreasing trend away from the MSS. However,
they are also profoundly affected by subsidiary faults. In fact, the
computed fracture porosity increases by a factor of 2-3, whereas
permeability decreases down to 3 orders of magnitude near subsid-
iary faults.

From seismic imaging, we can assess that the most relevant geolog-
ical parameter affecting the seismic signature of the VF-DZ is fracture
aperture. When this parameter yields fracture porosity values below
1%, the internal architecture of the damage zone is not visible on
seismic. Higher impedance contrasts by different surrounding li-
thologies slightly conceal the reflectors close to the MSS, without
drastically compromising the VF-DZ signal.

High frequencies (~150 Hz) are required to image the VF-DZ in its
actual size. The same fault model enlarged five times, requires a
minimum frequency of 30 Hz to be properly imaged. The illumina-
tion angle strongly influences the seismic image. In conventional
seismic at km-depth (illumination angle <45°) the subsidiary struc-
tures within the VF-DZ are partially imaged as seismic disturbance
zones but most of the details are lost.

The applied methodology is greatly adaptable to different geologic
settings. Coupling petrophysical outcrop-based models with seismic
modelling can improve the seismic interpretation and characterization
of fault zones. In particular, the observed variations of fracture abun-
dance along subsidiary structures in outcrop can be simulated on seismic
images by using various geological and geophysical scenarios. This is of
particular interest for reservoir characterization in carbonates, where
the heterogeneity of fracture density/intensity given by subsidiary faults
or fracture corridors play a crucial role on the fluid storage and migra-
tion properties of large-scale fault zones.
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