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Abstract
Seismic imaging is the most common tool to detect subsurface structures in continental
and marine settings. Despite technological advancement, seismic analysis of carbonates

is still challenging because they are strongly influenced by petrophysical
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heterogeneities, being this even more difficult when further heterogeneities are added
by the presence of faults. In this work, unmigrated forward-seismic models are
developed to understand the seismic response changes related to carbonate-bearing
fault systems and their deformation behaviour. We focus on the carbonate ramp of the
Majella Massif (central Italy), that is characterised by the presence of porous and
faulted carbonate lithologies. This carbonate system represents an analogue of
carbonate reservoirs worldwide. Field and laboratory data of fault rocks sampled at
increasing distances from the slip planes highlight a damage zone/fault core architecture
with a decreasing porosity approaching fault planes. This observation is also confirmed
by the thin sections analysis and the calculation of the shear modulus. Seismic images
of fault rocks presenting lower porosity than the host rock show weak diffraction
hyperbolas while diffraction hyperbolas are more evident in the forward-seismic
models of fault rocks with greater porosity than the host rock. Moreover, factors such
as the variation in the dip angle of the fault or the thickness of the damage zone can
enhance or reduce the hyperbolas. Performing the migration process to stacked sections
would not provide evidence of increased porosity in the damage zone due to the
suppression of the diffractive component. The presence of weak hyperbolas in
unmigrated seismic images is thus interpreted as evidence of a lower porosity damage
zone with respect to the host rock. This can be related to deformation mechanisms
leading to porosity loss in the damage zone for porous rocks as observed in the study
area. However, this could also be related to the confining stress or fracture filling that

counteract the fracture-related porosity increase when faults are hosted by tight rocks.
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1. Introduction

Geophysical surveys performed in carbonate ramp systems are difficult to interpret
because of their strong facies heterogeneity (Palaz and Marfurt, 1997; Tomassi et al.,
2022). Further complications are then related to the presence of faults (Botter et al.,
2014; Faleide et al., 2021), which can have very different effects on the seismic
response of carbonate rocks (Wang et al., 1997). Carbonate-bearing faults are usually
characterised by one or more slip zones (the fault core), surrounded by a region
characterised by fractures, joints, veins, shear bands or deformation bands (damage
zone) (Caine et al., 1996; Trippetta et al., 2017). The petrophysical characterisation of
the transition from the fault core to the damage zone is not simple to perform
(Hadizadeh and Rutter, 1983), especially in carbonate rocks (Billi et al, 2003).

Fault-related deformation generates higher fracture density within the fault damage
zone with respect to the surrounding host rocks, thus deformation in the damage zone
decreases moving from the fault core toward the undeformed host rocks (e.g., Caine et
al., 1996; Smeraglia et al., 2014; Trippetta et al., 2017; Mayolle et al., 2019; Volatili et
al., 2022). For small displacement faults, damage is represented by different structures
such as fractures and/or deformation bands, which frequency depends on displacement
(Mayolle et al., 2019) and stress distribution (Mercuri et al., 2020; Volatili et al., 2022).
The lithologies belonging to both the fault core and to the damage zone have different
petrophysical characteristics because they experienced distinct stress and strain
conditions influenced by the fault slip behaviour (Wibberley et al., 2008; Michie, 2015;
Michie and Haines, 2016). These dynamics cause the fault rocks to have different
elastic parameters with respect to the protolith and thus different acoustic impedances
with respect to the surrounding rocks (Botter et al., 2014; Faleide et al., 2021). Fault

zones from shallow-water carbonate rocks are characterised by variable brittle
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deformation modes (Caine et al., 1996; Tondi et al., 2006; Antonellini et al., 2008;
Agosta et al., 2009; Agosta et al., 2010; Giorgioni et al., 2011; Agosta et al., 2012;
Trippetta et al., 2017). In these lithologies, faulting could be often associated with
opening mode fractures (Mollema and Antonellini, 1996). However, carbonate
dissolution allows the development of pressure solution and the subsequent shearing of
solution surfaces (Mollema and Antonellini, 1996; Storti et al., 2007; Antonellini et al.,
2008; Rustichelli et al., 2012). These processes combined with microcracking and grain
comminution (Baud et al., 2004; Wong and Baud, 2009; Heap et al., 2015; Fossen,
2016) lead to the generation of cataclastic bands and solution and cementation bands.
These structures are associated with porosity reduction due to pore collapse and grain
comminution and are generally characterized as deformation bands (Fossen, 2016). The
resulting geometry and architecture of the fault zones strongly influence the seismic
images of the carbonate-bearing fault zones. Forward modelling can thus help in
obtaining evidence about the seismic response of fault rocks particularly if the
petrophysical changes from the host rock to the fault planes can be properly constrained.
Various forward seismic modelling techniques are adopted over the years to accurately
represent the subsurface (Carcione et al., 2002). The point-spread function (PSF)
convolution modelling (Wrona et al., 2020; Jensen et al., 2021) applies a 2-D
convolution operator to the reflectivity model through the wavelet and its frequency,
velocity, angle of incidence and illumination patterns that determine which parts of a
geological structure are imaged by controlling lateral resolution (Lecomte et al., 2016;
Wrona et al., 2020). The finite element method (FEM) (Aagaard et al., 2001; Bielak et
al., 2003) is based on non-structured grids and thus involves more elaborate preparation
steps. The global pseudo-spectral methods (GPSM) are based on Fourier interpolation

or Chebyshev interpolation (Kosloff & Baysal 1982; Kosloff et al., 1990), based on a
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structured grid with global spectral differential operators (Klin et al., 2010). The finite
difference method (FDM) (Bohlen 2002; Moczo et al., 2007), discretizes the
computational domain across a grid making use of spatial operators and it is particularly
suitable to simulate complex geological structures. In this work we used the FDM
starting with a very detailed petrophysical characterisation of the involved structures
derived from natural carbonate fault rocks (Tondi, 2007; Matonti et al., 2012; Michie
et al., 2016; Trippetta and Geremia, 2019; Trippetta et al., 2020). Such petrophysical
characterisation provides input data to conduct an in-depth analysis of the unmigrated

seismic modelling outputs related to carbonate-bearing faults.

2. Geological setting
This work focuses on fault zones set up in the shallow-water carbonate ramp
outcropping on the northern portion of the Majella Massif, central Italy (Figure 1).
Platform carbonates outcrop in the central and southern portions of the Majella Massif
while the northern portion exposes a Cretaceous-to-Miocene carbonate ramp. This
latter is considered a great analogue of carbonate reservoirs, exploited in the offshore
Adriatic Sea and also in other regions worldwide (Tomassetti et al., 2021). Accordingly,
several natural heavy-hydrocarbon impregnations are found in the NW sectors of the
area, especially within the Miocene carbonate formations (Lipparini et al., 2018). The
Majella Massif is a N-S and NW-SE oriented thrust-related, box-shaped non-cylindrical
anticline structure plunging both to the North and South (Vezzani and Ghisetti, 1998;
Patacca et al., 2008; Agosta et al., 2009; Bianchi Fasani et al., 2011; Cornacchia et al.,
2017). The structural evolution of the Majella area can be divided into five main phases:
1) Cretaceous extension evidenced by NNW-SSE oriented normal faults (Accarie et

al., 1986; Casabianca et al., 2002; Di Cuia et al., 2009); 2) Miocene-Pliocene new
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extensional phase recorded in the flexural extensions of the Apulian plate in westward
subduction (Scisciani et al., 2002; Rustichelli et al., 2016); 3) Pliocene compressional
phase evidenced by folding and thrusting due to the Europe-Africa continental collision
that allowed the formation of the Majella anticline (Tondi et al., 2006; Antonellini et
al., 2008; Agosta et al., 2009; Aydin et al., 2010; Rustichelli et al., 2016); 4) Quaternary
subsequent collapse of the thrust wedge (Ghisetti and Vezzani, 2002; Rustichelli et al.,
2016); 5) Pleistocene-Holocene extension active to the south of the area (Pizzi et al.,
2010; Rustichelli et al., 2016). The lithologies characterizing the stratigraphic
succession of the northern portion of the Majella are mainly limestones ranging from
Jurassic to Upper Miocene in age (Brandano et al., 2016). During the Mesozoic, a
northward-increasing slope developed, successively covered by shallow-water
carbonates sediments (Vecsei et al., 1998). From the Campanian, the Orfento
Formation (ORF) has prograded on the slope (Rusciadelli et al., 2003; Rusciadelli and
Ricci, 2008) being then overlaid by the Paleocene to Eocene Santo Spirito Formation
(SS). The Bolognano Formation deposited from the Oligocene to Miocene and is
characterised by five different lithological members (Multti et al., 1997, 1999; Brandano
et al., 2012, 2016) that are from bottom to top: 1. Lepidocyclina Limestones 1 (LP1),
2. Cherty and Marly limestone member (CM), 3. Lepidocyclina Limestones 2 member
(LP2), 4. Hemipelagic Marls member (HM), 5. Lithothamnion Limestone (LL). Above
the Bolognano Fm. in the Messinian occurred the deposition of the Gessoso-Solfifera
Formation (Crescenti et al., 1969). The Plio-Quaternary evolution of the massif was
characterised by the persistence of a continental depositional environment (Cosentino
et al., 2010; Bianchi Fasani et al., 2011).

The orientation of the fault planes and fractures present on the Majella Massif is

determined by the tectonic phases recorded in the carbonate succession. In the Late



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

Cretaceous, ENE-WSW oriented extension causes normal faults with NNW-SSE and
NNW-SSE trends (Accarie and Beaudoin, 1988; Casabianca et al., 2002). During the
late Miocene, a NE-SW oriented extension is recorded connected to the westward
subduction of the Apulian plate generating NW-SE trending normal faults (Agosta et
al., 2006, 2009; Di Cuia et al., 2009). During the Pliocene, the Europe-Africa
continental collision resulted in the E-W oriented folding with the build-up of large
anticlines such as the Majella massif. In the Plio-Pleistocene, tectonics is characterised
by movements along normal faults with a strike-slip component recorded in the
carbonate succession by the evident NE-SW to NW-SE oriented fault systems (Di Cuia
et al., 2009). The faults studied in this paper are associated with these latter stages of
the geodynamic evolution and outcrop in the east, central and north-west sectors of the
Majella Mountain (Figure 1).

The first analysed fault in this work is the Piano delle Cappelle fault (named PDC in
Figure 1), which is almost 8 km long and is hosted in the Bolognano Formation striking
N150° and dipping 60° to SW. This is a regional fault with a normal component of slip
(Tomassetti et al, 2021) and with a total displacement of 240 m.

The second investigated fault, which has a length of 1 km, is hosted in the Bolognano
Formation and outcrops close to Decontra village striking N200° and dipping 56° to S
(named DE LP in Figure 1). Kinematic indicators highlight oblique-normal faulting slip
with a total displacement ranging from tens of centimetres to one metre.

The third examined fault with a length of 750 m, is hosted in the Orfento Formation
and outcrops close to Pennapiedimonte village striking N40° and dipping 90° (named
PE ORF in Figure 1). Kinematic indicators, such as slickenlines and mineral (calcite)
growth, show that the PE ORF fault is characterised by transtentional slip with a total

displacement from a few centimetres to tens of centimetres.
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The last analysed fault with a length of 2 km, is hosted in the Santo Spirito Formation
and outcrops in the Santo Spirito Valley striking N220° and dipping 68° to SW (Figure
1 FS SS). Kinematic indicators mainly suggest normal slip and the total displacement
is on the order of a few metres.

In the sampling areas, all analysed faults are intraformational and therefore
displacements do not cause structural contacts between different formations. From the
field analysis, the studied faults show a classic architecture pattern characterised by a
centimetric fault core, where most of the deformation accumulates, and a damage zone
of a few tens of metres where the deformation gradually decreases towards the host
rock (Caine et al., 1996; Fossen, 2016). It should be noted that in the damage zone
belonging to the analysed faults, no major fracture systems are appreciable at the
outcrop scale.

On the other hand, several fault outcroppings in the Majella area are characterised by
high fracturing with an increased porosity within the damage zone (Marchegiani et al.,
2006; Pisani et al., 2021), allowing fluid flow (Romano et al., 2017) especially in the
Bolognano Formation outcrops of the Roman Quarry close to Lettomanoppello village
(Figure 1) (Agosta et al., 2009; Giorgioni et al., 2009; Volatili et al., 2019; Zambrano
etal., 2021).

Regardless of the architecture of the fault zone (fractured or not), field observations and
literature data (Agosta et al., 2009; Giorgioni et al., 2009; Romano et al., 2020) suggest
that, on average, the damage zones of all the faults outcropping in the Majella area show
a maximum width of 50 m; beyond that distance, no deformations are generally

appreciable at the outcrop scale.
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3. Methods

3.1 Fieldwork and sampling

Fieldwork revealed that all the analysed fault zones are characterised by the classical
fault core - damage zone - host rock architecture (Caine et al., 1996; Fossen, 2016).
Since the focus was on small-displacement faults, at the outcrop scale fault cores were
not clearly detectable, however they are usually characterised by highly compacted
rocks with a maximum width of 10 cm (Tondi et al., 2006; Agosta et al., 2009;
Giorgioni et al., 2009; Romano et al., 2020) close to the main fault plane. Moreover,
rocks belonging to the fault core show frequent calcite veins and stylolite clearly visible
at the thin section scale (see par. 4.1 Thin section analysis). Rocks related to the damage
zones show deformation bands (Caine et al., 1996; Fossen, 2016) and small fractures
mainly randomly oriented. At distance larger than 50 m from the main slip plane, no
evident deformation features are observed in agreement with literature studies on
similar faults (Tondi et al., 2006; Agosta et al., 2009; Giorgioni et al., 2009; Romano
et al., 2020).

Following these observations, samples were collected at progressive distances from the
main fault plane: 1) fault core samples were collected at distances of less than 10 cm;
2) damage zone samples were collected at distances between 10 cm and 50 m; 3) host
rock samples were collected at a distance greater than 50 m. Sampling was carried out
on the Piano delle Cappelle fault (Figure 1 PDC), on the fault outcropping close to
Decontra village (Figure 1 DE LP), on the fault close to Pennapiedimonte village
(Figure 1 PE ORF) and the fault outcropping in the Santo Spirito Valley (Figure 1 FS

s9).



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

3.2 Laboratory measurements

Density and porosity measurements were carried out with a helium pycnometer (Anton
Paar instruments). Bulk density was calculated from sample weight divided by sample
volume. The mathematical difference between the geometrical volume of the sample,
measured with a calibre, and the volume measured by the pycnometer divided by the
geometric volume allowed to calculate the connected porosity (Ruggieri and Trippetta,
2020; Trippetta et al., 2020).

The seismic velocity of samples (P-wave, Vp and S-wave, Vs) have been calculated by
using the USB8M ultrasonic device generator (Mistras Eurosonic) connected to two
piezoelectric transducers. The transducers were positioned at the top and bottom of each
sample for the measurements. One transducer acted as a transmitter, and the waveforms
were registered with an equal receiving transducer. Waveforms were then handled with
the USB8M ultrasonic device generator to manage the signal. Signals were displayed
with the software provided which allowed to pick the first arrivals of the waves. Then,
velocity was calculated as the ratio between the length of each sample and the first Vp
and Vs waves arrivals. All laboratory measurements have been performed at the Rock
Mechanics and Earthquake Physics laboratory of the Sapienza Earth Sciences
department.

Vp was the fundamental parameter on which the seismic modelling was designed, while
density and Vs measurements were required to calculate the acoustic impedances and
then the shear modulus values and providing a rheological contribution to the

characterisation of the fault systems analysed in this work.
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4. Samples characterisation

4.1 Thin section analysis

From the fault rock samples, 34 thin sections were realized to identify microstructures
related to faulting (Figure 2). The thin sections analysis confirms the field observations,
I.e., the studied faults show a classical model where there is the presence of a thin fault
core and a thicker damage zone where microstructures generated by the stress are
present and an undeformed host rock that does not show tectonic-related

microstructures.
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Figure 2. Sampled fault rocks in thin sections belonging to the different analysed faults (PDC, DE LP,
PE ORF, FS SS). A) Host rocks samples. B) Damage zone samples. C) Fault core samples. The
coloured line drawing represents some relevant microstructural observations. Scale bar = 1 mm.
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Host rock

Samples belonging to the host rock appear undeformed and therefore reflect the
characteristics of the protolith in which the fault developed (Figure 2A). The host-rock
samples belong to the Orfento Formation, to the Lepidocyclina Limestone informal
member of the Bolognano Formation and to the Santo Spirito Formation.

- The Lepidocyclina Limestone consists of a rudstone calcarenite in agreement
with the classification of Dunham (1962) and Embry and Klovan (1971), whose
major microfossils are the larger benthic foraminifera such as lepidocyclinids,
rotalids and fragments of non-articulate red algae (PDC and DE LP faults).

- The Orfento Formation is a fine and scarcely cemented grainstone to packstone
with clast dimensions up to 2mm (Dunham, 1962; Embry and Klovan, 1971)
(PE ORF fault).

- The Santo Spirito Formation is a grainstone-rudstone (Dunham, 1962; Embry
and Klovan, 1971) with abundant nummulitids and rotalides larger benthic
foraminifera (FS SS fault).

Damage zone

Damage zone samples were collected in an area extending from the fault core up to a
distance of about 50 m. These samples typically show deformation structures with a
thickness of about 1 mm characterised by clear evidence of grain breakage and grain
comminution with no detectable shear offset (Figure 2B). These structures can be
referred to deformation bands causing a reduction in porosity, grain fracture and
dissolution at grain contact points (cyan line drawing in Figure 2B) (Mollema and
Antonellini, 1996; Baud et al., 2004; Fortin et al., 2006; Storti et al., 2007; Wong and
Baud, 2009; Fossen et al., 2011; Heap et al., 2015).

Fault core
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This fault portion, which accommodated most of the slip, consists of a narrow zone,

(~1-15 - cm thick). Samples of the fault core show brittle deformation structures,

represented by fractures where calcite and/or iron oxides re-precipitated (Figure 2C).

Veins, filled with calcite crystals, are often present probably originating from fractures

in which circulating fluids deposit crystalline material inside (Fossen, 2016). The

microscopic morphology of calcite crystals shows a blocky texture characterised by

equidimensional and randomly oriented crystals (yellow line drawing in Figure 2).

These are syntaxial veins in which the filler minerals are of the same type as

minerals in the host rock (Bons et al., 2012; Fossen, 2016).

the

4.2 Density
Fault portion
Faults
HR - @ (g/cm®) DZ - @ (g/cm?) FC - @ (g/cm?)

PDC 2.02 2.25 2.66
DE LP 2.28 2.53 2.58
PE ORF 2.125 2.24 2.26
FS SS 2.1 2.30 2.67
Mean 2.13 2.33 2.54

Table 1. Bulk density (in g/cm®) of samples belonging to the fault core (FC), damage zone (DZ) and

host rock (HR).

The density measurements show differences between the samples collected on the fault

core, on the damage zone and on the host rock (Table 1). All samples show a very

consistent behaviour, with progressively higher density moving from the host rock,

through the damage zone, to the fault core, reflecting the deformation-related processes

to the fault activity. The standard error calculated for density data is 1.4% for HR

samples, 1.7% for DZ samples and 2.7% for FC samples.

4.3 Porosity

The total and effective porosities were then calculated and are reported in Table 2.



313

314
315

316

317

318

319

320

321

322

323

324

325

326
327

328

329

330

Fault portion
Faults HR HR Dz Dz FC FC
total ¢ (%) | effective @ | total @ (%) | effective ¢ | total ¢ (%) | effective ¢

(%) (%) (%)

PDC 25.93 24.84 16.97 16.43 0.73 0.73
DE LP 20.34 20.01 8.90 7.83 5.23 2.18
PE ORF 22.50 22.19 21.63 21.11 18.45 18.20
FS SS 22.63 22.58 15.54 14.96 3.38 2.93
Mean 22.85 22.4 15.76 15.08 6.95 6.01

Table 2. Total and effective porosity (in %) of samples belonging to the fault core (FC), damage zone
(DZ) and host rock (HR).

Samples related to the fault core show very low porosity values, exhibiting values even
below 1%. Damage zone samples have larger porosity compared to samples collected
on the fault core, but it is still lower than the host rock samples. Host rock samples show

porosities higher than 20% and the porosity is almost entirely connected.

4.4 Seismic velocity
Seismic velocities of the sampled lithologies, measured at ambient pressure, are

reported in Table 3.

Fault portion

Faults

HR-Vp|HR-Vs | HR- |DZ-Vp |DZ-Vs | DZ- |FC-Vp |FC-Vs | FC-
(m/s) | (m/s) | Vp/Vs | (m/s) (m/s) | Vp/Ns | (m/s) (m/s) | Vp/Vs
PDC | 4120 | 2520 1.63 4410 2620 1.68 5890 3240 1.82
DE LP | 3780 | 2270 1.67 4730 2770 1.71 5400 3080 1.75
PE ORF| 3730 | 2250 1.66 3860 2350 1.64 3950 2420 1.63
FS SS | 3820 | 2350 1.63 4470 2670 1.67 5440 3120 1.74
Mean | 3862 | 2347 1.65 4367 2602 1.68 5170 2965 1.74

Table 3. Seismic velocity of P and S waves (expressed in m/s) and Vp/Vs ratio of the lithologies
sampled and characterised belonging to the fault core (FC), damage zone (DZ) and host rock (HR).

The lithologies characterised by higher seismic velocities are the rocks sampled on the

fault core. Lower seismic velocities are measured for the rocks related to the damage
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zone region. As expected, due to the higher porosity, samples with the lowest seismic
velocities values are those belonging to the host rock. The standard error, calculated for

seismic velocity measurements, ranges between 2.2% and 4%.

5. Model building

A 3D structural model has been first built with Petrel. The 3D volume of the model was
divided into a grid with cells size of 10 m® similar to Janson et al., 2007 and Janson et
al., 2011. Topography was modelled from a DEM while formation tops were inferred
using public well data (ViDEPI Project, 2012; Tomassi et al., 2022).

The number of zones of the 3D model reflects the petrophysical zones, identified by
Tomassi et al. (2022) and follows the regional stratigraphy (Ghisetti and Vezzani, 2002;
Di Luzio et al., 2004; Videpi, 2012; Brandano et al., 2016). From bottom to top, these
petrophysical zones are: the Orfento Formation (ORF), Santo Spirito Formation (SS),
Lepidocyclina Calcarenites (LP), Hemipelagic Marls (HM), Lithotamnion Limestones
(LL) and the flysch cover (FC) (Figure 3A).

Thanks to the property modelling tool, it was possible to distribute the petrophysical
data measured in the laboratory into the petrophysical zones (i.e., the Lithologic Units
ORF; SS; LP; HM; LL; FC) using the User Defined algorithm (UD) (Tomassi et al.,
2022). With the UD algorithm, each zone was populated with constant interval

velocities (Figure 3B).
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356  Then, the facies heterogeneity was simulated by using the “SGS Co-Kriging (SGS-
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2D section generation

A 2D section was extracted from the 3D model (light blue line in Figure 1), using the
Petrel calculator tool. The section was then converted into points where each point has
three values, representing horizontal distance (x), depth (z) and Vp. Accordingly, the
point values were extracted as a spreadsheet. Through a script in Matlab, the
spreadsheet was converted into a matrix of Vp values building a new 2D grid, whose
samplings are those of the property modelling carried out in Petrel, i.e., 10 m?. Firstly,

a section with constant interval velocities was extracted from the UD algorithm model

(Figure 5).
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Figure 5. 2D section extracted from Petrel characterised by constant interval velocities.

Subsequently, the section from the SGS-CK algorithm model was extracted. In this
way, it has been possible to reproduce the geological seismic velocity model
characterised by facies heterogeneity and use it as input data in Matlab. The velocity
matrix (shown in Figure 6A) was then used as the velocity model needed to run the
synthetic seismic unmigrated stacked section. (De Franco et al., 2019; Tomassi et al.,

2022). Furthermore, it should be emphasised that the velocity model was directly based
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on the experimental velocities of the lithologic units measured at different physical-
mechanical states (i.e., HR, DZ and FC) and not derived from a rock-physics-model
which considers the physical-mechanical properties (i.e., velocities predicted by the
elastic parameters in a physical model).

In this paper, the petrophysical characteristics of rocks adjacent to faults, crossed by
the section, were investigated in more detail to evaluate the seismic signature of
carbonate-bearing fault zones. In particular, two south-east dipping normal faults are
visible cutting the entire carbonate succession excluding the flysch cover (Figure 6).
These high-angle faults observed in the section are steep as several shallow normal
faults in many sedimentary basins. (Faleide et al., 2021). To get a better view of the
fault system analysed the extracted section has been zoomed on the fault zone and the
vertical exaggeration has been removed (Figure 6B). The modified velocity model has

then been run in Matlab to generate the synthetic seismic fault model.
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Figure 6. A) 2D model of seismic velocity exported from the Petrel and used as input in Matlab. B)
Detail on the fault system without vertical exaggeration.
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6. Forward modelling
In this work, the finite-difference (FDM) time-domain method was chosen, which is a
computational technique applicable to architecturally complex geologic media
commonly used for seismic structural modelling (Moczo et al., 2007). Differently from
the ray tracing method, in which a significant amount of scattered power from surfaces
is not considered (Wang et al., 2002), the finite difference time domain method
calculates the total wavefield. The approach used is a 2D full-wave modelling in which
the wavefront is mechanically propagated through the modelled structure simulating
unmigrated stacked sections.
Seismic processing and migration use reflections to reconstruct subsurface geometry
with continuous and pronounced reflectors (Khaidukov et al., 2004). However, the
identification of some geological discontinuities, such as faults, simply shows a
discontinuity of reflectors (Klokov et al., 2010). The seismic response of faults is
recorded in diffractions that are lost during processing and migration, while diffraction
analysis can lead to revealing structural information and additional details of the
carbonate system (Moser and Howard, 2008).
For these reasons, unmigrated synthetic modelling was used in this work. This allows
the diffractive component to be preserved, although this may limit the resolution. It
should also be kept in mind that unmigrated stacked sections presented in this work do
not coincide with seismic images to be used for interpretation, but for the analysis of
the diffraction hyperbolas to obtain further information on deformation behaviour.
To choose the approach for modelling the Majella carbonate ramp, different techniques
in the literature were analysed (see par. 1). In order to preserve diffractions, the
modelling is pure-acoustic and constant-density, where Vp is the only factor controlling

acoustic impedance in a theoretical normal incidence and zero-offset model. The ideal
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unmigrated stacked sections were produced with the concept of exploding-reflectors.
Pure 2D acoustic modelling generates limitations arising from unmigrated stacked
sections, leading to images with slightly distorted positions and shapes and a decrease
in lateral resolution, but preserving the diffraction hyperbolas generated by the acoustic
impedance contrasts at the edge of the fault and on the fault plane as dispersion points
that allow the ricker wavefront to diffract. From the velocity model shown in Figure 5,
an initial synthetic modelling was carried out at constant interval velocities showing
continuous reflectors and a classic 'bow-tie' effect of the fault with the horizontal
reflection crossing the fault plane due to the intentional absence of the migration

process (Figure 7).
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Figure 7. A) Seismic modelling of the Majella carbonate ramp starting from a constant interval
velocity model. B) Inset zoomed on the fault zone study object of this work.

In the modelling approach presented in this paper, the seismic signature of facies
heterogeneity was additionally introduced (Tomassi et al., 2022). This physical
characteristic was modelled using Vp values with a Gaussian distribution range across
the petrophysical model layers and not unique and constant values as for classical

modelling. The ranges of Vp values, obtained from the laboratory measurements, were
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derived from the 3D geological model characterised by the SGS-CK algorithm shown
in Figure 4 and the 2D section extracted from it was used as the velocity matrix (grid)
required for forward modelling (Figure 6). The resulting output shows something
similar to background noise that interferes with the display. The genuine heterogeneous
facies model represents a perturbed signal affected by constructive and destructive
interference generated by the variability of the physical properties of the system
showing a complex and perturbed reflection pattern that can be misinterpreted as noise,
poor resolution or aliasing. The advantage of modelling facies heterogeneity lies in the
fact that the perturbed signal provides additional information on carbonate ramps by
representing the physical system more realistically (Tomassi et al., 2022).
Consequently, point perturbations with high acoustic impedance were applied to the
velocity model, thus using the Ricker wavelet with a perturbative approach to represent

petrophysical heterogeneity.

6.1 Fault zone forward-seismic modelling

The presented dataset confirms that fault activity influences the petrophysical
characteristics of the surrounding rocks. During the fieldwork, it was mostly recorded
a porosity decrease approaching fault planes, however, from a general point of view,
the resulting behaviour can be twofold (e.g., Caine, 1996; Michie, 2015; Fossen, 2016)
within the study area (Agosta et al., 2009; Giorgioni et al., 2009; Zambrano et al., 2021).
On one hand, the movement along the fault can cause fracturing with a consequent
increase of porosity and decrease of Vp (Figure 8A). On the other hand, sliding on the
fault plane can cause cataclasis and solution/cementation thus deformation bands
generating a decreased porosity and consequent increased Vp (Figure 8B) being this

typically the case for porous host rocks as observed during the fieldwork.
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Figure 8. Sketch showing the two end members in accord with the movement along the fault affecting
the petrophysical characteristics of the rocks of the damage zone (not to scale). A) Fault causing
fracturing, increased porosity and decreased Vp values. B) Fault causing cataclasis and
solution/cementation, deformation bands, decreased porosity, increased Vp values.

This twofold behaviour is confirmed by field and laboratory data collected on faults
outcropping in the Majella area where examples of both increased porosity (Agosta et
al., 2019, Romano et al., 2020) and decreased porosity (this work) damage zones have
been observed and characterised.

The measured petrophysical characteristics obviously influence the elastic parameters
of the rocks analysed, including the shear modulus. This elastic modulus is a
fundamental attribute for the characterisation of damage used to investigate the
mechanical properties of geological structures (De Franco et al., 2004). Moreover, the
shear modulus is a function of the damage state (Lyakhovsky et al., 1997). Thus, the
shear modulus () of the faults covered by this study was calculated using data collected
in the laboratory (u= oVs?) to physically investigate the fault zone from an elastic point
of view. Figure 9 shows a sharp variation of 1 values increasing across the damage zone

and the fault core.
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Figure 9. Sketch showing the trend of the elastic modulus (p) across the fault zone. p values are
represented as a blue dashed line with higher values increasing from the host rock towards the fault
core.

The fault zone, characterised by shear modulus variation appears to be formed by three
zones (Figure 9). The fault core inner zone is characterised by more competent rocks
(relatively high-shear modulus, low porosity and high density); the damage zone is
characterised by intermediate p values; the surrounding host rock zone is characterised
by less competent rocks, with relatively low-shear modulus, higher porosity and lower
density. The calculation of shear modulus values across the fault confirms, in addition
to the petrophysical data, that the structures observed in Majella behave similarly to the
sketch shown in Figure 8B.

Consequently the fault zone forward seismic modelling was performed in Matlab
following the end members illustrated in Figure 8, analysing the two high angle south-
east dipping normal faults buried below a flysch cover that affect the sampled carbonate
ramp lithologies shown in Figure 6. Modelling was carried out by decreasing or
increasing the Vp values of the damage zone with respect to the Vp values of the host

rock. Thus, the first scenario (S1) simulates a damage zone characterised by opening
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fractures causing increased porosity while the second scenario (S2) simulates a damage
zone characterised by the presence of deformation bands or mineralized veins both
causing decreased porosity as confirmed by the thin section analysis.

Laboratory measurements of actual fault rocks showed that porosity strongly decreases
from the host rock (~23%) to the fault core (~4%); however, the thickness of the fault
core is on the order of a few cm and thus not visible at seismic scale. On the other hand,
the thicker damage zone still shows a lower porosity value (~17%) if compared to the
host rock. Laboratory data show that the recorded change in rock porosity from host
rock (23%) to the damage zone (17%) of ~6%, corresponds to a change in Vp of about
500 m/s (Figure 10A). These data are also in agreement with literature data collected
on the same lithologies (Ruggieri and Trippetta, 2020). Assuming Vp of 500 m/s lower
than that of the host rock (S1) and therefore an increased porosity of 6%, a linear
variation between porosity and density results in a decreased density of around 200
Kg/m? as shown in the graph in Figure 10B. Consequently, with Vp greater than 1000
m/s compared to those of the host rock (S2) and porosity decreased by 12%, the density

is increased by about 400 Kg/m?®.
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Figure 10. A) Vp versus porosity plot (Vp/p) showing how porosity varies at different seismic velocities
through samples collected in the field and measured in the laboratory. B) Density versus porosity plot
(9/0) showing how density varies for different porosity values through samples collected in the field
and measured in the laboratory.
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Reflectivity is calculated by the convolution of the wavelet with the reflection coefficient (Rc). Since Rc is
controlled by the acoustic impedance (Al) contrasts between two layers in contact (Rc=Al2-Ali/Al2+Aly), the Al of
the modelled formations was calculated as the product of their density and their Vp (Al=¢Vp) both with a not-
modelled damage zone, i.e., without changing the petrophysical values according to the end members shown in

Figure 8, and for S1 and S2 (

Table 4).
Lithologic Not modelled Dz S1 S2
Units Al (MPa s/m?®) Al (MPa s/m?®) Al (MPa s/m?®)
FC 5.7 5.7 5.7
LL 8.18 6.44 12.2
HM 8.97 7.14 13.2
LP 6.78 5.23 10.51
SS 13.41 11.18 18.7
ORF 8.28 6.54 12

Table 4. Acoustic impedances of the modelled formations without modified petrophysical
characteristics of the damage zone and according to S1 and S2.

Following the petrophysical results, two velocity models were built (Figure 11). In S1
(Figure 11A), the damage zone is modelled with Vp values 500 m/s lower, thus
simulating a 6% increased porosity and decreased density of around 200 Kg/m? in the
damage zone, for each geologic layer if compared to the host rocks velocity model
(Figure 6). In S2, the damage zone is modelled with increased Vp values of 1000 m/s
(Figure 11B), thus simulating 12% lower porosity and 400 Kg/m? increased density in
the damage zone with respect to the host rock. The changes of seismic velocity values
in S2 with respect to S1 were voluntarily doubled, to obtain clearly visible results

because by increasing Vp values by only 500 m/s, no major changes were visible when
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Then, seismic modelling was run on these input models to generate the unmigrated
stacked sections with the CREWES consortium toolbox in Matlab (Cho et al., 2007;
Margrave and Lamoureux, 2019). CREWES is a set of geophysical codes using the
finite difference time domain method. The unmigrated stacked sections were generated
using the exploding reflector seismoacoustic approach with the script "afd_explode.m"
positioning the sources alongside all the reflecting surfaces derived from the input
velocity matrix built in the 3D geological model. In this type of modelling, velocity is
the only factor controlling the acoustic impedance (De Franco et al., 2019; Tomassi et
al., 2022). The modelling parameters required by the script were the input velocity
matrix, the sample interval, the grid sampling, the size of the time step for modelling,
the maximum time of the seismograms, the positions receivers, the wavelet, the
Laplacian approximation used for a discretization of the grid points with neighbour
points (Patra and Karttunen, 2006). The prestack bin grid, i.e., the size extension of the
traces contributing to the CMP or CDP (linear as the model is 2D) in the modelling
presented in this paper is identified with the sampling of the grid cell dimensions. Using
an exploding reflector approach, it is not possible to compute the traces in a linear
interval, as the sections are not generated from the synthetic shots from the surface and
relative processing.

Different frequencies were tested for modelling (from 10 Hz to 100 Hz) and the one
that returned the best result as a compromise between resolution and signal depth
penetration turned out to be 40 Hz. The use of a 40 Hz frequency ensured the vertical
resolution of fault zones considering a resolution threshold of A/4. If A=v/f then A/4=v/4f
and having the modelled rocks an average Vp value of 4466 m/s investigated at a
frequency of 40 Hz this results in a vertical resolution of approximately 28 m, slightly

more than half the size of the 50-m-wide modelled damage zones. The lateral resolution
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corresponds to R=v/ z(M/2) and in this model varies from 104 m in the shallowest
portion of the fault zone to 234 m in the deepest portion. The modelled fault zone is
characterised by two faults with a damage zone of about 50 m at a distance of about
100 m between them with a total width of the fault zone of about 200 m. Therefore,
according to the calculated values, the fault zone is below the lateral resolution
threshold for its shallower portion and just above the threshold in the deeper portion
and consequently the fault edge area is well resolved in the seismic image but for the
portion below 800 m depth, this can't be stated. The used parameters are reported in

Table 5.

Input velocity matrix 100x150 cells velocity model

Sample interval 2ms

Grid sampling 10 m?

Time step for modelling 0,5ms

Tmax (maximum depth time) 2,5 sec
Positions receivers 10m

Waveform and Wavelet frequency Ricker 40 Hz
Laplacian approximation 9 points

Table 5. Parameters provided in the CREWES’ afd_explode script to run seismic modelling.

Following S1 and S2 velocity models, two different unmigrated seismic responses were

obtained (Figure 12).
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Figure 12. Synthetic seismic (left) and interpretations (right) of the modelled fault zone carried out in
Matlab from the velocity models shown in Figure 11. A) S1 model. B) S2 model. The superimposed
colours of the petrophysical zones reflect Vp values of the input model in Figure 11. ORF is reported in
yellow, SS in light orange, LP in light green, HM in green, LL in cyan, FC in blue. In A (S1) the
decreased Vp values damage zone is reported in blue; in B (S2) the increased Vp values damage zone
is reported in yellow. Black arrows in S1 highlight the diffraction hyperbolas.

The two unmigrated stacked sections show different seismic responses for the two fault
zones (Figure 12). When Vp is reduced (S1, Figure 12A) the damage zone unmigrated
seismic response is affected by the presence of diffraction hyperbolas causing a difficult
visualization of the faults (Figure 12A left side where black arrows indicate the

diffraction hyperbolas). If Vp is increased (S2, Figure 12B) the damage zone
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unmigrated seismic response does not show appreciable diffraction hyperbolas but a
typical reflectors interruption even if the simulated increase in Vp has been doubled
with respect to what is reasonably expected. Is to be noted that signal disturbance that
might appear aliased or affected by poor resolution is actually caused by the
intentionally introduced perturbation representing facies heterogeneity (Tomassi et al.,

2022).

6.2 Sensitivity test

Together with the differences in elastic and mechanical parameters between the damage
zone and host rock, the dip of the fault plane strongly affects the seismic response
(Botter et al., 2014, lacopini et al., 2016). Moreover, the width of the damage zone,
which usually ranges from a few cm to over a 100 m scale, can also affect the results
(Caine et al., 1996; Faulkner et al., 2010; lacopini et al., 2012; 2016). Accordingly, in
order to determine which factors mainly affect the observed diffraction hyperbolas, a
set of sensitivity tests was performed on a simplified model varying the petrophysical
characteristics of the damage zone, the dip of the fault and the thickness of the damage
zone.

Figure 13, Figure 14 and Figure 15 show the corresponding simplified models
consisting of a flysch layer covering a carbonate host rock in which a fault and its
related damage zone are simulated. Bearing in mind that it was designed a model
characterised by heterogeneous Vp values distributed in each layer to better simulate
the petrophysical heterogeneities in the host rock (Tomassi et al., 2022), velocities were
set at 5000 m/s (£500 m/s), simulating carbonates, while for the flysch layer, it was
adopted a value of 2000 m/s (500 m/s). Nevertheless, the modelling results at constant

interval velocities were also reported to allow comparison and better understanding
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what an unmigrated stacked section is (Figure 13A’-B’, Figure 14A’-B’, Figure 15A°-
B’).

Following the two end members scenarios S1 and S2 at increased or decreased porosity
of the damage zone, the seismic velocities in the damage zone were modelled by
assigning velocity ranges from 4000 m/s to 4500 m/s in the S1 scenario (Figure 13A-
Figure 14A-Figure 15A) and from 5500 m/s to 6500 m/s in the S2 scenario (Figure 13B
- Figure 14B - Figure 15B). Modelling was then started by simulating a 50-m thick

high-angle (70°) fault zone based on field observation (Figure 13).
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Figure 13. Velocity models and related unmigrated stacked sections created in Matlab to simulate 70°
dipping fault zones with a 50-m wide damage zone. A) Fault zone modelled at lower seismic velocities
than host rock, simulating an increased porosity damage zone (S1). Black arrows highlight the
diffraction hyperbolas. B) Fault zone modelled at higher seismic velocities than host rock, simulating
a decreased porosity damage zone (S2). 4°) S fault zone model at constant interval velocities. B’) S2
fault zone model at constant interval velocities.
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In the unmigrated seismic response of S1, the increased porosity in the damage zone
(Figure 13A) is characterised by diffraction hyperbolas in the fault region appearing
more chaotic than S2 (Figure 13B). In S1, the hyperbolas are generated by the fault tip
and the fault plane acting as point scatterers and causing diffraction of the wavefront.
In S2 the seismic image is less characterised by the presence of diffraction hyperbolas.
These results reflect the outcomes obtained in the modelling shown in Figure 12 of the
two high angle south-east dipping normal faults affecting the Majella carbonate ramp.
The branch of the diffraction hyperbola produced by the scattering of the fault tip could
be misinterpreted as the upper part of the fault plane although the real signature of the
fault plane is below and laterally displaced. However, rather than making the fault plane
clearly visible to identify and interpret, the intention is to provide an idea of how
modelling an unmigrated stacked section can provide insights about the physical fault
system.

Comparing models at heterogeneous velocities with those at constant interval velocities
(Figure 13A’-B’), it can be observed that the diffraction hyperbolas developed by
modifying the petrophysical characteristics of the DZ in the fault zone are still visible
in models with constant interval velocities, especially in S1 (Figure 13A”).

Thus, to evaluate what drives the generation of diffraction hyperbolas in the fault zone,
the influence of the damage zone width on the unmigrated seismic response was
considered. Consequently, the damage zone thickness was expanded in the model up to

a thickness of ~100 m maintaining the same dip of 70° (Figure 14).
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diffraction hyperbolas. B) S2 fault zone model. 4°) S1 fault zone model at constant interval velocities.
B’) S2 fault zone model at constant interval velocities.
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The unmigrated seismic response of the ~100-m wide damage zone shows in general
less pronounced diffraction hyperbolas than the 50-m wide damage zone. However, the
unmigrated seismic response of S1 with a 100-m-width damage zone (Figure 14A), is
still characterised by diffraction hyperbolas in the fault region. On the contrary, the
unmigrated seismic response of S2 (Figure 14B) is almost free of hyperbolas if
compared to the 100-m-width damage zone S1. Even in this test with increased DZ
width, the hyperbolas are visible in the constant interval velocity models where a slight
diffraction can be observed on the fault in the increased porosity model (Figure 14A”).
To evaluate the influence of the dip in the generation of diffraction hyperbolas, it was
modelled a lower-angle fault dipping 25° maintaining the damage zone width of 50 m
(Figure 15) since maximum hyperbolas were generated with this damage zone thickness

as shown in Figure 13 and Figure 14.
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699 Figure 15. Velocity models and related unmigrated stacked sections created in Matlab to simulate 25°
700 dipping fault zones with a 50-m wide damage zone. A) S1 fault zone model. Black arrows highlight the
701 diffraction hyperbolas. B) S2 fault zone model. 4°) S1 fault zone model at constant interval velocities.
702 B’) S2 fault zone model at constant interval velocities.
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The unmigrated seismic response of the model characterised by the 25° dipping fault
zone changes considerably. In both these seismic images diffraction hyperbolas are less
evident with respect to those related to the 70° dipping fault zones. In particular, the S2
25° dipping fault model (Figure 15B) shows almost absent diffraction hyperbolas
compared to the S1 model (Figure 15A). Consequently, the low-angle-dipping fault
scenario is the one with the fewest diffraction hyperbolas of the whole sensitivity test.
It is worth noting, however, that diffraction hyperbolas are slightly visible at the bottom

of the fault in S1 (Figure 15A).

7. Discussions

Field observations integrated by laboratory analyses allowed the characterisation of
fault architectures of structures present in the NW sector of the Majella Massif. Many
papers emphasise the importance of a detailed petrophysical characterisation to obtain
input data for subsequent modelling, and therefore in this work, field and laboratory
analysis were combined (Trippetta et al., 2017; Rabbel et al., 2018; Grippa et al., 2019;
Trippetta and Geremia, 2019; Ruggieri and Trippetta, 2020; Tomassi et al., 2022;
Volatili et al., 2022). This workflow is useful to understand the unmigrated seismic
response of stratigraphy affected by structural discontinuities allowing to investigate
the seismic signature of the fault zone considering geological and petrophysical aspects
(Volatili et al., 2022).

A comparison of measured Vp obtained from laboratory analyses and Vp measured
directly in depth shows that the burial process alone does not exert significant control
over the increase of VVp values. The increase in Vp caused by mechanical compaction

due to burial is weaker than the increase in Vp observed for carbonate rocks
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characterised by less porosity occluded by diagenesis. Thus, Vp is mainly influenced
by diagenetic processes rather than pure compaction during increasing burial depth.
Consequently, porosity is the most important physical factor influencing velocity
(Eberli, 1997).

The pattern of the shear modulus of the Majella fault zones is well correlated with the
damage state of the fault rocks. This is demonstrated by the evidence that pu shows
higher values for more competent rocks (e.g., the fault core) and lower values for more
porous and less dense rocks (e.g., the host rock). A high shear modulus value records a
high state of stress suffered by a rock mass relative to its surroundings, which leads to
an increase in normal stress that does not allow fractures to open, leading to an increase
in density and seismic velocity (De Franco et al., 2004).

The modification of the petrophysical characteristics of the rocks in the damage zone
region, according to the two simulated end members, highlights large differences in the
unmigrated seismic response. Marked diffraction hyperbolas in the seismic images of
the fault zone area are generated simulating decreased seismic velocity values with
respect to the host rock. This scenario simulates decreased seismic velocity due to the
presence of fractures-induced secondary porosity (S1) (Giles, 1987). On the contrary,
the opposite scenario (S2 with increased Vp values) shows less marked diffraction
hyperbolas in the seismic images.

Differently from authors using filters to preserve diffractions and suppress reflections
in order to obtain petrophysical information (Bashir et al., 2020), in this work where
petrophysics was measured directly in the laboratory, to clearly display the diffraction
hyperbolas mathematical differences were made between the seismic outputs (Figure
16). This operation allows the visualisation of the diffractive component created by the

variation of petrophysical characteristics in the different fault zone modelling only,
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blinding the signals of the reflectors by turning them invisible. Thus, from the seismic
output without modelled fault zone (i.e., without variation in petrophysical
characteristics values in the DZ, used as a benchmark) was subtracted firstly the output

of S1 (Figure 16A) and then the output of S2 (Figure 16B).

Seismic output differences

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Offset (m)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Offset (m)

Figure 16. Differences between seismic outputs. A) Difference between the output without variation in
petrophysical characteristics values in the DZ and the output with DZ characterised by an increased
porosity (S1). B) Difference between the output without variation in petrophysical characteristics
values in the DZ and the output with DZ characterised by a decreased porosity (S2).
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In Figure 16, the diffractions produced by the different modelling might look similar,
but in S1 the amplitudes are clearly greater than in S2. These amplitudes do not allow
the hyperbolas in S1 to be camouflaged in the signal furthermore perturbed by facies
heterogeneity and characterised by constructive and destructive point interference. On
the contrary, hyperbolas produced in S2 characterised by lower amplitudes are masked
within the unmigrated seismic response.

Results of the sensitivity test show that the diffraction hyperbolas are increasingly
pronounced for steep faults (dip> 60°-70). The test also showed that as the width of the
damage zone increases and the dip angle decrease, the hyperbolas gradually become
less pronounced. As a result, the hyperbolas are less visible for a damage zone thicker
than 100 m and gradually disappear with a dip angle lower than ~25°. However, in all
performed tests S1 (increased porosity in the damage zone) always shows detectable

hyperbolas, in particular if compared to S2 (decreased porosity in the damage zone).

Lithologies outcropping in the study area show in thin sections the presence of
deformation bands and mineralized veins in samples belonging to the fault core and the
damage zone, leading thus to a decreasing porosity and increasing density relative to
the host rock (Mollema and Antonellini, 1996; Agosta and Aydin, 2006; Rustichelli et
al., 2012; Riegel et al., 2019). The presence of this kind of deformation structures is
also supported by the petrophysical measurements carried out on the samples, collected
on the fault core and on the damage zone. These bands show a lower porosity and higher
seismic velocity than the samples collected in the host rock in agreement with literature
data (Mollema and Antonellini, 1996; Storti et al., 2007; Fossen et al., 2011; Rustichelli
et al., 2012). The deformation-related decrease in porosity is enhanced by the sorting
and porosity values of the involved carbonate rocks that are very similar to the porosity

of fine to coarse sandstones allowing the development of deformation bands caused by
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sliding along the fault plane, intensive microcracking and grain comminution (Baud et
al., 2004; Baud et al., 2009; Rustichelli et al., 2012; Cilona et al., 2012; Heap et al.,
2015). Consequently, the model that most faithfully represents the Majella Massif fault
zones is the one represented in Figure 12B. The diffraction hyperbolas in the faults
studied in the Majella Massif are barely detectable in the model due to the presence of
deformation bands that in this scenario cause a decrease in porosity values of the
damage zone with respect to the host rock, while marked diffraction hyperbolas are

generated modelling an increased porosity of the damage zone (S1, Figure 12A).

Fracturing associated to fault zones should thus result in evident diffraction hyperbolas
on unmigrated seismic images in particular for steep faults with damage zone thinner
than ~100 m being this a common architecture for carbonate-bearing faults.
Accordingly, in literature several works highlighted diffraction hyperbolas due to the
presence of a fault zone where the main driving factor has been related to the geometry
of the faults (Liner and Liner 1997; Bano et al., 2002; Pauselli et al. 2010; Ercoli et al.
2012; Ercoli et al. 2013).

The results of this work suggest that the decreased velocity approaching fault is also a
leading feature for hyperbolas to develop. Moreover, it is interesting to note that all the
cited works analysed shallow context where the low confining pressure allows the
fracture to be relatively relaxed bringing an increased porosity in the fractured volume.
The results of this work thus suggest that diffraction hyperbolas can preferably be
generated by the unmigrated seismic response of fractured and shallow fault systems
(Pauselli et al. 2010; Ercoli et al. 2012; Ercoli et al. 2013). This could also explain why
seismic images at depth of faulted rock volumes are generally almost free of hyperbolas

(Patacca et al., 2008; Bigi et al., 2011; Buttinelli et al., 2021) including in the study area
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(Trippetta and Geremia, 2019). On one hand, faults could be characterised by a lower-
porosity damage zone as was observed for the studied faults of the Majella area in this
study. On the other hand, buried fractured damage zones can be not affected by porosity
increase due to the large stress acting at depth that would close the fractures (Trippetta
et al., 2017) or to the presence of infill material (Dvorkin and Brevik, 1999; Avseth et
al., 2010; ladanza et al., 2015; Trippetta et al., 2020) counteracting the porosity increase
of the damage zone related to fracturing. This possibility is confirmed by a recent study
by Volatili et al., 2022 in which it is shown that mechanical fracture opening appears
to be a crucial parameter in seismic imaging of buried fault zones affected by high
confining pressure. This hypothesis previously formulated in the literature (Nelson and
Handin, 1977) argues that lithostatic stress would not allow fractures to open for more
than a few microns with lower change in porosity values than those modelled in this
study. This is in agreement with laboratory data showing that fractured limestones seal
all fractures at 40 ~MPa or ~1.5-2 km depth.

However, it is necessary to specify that the models presented are unmigrated stacked
sections and not migrated seismic images to be used for interpretation. In order to
analyse these diffractive phenomena, it is necessary to produce a forward modelling
exercise with unmigrated stacked sections as this information would be lost in the
migration process. By producing or observing migrated sections, the assumptions
presented in this paper referred to the stacked sections and not to migration, could not
be formulated as there would be no evidence of an increase in porosity of the rocks
belonging to the damage zone or anyway the certainty of petrophysical values abrupt
variations could not be assured. Consequently, if hyperbolas are not detected in the
seismic response of a fault zone it could be due or to an equal or lower porosity of the

damage zone rocks compared to those in the host rock or to diffractions suppression



839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

through processing. If the diffractive phenomena are detected it could be due to
increased porosity of the damage zone rocks and the strength of this model lies precisely
in this result.

This work aims to develop a sensitivity to understand the pre-migration model where
the "stacked seismic response™ guides the geophysicist (more than the interpreter) back
to observe a typical diffraction pattern of a given fault with its distinctive petrophysical
properties. It is therefore useful to perform forward modelling as it provides these

insights.

8. Conclusions
In this work, synthetic seismic images of a faulted carbonate system were developed to
investigate the role of the changing petrophysical properties of fault zones in the
unmigrated seismic response. The main conclusions are:
- Carbonate fault rocks of the Majella area show a deformation behaviour similar to
sandstone and mainly generate deformation bands instead of fracturing due to the high
primary porosity. The fractures in the fault core are filled with reprecipitated calcite.
These phenomena lead to a progressive decrease in porosity and an increase in seismic
velocities approaching fault planes.
- Damage zones with higher porosity and a lower seismic velocity with respect to the
host rock, are characterised by seismic images with important diffraction hyperbolas in
unmigrated stacked sections. Damage zones with a lower porosity and larger seismic
velocity are characterised by seismic images almost free of hyperbolas. The latter model
better reflects the behaviour of the faults that are the subject of this study.
- The presence of marked diffraction hyperbolas in the unmigrated stacked sections of

a fault zone is strictly related to the increase in porosity of the damage zone rocks with
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respect to the host rock. Other factors, such as the geometry of the fault or the thickness
of the damage zone, can enhance or reduce the hyperbolas. The analysis of migrated
seismic images would not ensure evidence of increased porosity of the damage zone
due to the deletion of the diffractive component resulting from the processing.

- On unmigrated stacked seismic images, one of the reasons for reduced hyperbolas in
faulted rocks at depth, can be related to deformation mechanisms that result in a main
decreased porosity of the damage zone for porous rocks and to the confining stress or

infilling material that counteract the fracture-related porosity increase for tight rocks.
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e We integrated field and laboratory data to carry out 2D forward modeling

e We developed a workflow linking geocellular model and forward seismic
modeling

e The deformation behaviour of carbonate fault rocks can generate
compaction bands

e Modification of petrophysics in the damage zone leads to different seismic
images

e Diffractions analysis can lead to new insights on buried carbonate fault zone
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