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Abstract 

The main target of this dissertation is to quantitatively explore the uncertainties 

generated by the combination of geological information (structural and stratigraphic), 

seismic and wells and production data, linked to the building of static reservoir models. 

The quantification of uncertainties is presently one of the main challenges in petroleum 

geoscience. We here propose alternative 3D scenarios for reservoir studies and a new 

structural interpretation of the study area.  

Firstly, we propose a set of alternative models characterized by being geologically 

consistent and viable from a structural and depositional point of view. In order to face 

the evaluation of uncertainties in structural interpretation, we adopt, for a considered 

case study, a multistep workflow and we: i) combine possible stratigraphic and 

structural interpretations in discrete scenarios, ii) perform a 2D sequential restoration 

to check interpretation viability, iii) generate alternative 3D models and populate them 

with reservoir properties and associated uncertainties (e.g., obtained from well data 

analysis).  

Secondly, alternative models and associated variables have been then compared with 

production history, in order to check the consistency of the assumed models and 

parameters.  

The considered case of study is the Accettura Gas Field (AGF), located within the 

Garaguso Concession, held by Edison E&P as operator. AGF is located in the Bradanic 

Foredeep of the Southern Apennines where outcropping frontal Allochthonous units 

overlie foredeep deposits and the Apula Platform. The interpretation of the available 

data is strongly affected by: i) the low quality of 2D seismic data, due to the presence 

of Allochthonous overthrust units; ii) difficulty in correlating well logs, due to a 

marked stratigraphic and sedimentological complexity within the foredeep deposits; 

iii) the structural and sedimentological compartmentalization within the Plio-

Pleistocene sequence; iv) different views in literature on the characterization and 

evolution of the Apulian platform below the Allochtonous and its possible 

involvement in the thrust belt.  

We thus considered relatively unexplored structural solutions for this area in order to 

figure out alternative scenarios on the structural control of the gas field. From our 

interpretation, it resulted that a late reactivation of high angle inherited normal faults, 
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deeply rooted into the Apulian Platform carbonates resulted in positive flower 

structures organised in a right-stepping en-échelon array. Oblique-slip reactivation 

with strike-slip movements and the positive structure connected control the building 

of structural traps, as well AGF, and the hydrocarbon accumulation in the deformed 

foreland plate. 

Four alternative scenarios of static reservoir models have been constructed for the 

Accettura Gas Field (AGF) and structural validation by balanced cross-sections across 

the Bradanic foredeep were performed. 

Three of the four structural scenarios were built considering the development of the 

Plio-Pleistocene fault network correlated to outer arc extension of the pelagic 

sequences in response to a deeper deformation due to oblique slip reactivation occurred 

in the Mesozoic faults of the Apulian carbonate platform. The three scenarios were 

created in successive steps as the implementation of the interpretations performed 

(seismic interpretation, analysis of well pressures and interpretation of cross-faults).  

A fourth scenario is based on a previous interpretation and different structural concept. 

Here the faults dissecting the Mesozoic Apulian carbonated were propagated in order 

to crosscut  the foredeep pelagic sequences sometimes crossing the basal detachment 

of the Allochthonous wedge.  

A global uncertainty evaluation of the proposed scenarios was performed using 

stochastic techniques and choosing the adequate parameters. The results show that the 

choice of structural model and the petrophysical properties impact the hydrocarbon 

deterministic and probabilistic volumetric assessment (i.e., Gas Initially In Place - 

GIIP) that affect both the estimate of mean volume and the range of uncertainty.  
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1 Foreword 

The Accettura gas field, within the "Garaguso” Concession of Edison, was discovered 

in 1968 but, notwithstanding this long production history, it is characterized by a 

limited understanding of the reservoir and its characterization. The area is covered by 

poor-quality 2D seismic surveys, calibrated over a limited number of wells but such 

an uncertainty allows for alternative possible interpretations to be formulated. Thus, 

this area represents an interesting case study for the definition of alternative 3D 

models/scenarios to reservoir studies. The integration of subsurface data into strongly 

contrasting interpretations of the reservoir structural architecture allows to test which 

one of the assumed alternative models that better fit with the long-lived production 

history of the gas field and the structural control of deep inherited faults on the 

development of hydrocarbon traps into the Bradanic foredeep. 

The data and the information provided in this thesis are confidential and reserved, the 

author would like to ensure that these remains confidential. The readers shall use 

allreasonable efforts to keep the confidentiality of the data and information or any 

form whatsoever that may be reasonable understood. The readers are required to keep 

the obligation of confidentiality considering the nature of the information. The nature 

of these information has to consider confidential and the readers owes a duty of non-

disclosure (Confidential Information). 

1.1 Objective 

The goal of this dissertation is to provide several alternative scenarios for a quantitative 

reservoir characterisation, by means of interpretation of from subsurface data and 

geological information, and to provide a validation through a history matching.  

Structural interpretation is frequently considered and aprioristically validated by 

sequential restoration. This type of validation works well when the seismic data are of 

good quality. However, in a case like this one, the presence of low-quality seismic data 

is extremely defective, leaving space to alternative hypothesis. The drastic revolution 

of an entire interpretative structural scenario falls beyond simple stochastic modelling 

and require the approach to discrete scenario.  

This general objective implies other specific aims: 1) to provide geological scenario 

from wells data, in order to a reliable stratigraphic model based on biostratigraphy and 
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wells correlation; 2) to create structural scenarios from seismic data constrained with 

wells pressure data analysis; 3) to model reservoir scenario uncertainty; 4) to evaluate 

the uncertainty derived from data and interpretation and models constructions. 

1.2 Motivations 

The uncertainty linked in modelling subsurface data for reservoir characterization are 

strictly related to two main factors: the data (quality and amount of data) and to the 

geological complexity. 

The geological uncertainty derives by the difficulties to create appropriate models of 

the subsurface. These uncertainties are related to the structural geology, stratigraphy, 

spatial variability of the geological bodies, models proposed, data interpretation etc.  

(Caers, 2011). Furthermore, the data useful for the interpretation can be affected by 

uncertainties due to errors during the geophysical data acquisition or caused by a not 

proper processing. It thus results very challenging to deal with all these sources of 

uncertainty and hence these need to be manged focusing on the application of each 

model. In this perspective, the uncertainty quantification should be modelled through 

the reservoir modelling. The evaluation of parameters as Gas Initially in Place is 

strongly related to reservoir parameter (Net to Gross, Porosity, Water Saturation), 

connectivity among the structures and their spatial distribution. For this reason, the 

evaluation of uncertainty is a key factor for reservoir modelling. 

In a typical static reservoir modelling study, at least four principal sources of 

uncertainty can be identified: i) related to the data quality and their interpretation; ii) 

related to interpretative phases linked to structural and stratigraphic models; iii) related 

to the stochastic models and their parameters; iv) related to the algorithm parameters. 

It is well known that the subjectivity of geological interpretation of the data can have 

a strong impact and can be a main source of uncertainty, however in this study we 

show how the major uncertainty are linked to the petrophysical parameters. However, 

we partially agree with Caumon (2004) that affirm that the choice of geological 

scenario has a stronger impact reservoir uncertainty assessment than the stochastic 

modelling of property distribution. Consistently with considerations by Suzuki et al. 

(2006), we suggest the use of different geological scenario, but combined with the 

multiple stochastic model evaluation, in order to reduce geological uncertainty by 

means of production data. 
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1.3 Challenges 

1.3.1 Geological information and uncertainty quantification 

The geological information, stratigraphy and faults have been grouped in discrete 

geological scenarios. The geological scenarios were used to create structural and 

reservoir models in through modelling workflow by Petrel. We used all the geological 

scenarios created in order to quantify the models’ uncertainty. The validation of 

structural models was performed through the sequential restoration of balanced cross 

section (see Chapter 8). This dissertation has the aim to propose a workflow, for 

reservoir characterisation and uncertainty evaluation (Figure 4.2). The basic reservoir 

models, obtained from the interpretation of all the subsurface data, populated with 

petrophysical properties have the same starting point in terms of probability 

evaluation. After that, a probabilistic evaluation generally provides a much more 

realistic estimation of the quantity of hydrocarbons in place, since they also give an 

evaluation of the accuracy of the estimate itself. This detailed methodology is 

discussed in Chapter 10. 

The probabilistic approach indeed consists in considering, during the calculation, the 

probability of distributions of each single parameter involved into the model. Each of 

these probability distributions quantitatively reflects the degree of knowledge, and 

therefore of uncertainty, relating to the considered parameter. 

For the probabilistic evaluation of GIIP we used a stochastic modelling through a 

Monte Carlo procedure, replacing simple one-dimensional distributions on the 

distributions of surfaces and grids. 

1.3.2 How to approach to geological model 

Uncertainties relating to geological modelling is a difficult task for geologist that has 

to reconstruct with the best accuracy on the geometry and petrophysical of a reservoir. 

It is therefore evident that the final model will present, in all cases, a certain degree of 

uncertainty. The quantitative evaluation of the uncertainties related to geological 

modelling is one of the most complex and interesting aspects in the context of a 

reservoir study. The total space of uncertainties is obviously unknown, but when 

attempting a quantitative assessment of the uncertainties of a geological model it is 

important to ensure that this space is adequately sampled. 
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1.4 Impact of uncertainties 

As previously stated, there are not enough data and there are also uncertainties in the 

available data due to errors in the measurements or errors in interpretation. In the case 

of geophysical data, this entails uncertainties in the determination of reservoir structure 

(locations of horizons, of faults), hence in the volume of hydrocarbon initially in place 

(HCIIP) and eventually in production forecasts. Similarly, the uncertainties in 

geological data involve uncertainties in sedimentary and petrophysical models. Again, 

this means uncertainties in the volume of hydrocarbon initially in place and in 

production forecasts. 

1.4.1 Uncertainties in geophysical data 

There are many sources of uncertainties in seismic data that can be identified during 

the acquisition, processing and interpretation phases. They include uncertainties: 

errors and uncertainties in picking, difference between several interpretations, errors 

and uncertainties in depth conversion, in seismic well-tie, pre-processing and 

migration, mapping of the top reservoir. 

1.4.2 Uncertainties in geological data  

Geological interpretations are clearly affected by the uncertainties in geological data, 

themselves related to the data sets, data types or the density of the data points. 

However, the most prominent uncertainty source is that geological interpretations or 

geological modelling have a high degree of subjectivity. This is crucial when fixing 

the boundaries of the main geological objects. For instance, the interpretation of a 

given layer seen in a well has an uncertainty depending on the quality of the data 

collected in this well. Geological interpretation makes it possible to envision what is 

going on in between the wells. However, due to the high degree of subjectivity, the 

quantification of geological uncertainties is very difficult.  
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2 Geological setting of southern Apennines 

2.1 Tectonic setting 

The southern Apennines are an arcuate fold-and-thrust belt, NE-SW trending, formed 

during the Oligocene to Pliocene by the continental collision between the European 

and African tectonic plates  (e.g., Royden et al., 1987; Locardi, 1988; Dewey et al., 

1989; Mazzoli and Helman, 1994; Doglioni et alii, 1996; Patacca & Scandone, 2007).  

The present-day architecture of the southern Apennines is the result of overprinting 

extensional and contractional tectonic phases. Since the Early Triassic, extensional 

tectonics, related to the opening of the Lagonegro basin, took place and was followed 

by a late Triassic rifting event that led to the opening of the Ligurian-Piedmont Ocean 

(Patacca et al., 1990; Doglioni, 1991). 

 

Figure 2.1 - Structural Map (modified after Vitale et al., 2017) and cross-Section of Southern Apennines Mazzoli 

et al. (2014, modified); study area is highlighted by the black dashed box. 
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The thrust belt  is formed by different stacked tectonostratigraphic units comprising 

deep-sea claystones, marls and siltstones,  belonging to the Liguride/Sicilide oceanic 

basin, carbonates of the Apennine Platform, pelagic units (mixed carbonate and 

siliciclastic rocks) of the Lagonegro basin and the carbonates of the Apulian Platform 

(Figure 2.1) (Dewey et al., 1989; Boccaletti et al., 1990; Monaco and Tortorici, 1995; 

Menardi Noguera and Rea, 2000; Patacca and Scandone, 2007; Vitale e Ciarcia, 2013). 

At the base of the Apennine Platform the development of basal detachment (during the 

Miocene) led to the thrusting of shallow water carbonates on the top of the Lagonegro 

basinal units. These sequences overthrust on top of the western portion of the Apulian 

Platform (Ascione et al., 2012). 

The Mesozoic paleogeography of this region was characterised by the opening of the 

Ligurian-Piedmont (or Alpine Tethys) and East-Mediterranean oceanic domains 

controlled by extensional tectonics. Several works (e.g., D’Argenio et al., 1975;  

Mostardini and Merlini, 1986; Casero et al., 1988; Sgrosso, 1988; Patacca et al., 1992a; 

Marsella et al., 1995; Menardi Noguera and Rea, 2000; Scrocca,2010.) propose a 

model in which the Apennine and Apulian carbonate platforms and the Lagonegro 

basin were developed along passive continental margin of Adria plate whilst the 

Liguride-Sicilide nappe represents a remnant part of the Ligurian-Piedmont oceanic 

domain. Following this model, the Mesozoic Lagonegro-Molise basin probably lied 

on a thin continental crust and it possibly represented the northern marginal part of the 

East-Mediterranean segment of the Neotethyan Ocean (e.g., Ciarapica and Passeri, 

2002, Stampfli et al., 2002). The Apennine and Apulian carbonate platforms and the 

Lagonegro basin were originally located on contiguous segments of basement of the 

Apulo-Adriatic plate (Figure 2.1). 

The paleogeography of the aforementioned Mesozoic domains was progressively 

inverted during the Late Cretaceous–Eocene, when the westward subduction of the 

Ligurian-Piedmont Ocean begun (Knott 1991; Cello and Mazzoli 1999). During the 

Miocene the concomitance with the eastward migration of the foreland-foredeep 

system caused the extension and the opening of the Tyrrhenian sea (Sartori, 1989; 

Patacca et al., 1990; Gueguen et al., 1997; 1998; Doglioni et al., 1998; Patacca & 

Scandone, 2007). 
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The outcropping units of the southern Apennines, schematically represented in a 

regional cross-section (Figure 2.1; e.g., Prosser & Schiattarella, 1998; Figure 2.2), can 

be listed as follows, from west to east:  

- i) the Liguride-Sicilide Units (internal units), representing the relics of an 

Oligo-Miocene accretionary prism with ophiolitic blocks and covered by lower 

Miocene syntectonic deposits;  

- ii) the Apenninic Platform Unit, consisting of platform carbonates which 

originally separated the Liguride basin from the Lagonegro basin;  

- iii) Lagonegro Units, derived from the deformation of the deep-sea Lagonegro 

basin; 

- iv) Irpine Units, piggyback basins deposited above the deformed Lagonegro 

Units and in the foredeep area during the Middle-Upper Miocene;  

- v) Units of the Bradanic Trough, which represent the clastic infill of the Plio-

Pleistocene foredeep;  

- vi) Mesozoic Apulian platform carbonates, mostly buried by the allochtonous 

units of the Apennines chain and widely exposed in the foreland area. These 

carbonates rest on the top of the Permian volcanoclastic deposits (Permian 

sequence). 

The hanging wall tectono-stratigraphic units comprising the Liguride/Sicilide oceanic 

basin, deep-sea claystones, marls and siltstones, the platform/slope carbonates of the 

Apennine Platform are separated by low angle tectonic contacts from the pelagic 

successions of the Lagonegro Basin (Mazzoli et al., 2001) and carbonates of the 

Apulian Platform. 

The structure of the southern Apennines is thus represented by a thick unit of shallow 

–water carbonates, ascribed to the Apulian Platform, overthrust by a pile of platform- 

and basin-derived allochtonous tectonic units, forming the southern Apennines thrust 

belt sensu stricto (Mostardini & Merlini, 1986;; Patacca & Scandone, 1989; Patacca 

et al.i, 1992; Cello & Mazzoli, 1999).  
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Figure 2.2 - Tectono-stratigraphic scheme of the stacked. Apennine and Apulian carbonate platforms and the 

intervening Lagonegro Pelagic basin developed during the Mesozoic rifting and the subsequent passive 

continental margin evolution of the Apulo-Adriatic plate (modified after Casero et al., 1988 and Scrocca 2010). 
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2.2 Stratigraphic framework of the Southern Apennines 

2.2.1 Liguride-Sicilide Units 

The Liguride-Sicilide Units are composed of transitional crust of the Ligurian-

Piedmont Branch of the Neotethys Ocean and of the continental crust of Adria (Patacca 

& Scandone 1989; Patacca and Scandone, 2007). Both the former domains consist of 

sedimentary or low-grade metasedimentary rocks derived from deep-sea clay and 

marls, and containing ophiolites and serpentinites, as well as slices of continental crust 

(Bonardi et al., 1988a, b; Di Staso & Giardino, 2002)  

Liguride Units lie on top of the Allochthonous stacked sequence and crop out in the 

western sector of the Southern Apennines. These units tectonically cover, the 

Apennine platform with a low angle thrust contact (Ogniben, 1969). The Liguride 

Units are considered as derived from a domain of transitional crust originally located 

between the Ligurian Tethys Ocean and the continental crust of Adria (Patacca & 

Scandone 1989; Monaco & Tortorici, 1995; Patacca and Scandone, 2007). 

The Liguride Units consist of Early Cretaceous to Early Miocene sequences with 

incorporated ophiolitic body and can be divided into two main complexes. The upper 

complex shows HP/LP metamorphic overprint (i.e., the Frido Unit), which has been 

interpreted as part of an accretionary prism built up during the Cretaceous subduction 

of the Tethys oceanic lithosphere (Knott, 1987, 1994). This complex tectonically 

overlays a non-metamorphic unit (North Calabria Unit). Both the Frido and North 

Calabria units mainly consist of sedimentary or low-grade metasedimentary rocks 

derived from seep-sea clay and marls, containing ophiolites and serpentinites, as well 

as slices of continental crust (Bonardi et alii, 1988a, b; Di Staso & Giardino, 2002). 

This strongly deformed unit is widespread in the Apennine chain, where in some cases 

build tectonic and sedimentary mélanges 

The Sicilide Units (Late Cretaceous – Early Miocene) is a tectonic melange of clays 

including resedimented platform limestone blocks with intercalations of red marls and 

fine sandstones widely overlain by the Numidian Flysch.  

The Liguride and Sicilide Units were deposited in the same paleogeographic domain 

despite their tectonic contact. Ogniben (1969) recognised this contact on Calabrian-

Lucanian border where Sicilide Units overlapped above the Liguride Units  
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2.2.2 Permian sequence 

The Permian sequence represents the post- Hercinian sedimentary cycle and it is 

composed by a continental and epicontinental clastic sequence and volcanoclastic 

deposits, as observed in the deep “Puglia 1” well (e.g., Ricchetti et al., 1988; Mazzoli 

et al., 2000; Patacca and Scandone 2007, Nicolai and Gambini 2007, Scisciani and 

Esestime 2017). 

2.2.3 Upper Triassic- Burano Formation 

The Upper Triassic is represented by a thick succession of evaporites (i.e., the Burano 

Formation), with associated deformations by salt tectonics. Burano Fm. is outcropping 

in the Gargano area (e.g., Punta delle Pietre Nere diapir; Bigazzi et al. 1996). 

The Burano Fm. is represented by alternating anhydrites, dolomites and calcareous 

dolomites, with subordinated salt, marls and claystones. Bituminous intercalations 

with a high TOC content are present. The thickness is very variable and is also 

depending on marked halo-kinetic movements (e.g., the “Mizar 2” well directly 

drilling through one diapir in the central Adriatic basin), reaching up to 1700 m in the 

Gargano area (e.g., the “Foresta Umbra 1” well).  

The base of this unit is marked by an increase in the evaporitic content and a decrease 

in the clastic influx. The age is uncertain, but probably the base is Upper Carnian and 

the topmost boundary is assumed to be located at the Triassic/Jurassic boundary. Some 

δ34S isotopic datings, point to an Upper Triassic age (Bigazzi et al. 1996). 

2.2.4 Apennines Platform 

The Apennines Platform depositional environment formed from the Middle-Upper 

Triassic, during an extensional tectonic phase that affected the Hercynian basement. 

These carbonates were deposited starting from the Rhaetian-Lias age on a structural 

high bounded by the Lagonegro Basin, to the east, and by the Ligurian Tethys Ocean 

to the west. This stable configuration lasted for almost the entire Mesozoic (D’Argenio 

et al., 1972). 

The carbonate sequence characterizing this domain consists in a succession of back-

reef facies deposits, associated with reef and transitional facies units (D’Argenio, 

1966; Carannante et alii, 1994). Fractured dolomites and dolomitic limestones, 

characterised by a pervasive cataclastic texture, compose the base of the platform. The 
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Upper Cretaceous carbonates of the Apennines Platform are characterized by bauxite 

deposits (D'Argenio, 1972) that testify for an emersion phase of this domain, whereas 

a period of depositional gap occurred in the Paleogene, when the Apennine platform 

represented an emerged area.  

A major transgression took place from the Miocene, with the deposition of the 

calcarenites of the Cerchiara Formation (Selli, 1957), followed by Late Burdigalian 

terrigenous deposits. Serravallian–Tortonian in age conglomerates and sandstones lie 

on the top of the sequence (Patacca et al, 1992; Santo, 1996). 

2.2.5  Lagonegro Units 

The Lagonegro Units (referred as Lagonegro-Molise Basin in Figure 2.3) are mainly 

composed by basinal sediments (i.e., carbonates, cherty limestones, radiolarites and 

deep marine shales) ranging from the Middle Triassic to the Miocene in age. These 

basinal units are completely detached from the original basement, a thin continental 

crust domain.  

The Mt. Facito Formation (Middle Triassic) represents the base and the oldest 

formation of the Lagonegro Units. It consists of basal olistostromes and radiolarites 

(Palladino et al., 2019) followed upwards by siliceous marls, calcareous turbidites and 

succession of volcanic pyroclastic deposits). The entire sequence is characterized by 

the progressive drowning of the carbonatic platform, associated with a rapid deepening 

of the Lagonegro basin during the Middle Triassic. 

During Late Triassic to Cretaceous, the depositional evolution of the basin was 

characterized by a pelagic environment with the deposition of siliceous limestones, 

radiolarites and deep-marine clays (Scandone, 1967; 1972; Patacca and Scandone, 

2007). Basing on the relative abundance of carbonate clastic deposits and on the 

difference in thickness of the main proximal and distal lithofacies can be identified 

(Miconnet, 1988; Ciarapica and Passeri, 2002. Carbonate debris within deep-sea 

sediments, outlined by the presence of turbiditic calcarenites during the Cretaceous to 

Paleogene, was fed by the Apennines Platform. 

Tectonic stacking characterises the Lagonegro Units along a shallow west-dipping 

thrust and separating the domain in two tectonic units: namely the Lagonegro I and II 

(after Scandone, 1967; 1972). 
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2.2.6 Apulian Platform 

The Apulian platform presently represents a portion of the intra-orogenic foreland area 

(Funicello et al., 1991) of two growing chains: the Apennines, to the west, and the 

Dinarides, to the east (Moretti and Royden, 1988). 

The stratigraphy of the Apulian Platform has been investigated by means of the deep 

“Puglia 1” well, drilled in the foreland area of the Southern Apennines (e.g., Patacca 

et al., 2007). From the lowermost drilled units, it consists of Late Triassic evaporate 

sand dolostones (Burano Fm.), followed upwards by Jurassic and Cretaceous neritic 

carbonates, with similar facies exposed in the Apennine Platform (Pavan & Pirini, 

1966; Ricchetti et al., 1988). The Cretaceous carbonates are covered by Eocene 

limestones and by Miocene limestones and calcarenite (Gravina Fm., San Ferdinando 

and Bolognano Fm.; Petrullo et al, 2017). The absence of Paleocene to Oligocene units 

indicates the presence two main hiatus at the base and in the intermediate part of the 

Paleogene succession. Finally, Messinian clay, marls and evaporites represent the 

uppermost lithofacies of the Apulian Platform. The Miocene succession is 

characterized by strong lateral changes in the thickness of units, mainly due to the 

synsedimentary activity of NE-SE and NNW-SSE trending faults, characterized by 

strike-slip and normal kinematics. The whole Paleogene-Miocene succession is not 

present in the outcropping portion of the foredeep. 
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Figure 2.3 - Gross depositional environmental The Southern Apennine depositional realms during Cretaceous-

Paleogene times according to Mostardini & Merlini (1986). 

Three sectors of the Apulian platform, namely the “inner”, “Apulia basin” and “outer”, 

can be identified (Figure 2.3):  

• the “inner” Apulian platform (including the Maiella massif), located at the base of 

Southern Apennine thrust and fold belt, is involved into an intense contractional 

deformation, associated to wide antiforms. It is exposed only in the Mt. Alpi di 

Latronico area (Sgrosso, 1988; La Bruna et al., 2017; 2018), and it has been 

documented in the subsurface by well and seismic data (i.e.; Van Dijk et al., 2000). 

• the “Apulian basin” opening started during Jurassic and was active up to the Upper 

Cretaceous (Cenomanian, Laviano et al., 1998), 

• the “outer” Apulian platform is widely exposed the present-day foreland of the 

Southern Apennines in the Murge and Gargano massifs (Mostardini & Merlini, 

1986), where normal and strike-slip faults crosscut the platform (Korneva et al., 

2014). 
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2.3 Tectono-stratigraphy evolution of the Bradanic Foredeep 

The Bradanic Foredeep Domain (or Bradanic Trough) represents a highly subsiding 

foredeep sector over a large portion of the Southern Apennines. The foredeep is 

relatively narrow (2 to 8 Km) and elongated basin (more than 25 Km), roughly parallel 

to the Apennines main structural trend (NNW-SSE). 

The Plio-Pleistocene foredeep infilling is represented by sequences formed mainly by 

gravity flows. These turbiditic complexes consist of slope, fan and basin plain deposits 

(Casnedi 1991, 1988). The Pliocene succession of the Bradanic foredeep is 

characterized by a younger age going from NW to SE (Casnedi et al., 1982). The 

Pliocene sequence is made of marly intervals that transgressively overlays Miocene 

coarse-grained carbonates (Crescenti, 1975). The Piacienzian/Gelasian sequence has 

been interpreted as turbidite fans prograding from NW to SE (Casnedi et al., 1982) cut 

by longitudinal feeder channels.  

The buried Pliocene-early Pleistocene succession is mainly characterized by a turbidite 

complex formed by medium to fine sandstones and shales (Carubelli et al., 2010 and 

Tropeano et al., 2002), consisting of slope, fan and basin plain deposits (Casnedi 

1988b, 1991).  The outcropping Quaternary succession is basically composed of 

hemipelagic silty clay and is overlain by coarse-grained shallow-marine siliciclastic or 

carbonate deposits attributed to the regressive stage of basin filling and to marine 

terrace development (Tropeano et al., 2002 and references therein). 

The Zanclean foredeep succession is directly overthrust by the Miocene Irpine Units 

of the Allochtonous Wedge (Figure 2.4). During the sedimentation, the inner foredeep 

margin is represented by the front of the Allochtonous Wedge; while the external one, 

by a system of high angle normal faults cutting through the Apulian Platform (Figure 

2.4)  

The Apulian Foreland ramp, can be divided into by two sectors: an inner and more 

inclined sector, corresponding to the bedrock of the foredeep sensu stricto, and a less 

inclined sector, corresponding to the pre-Gargano and pre-Murge plateaux (Figure 2.5 

c and d).Inner foreland ramp sectors were connected by normal and/or transtensional 

faults, which in the space of a few kilometres vertically displaced the foreland ramp 

for about 1 km (Pieri et al. 1996b, c). During the Pliocene, the eastward migration of 

the Allochthonous wedge was not accompanied by the eastward migration of the axis 
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of the foredeep), since turbidites did not deposited onto the pre-Gargano and pre-

Murge plateaux (Figure 2.5c and d). 

The Zanclean sequence consists of: (i) a monotonous sequence of medium to thick 

bedded, very coarse to medium graded sandstone (and pebbly mudstone) with erosive 

base and abundant shale clasts associated with both the Allochthonous wedge and 

turbidites; (ii) a thinner successions, not associated with the Allochthonous wedge 

units and turbidites, of marls (the so-called Basal Marls)– Carubelli, 2010) overlain by 

medium to fine sandstones and shales developed on the outer, less inclined, sector of 

the foreland ramp (pre-Murge and pre-Gargano plateaux) and around the highs of the 

exposed foreland (Carubelli et al., 2010 and Tropeano et al., 2002). 

The turbidite deposits belong to highly efficient longitudinal turbiditic systems as 

revealed by an evident down-current facies evolution from the NW to the SE sector. 

However, small and poorly efficient sand-prone turbidite systems, directly fed by the 

inner margin of the basin from the southwest. 

These turbidites were mainly supplied from north along the axis of the Bradanic 

Trough (Casnedi 1988b) and were underthrust by the Allochthonous wedge. Later, 

younger thrusts which grew in the Apulian Foreland monocline involved the foredeep 

sensu stricto deposits previously buried below the Allochthonous wedge. 
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Figure 2.4 - Lower Pliocene tectono-sedimentary evolution of the Bradanic Trough (Carubelli et al., 2010) 

2.3.1 early Pleistocene – Gelasian/Calabrian 

The wedge-top basin was very narrow in the central and northern sectors of the 

Bradanic Trough (Figure 2.5d and Figure 2.6e) as: (i) no Pleistocene marine deposits 

crop out on the adjacent sectors of the Apennines chain; and (ii) some thick Gelasian 

delta bodies were located on the front of the Allochthonous wedge, where rivers 

flowed into the basin (Figure 2.5d and Figure 2.6e). Therefore, the front of the 

Allochthonous wedge lied at the outcropping front of the chain or was buried a few 

kilometres from it and sediments, coming from the chain, were moved directly into the 

foredeep. In contrast, southward (i.e., along-strike), the wedge-top basin remained 

wide and a very large piggyback basin (the Sant' Arcangelo Basin) collected a large 

amount of sediment (Vezzani 1967b; Pieri et al. 1994a, 1996a) (Figure 2.5d and Figure 

2.6e).  

The Gelasian-Calabrian foredeep turbidite sequences are present only in the southern 

part of the trough (Casnedi et al., 1982) (Figure 2.5d, Figure 2.6f). The deposition was 

characterized along-strike by relative swells and depressions that controlled the 

thickness of sediments and determined the development of turbidite flows, which were 

restricted to very narrow and confined depressions (Figure 2.5d). These 

morphostructural features were governed by faults of the foreland ramp (Sella et al. 
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1988). In the central and northern part of the basin, since pre-Gargano and pre-Murge 

plateaux had not developed in the foredeep, the Allochthonous wedge front reached 

the middle foreland ramp and effectively stopped against the fault system that 

displaced inner from middle foreland ramp (Pieri et al. 1996c). Lacking both the 

wedge-top basin and the foredeep, the siliciclastic depositional systems deriving from 

the chain prograded toward the foreland via eastward dipping sedimentary gentle 

ramps (Fig. 6e and f). Where the front of the Allochthonous wedge was contiguous 

with the middle foreland ramp, pre-existing structural features of the foreland became 

the main control on sedimentation of shallow-marine systems deriving from the 

Apennines chain. The Apulian Foreland was affected by E-W and WNW-ESE striking 

faults, which were mainly inherited from the Mesozoic development of the carbonate 

platform and reactivated during Neogene time (Festa 1999; Chilovi et al. 2000) (Figure 

2.5a and b). Extensional faults dissected the foreland and consequently carbonates of 

the Calcarenite di Gravina Fm. covered narrow shore platforms around, and on top of 

structural highs, or were deposited into narrow straits small basins, or onlapped 

degraded fault scarps (Tropeano et al 2002) (Figure 2.5c and Figure 2.6e). 

Hemipelagic, coastal and, finally, alluvial deposits prograded onto the pre-Gargano 

and pre- Murge plateaux and then onto the outer foreland ramp, in places suffocating 

the remnant carbonate systems of the Calcarenite di Gravina Formation. After the 

chain and the foreland highs of Murge were connected (Figure 2.6e and f), siliciclastic 

depositional systems prograded laterally progressively occupying the large 

accommodation space of the whole foreland ramp not filled by the preceding carbonate 

systems. Siliciclastic systems also filled small depressions inside the foreland (i.e. the 

Murge; Figure 2.5, d and Figure 2.6g; Tropeano et al., 2002). 

2.3.2 late Pleistocene to – Quaternary 

After the sedimentary infilling of that part of the basin between the chain and the 

Murge plateaux, two large gulfs became the only underfilled remnants of the Bradanic 

Trough (Figure 2.6f and g). Lacking a foredeep, the northern gulf was progressively 

filled, whilst the southern one, which was deeper and longer than its northern 

counterpart, is still present in the Taranto Gulf today. Sediments progressively invaded 

shallow-marine environments of both gulfs and sedimentary closure of the strait 

between the chain and the Gargano island probably occurred soon after the strait 

adjacent to the Murge archipelago had been infilled. Filling of the basin is recorded by 
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the shallowing upward trend of the Pleistocene successions and by the widespread 

sedimentation of the regressive coastal deposits (Figure 2.6g and h). Moreover, during 

middle and late Pleistocene contrasting forms of erosion characterize deposits filling 

the two paleo gulfs. In the northern part of the Bradanic Trough, planar erosion took 

place and most of the regressive coastal deposits were widely cannibalized. This 

erosion is recorded in the Quaternary succession of the central Adriatic Sea as a large 

sedimentary wedge which prograded from the south. In the southern part of the 

Bradanic Trough, river incisions deeply cut the succession and large remnants of the 

oldest Regressive coastal deposits still exist. Cannibalization of these deposits is the 

main source for the present-day depositional systems of the Taranto Gulf (Tropeano 

et al., 2002).  
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Figure 2.5 - Palaeogeographiy of the southern Apennines foreland basin system from the Messinian to the Early 

Pleistocene (Tropeano et al., 2002) 
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Figure 2.6 - Palaeogeography of the southern Apennines foreland basin system from the Early Pleistocene to the 

Late Pleistocene (Tropeano et al., 2002) 
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2.4 Geodynamic evolution of the southern Apennines 

The growth of the Apennines started during the late Oligocene (Boccaletti et al. 1990) 

when the Adria Plate, characterized by both oceanic (Ionian sector) and continental 

(Apulia sector) lithosphere (Finetti 1982; Catalano et al. 2001), began to subduct back 

to the Alpine-Betic thrust belt (Gueguen et al. 1998). 

The Southern Apennines are a west-southwest to east-northeast displaced, fold-and 

thrust belt in which contractional and extensional events have overprinted each other 

through geologic time to form the current mountain-chain structure. The development 

of this tectonic system spans from Upper Cretaceous to Pliocene-Pleistocene 

(extension and compression) during which multiple stages of deformation led to 

generic west to east migration of the foredeep-foreland structural and sedimentary 

geometries. 

The related structural style indicates tectonism that is mainly thin-skinned (i.e., 

basement is not involved in the external domains of the chain, to the northeast) to 

possibly thick-skinned (i.e., basement-involved in the internal domains of the chain, 

to the southwest; e.g., Turrini et al., 2004). An upper Allochthonous wedge of 

carbonate/clastic units (i.e., the Apenninic Platform/Lagonegro/Sicilide/Irpinian units) 

is overthrust onto the associated autochthonous deformed units of Apulian Platform 

carbonates (Figure 2.7). Late phases of compression and extension-related events have 

controlled the recent activity within the orogen, and both transtensional and 

transpressional tectonics have been reported throughout both its internal and external 

domains. Development of this tectonic system spans the period from the Oligocene 

(mainly compression only) to the Pliocene (Piancenzian)-Pleistocene (extension and 

compression), during which multiple stages in the crustal-scale deformation led to a 

generic west-to-east migration of the associated chain-foredeep-foreland structural and 

sedimentary geometries (Figure 2.7). 

In the following paragraphs a brief summary of the main tectonic events is provided, 

from the oldest to the most recent (i.e., D1 to D4) based on the geodynamic evolution 

model proposed by Cello and Mazzoli, 1999. 

D1) UPPER CRETACEOUS – OLIGOCENE: OCEANIC SUBDUCTION:  

During the Lower Cretaceous-Oligocene stage the oceanic subduction took place as 

answer to the P-T conditions of the deformation affecting the Liguride accretionary 
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prism. Within the Liguride complex part of oceanic crust (e.g., pillow basalts, gabbros) 

and part of upper mantle i.e., serpentinized peridotites) were included during the 

subduction accretionary processes (Monaco and Tortorici, 1995). 

D2) OLIGOCENE (CHATTIAN) - BURDIGAGLIAN OBDUCTION AND TECTONIC 

STACKING 

During the interval comprise between the late Oligocene- Burdigalian). The accretion 

of the continental margin occurred caused by the obduction A first deformation 

developed in a time window of about 6 Myr (i.e., during early Miocene) and a second 

one which developed during an almost identical time interval (i.e., from 16 to 10 Myr).  

The overthrusting and accretion of the tectonic wedge continued during the early 

Miocene along the internal sector of the southern Tethyan margin. The obduction is 

constrained during the late Oligocene-early Miocene by the development and 

evolution of the earliest foredeep going to seal the accretionary prism-continental 

margin suture as well as by the transition from shallow water carbonates to marly 

deposits of Miocene age(Aquitanian-Langhian)  associated with the flexural 

subsidence of the Internal Platform (Roure et al., 1991).  

 

Figure 2.7 - Tectonic evolution and deposition system of Southern Apennines (Right: after Cello and Mazzoli ., 

1999; Left: after Turrini and Rennison, 2004). 

D3a) LANGHIAN-TORTONIAN (D3): STACKING APENNINIC PLATFORM ABOVE 

LAGONEGRO UNITS. FOREDEEP DEPOSITS () 

During the middle Miocene- Tortonian, accretion of the carbonates of the Internal 

Platform as well as of the foredeep sediments, occurred with the structuring of the 
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Lagonegro basin domain. This deformation phase is also coeval with the development 

and evolution of a wide composite foredeep system (e.g. Cello et al., 1990). 

Between Tortonian and Quaternary, collisional and post-collisional phases developed, 

respectively. These phases are related to rifting and drifting processes occurred in the 

Tyrrhenian area (Kastens et al., 1988) that acted in response to collisional processes 

involving continental subduction and flexural retreat of the Apulian lithosphere 

(Malinverno and Ryan, 1986).  

The beginning of regional deformation associated with phase D3 is connected with the 

extension, in the Tyrrhenian area, and compression in the Apennines belt. During D3 

phase, three main events have been recognised within a deformation sequence 

developed during a time span of about 8-9 Myr.  

D3b) TORTONIAN - EASTWARD SHIFTING OF THE FOREDEEP  

The first compressional event was triggered between the end of Tortonian and the early 

Pliocene. The main effects of this compressional  event were: (i) a marked variation in 

the sedimentological evolution of the foredeep sequences indicating a flexural 

subsidence of the Apulian foreland (Cello et al., 1990); (ii) the development, in earliest 

Pliocene times, of a proto-Bradanic foredeep (Patacca and Scandone, 1989); (iii) the 

tectonic accretion of the most external domains into the Southern Apennines Thrust 

System, including the easternmost sectors of the Lagonegro basin and the very 

westernmost part of the Apulian Platform.  

D3c) ZANCLEAN - COMPRESSION 

With D3c a second compressional event occurred in the early Pliocene strictly related 

to the west-dipping subduction of Apulian lithosphere and to continuing accretion by 

underplating of carbonate units derived from the Apulian Platform. The effects of this 

event are recorded by the stratigraphic\sedimentological and structural signature of the 

Bradanic foredeep deposits (Patacca and Scandone, 1989) and by their occurrence 

within different horses of the buried Apulian duplex. 

D4) PLEISTOCENE– EXTENSION MOVE FROM TYRRHENIAN BASIN TO THE 

INTERNAL MARGIN OF THE CHAIN 

During the Pleistocene event (D3c), the activation of a strike-slip regime occurred 

following the onset of continental subduction. The style and deformation associated 

with strike-slip deformation of the latest event of D3c have been reported by several 

authors (e.g. (Knott and Turco, 1991; Russo and Schiattarella, 1992; Catalano et al., 
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1993 Schiattarella, 1994; Schiattarella et al., 1994; Van Dijk 1994; Cello and Mazzoli., 

1999). 

The border between Calabria and Basilicata regions is marked by a major fault 

segments show a consistent WNW-ESE trend and left lateral strike-slip kinematics 

(Knott and Turco, 1991; Russo and Schiattarella, 1992; Catalano et al., 1993 

Schiattarella, 1994; Schiattarella et al., 1994; Van Dijk 1994). These segments are 

associated with roughly north-south trending reverse/transpressional faults which 

bound positive structures that involve carbonate units belonging to the Apulian 

Platforms. These positive structures may be interpreted as: (i) ridges associated with 

the bending of the fault surface (ii) contractional features developed at fault 

terminations and (iii) push-ups between two en-échelon fault segments (Cello and 

Mazzoli, 1999). 
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3 Overview on the Bradanic foredeep Petroleum 

System 

The Bradanic foredeep (or Bradanic Trough) is one of the main Italian hydrocarbon 

provinces where strong explorative and productive activities took place, mainly from 

the ‘60s and, later, from the beginning of ’90s of the 20th century.  

 The petroleum systems proved within this hydrocarbon province are associated to two 

main tectono-stratigraphic domains (Bertello et al., 2008): 

 Biogenic gas in the terrigenous Plio‐Quaternary foredeep wedges (turbidites 

deposits); 

 Oil and thermogenic gas in the carbonate Mesozoic substratum of the Apulian 

Platform. 

 

Figure 3.1 - Left: Gas occurrences in the terrigenous foredeep wedges. Red dashed lines indicate the Bradanic 

foredeep. Right: Oil and thermogenic gas occurrences in the carbonate Mesozoic substratum. Blue dashed lines 

indicate the Bradanic foredeep (Bertello et al., 2008) 

3.1 Biogenic gas in the terrigenous Plio‐Pleistocene foredeep turbidites 

Plio‐Quaternary sequences of Apennines foredeep basins have been object of several 

biogenic gas discoveries. The entire sequence is composed by of thick turbidite 

sequences with alternating shale and sand layers, which often constitute interbedded 
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combinations of sources and reservoirs. The most common reservoir is made of 

moderately lithified   sandstones and siltstones, interbedded with shales in place. The 

origin of the more sandy-rich units is related to turbiditic flows deposited along the 

major axis of the Apennines thrust belt foredeep. Conventional sandy layers represent 

the reservoirs within Pliocene sequence whilst Pleistocene reservoir is represented by 

thin layered sequence of sandstones and shale (Bertello et al., 2008). The petrophysical 

properties of these reservoirs have a strong variability, with porosity values that range 

between 30% in well sorted sands and 10-15% in shaly intervals. Most of the 

discoveries are represented by biogenic gas formed by the action of bacteria and 

thermo-chemical (Sella et al., 1990). A few thermogenic gas was found in some field 

generated by the cracking at high temperature of the organic matter (Sella et al., 1990). 

Gas is mainly made by methane with traces of other gas and few fields produced 

gasoline. The cap rocks are represented by shale layers in alternance with sand beds. 

Fault network is characterised by high angle normal and reverse faults (Bitonte et al. 

2020 – under review) that terminate against the sole thrust of the Allochthonous wedge 

on the top and against the Cenozoic Carbonates on the bottom. 

SOURCE RESERVOIR SEAL TRAPS 

Plio-Pleistocene 

Turbidites 

Plio-Pleistocene 

Turbidites 

Plio-Pleistocene 

Turbidites 

Structural 

Stratigraphic 

Mixed 

Table 1 – The Plio-Pleistocene play. 

Structural, stratigraphic and mixed hydrocarbon traps have been identified following 

the classical classification in both the hydrocarbon plays (Sella et al., 1990). 

3.2 Oil and thermogenic gas in the carbonate Mesozoic substratum of the 

Apulian Platform 

Mesozoic play in carbonates of Apulian platform of the foreland/foredeep are 

associated with the late extensional reactivations occurred in the Tethyan post rift 

stage. Hydrocarbons traps were consequently structured by the action of Mesozoic 

extensional and the Tertiary compressional phases. 

The reservoir is made of Apulian carbonates, Cretaceous in age, is mainly composed 

by: limestone, dolomitic-limestone and dolostone from Cenomanian to Middle-

Miocene. These lithotypes are characterised by remaining primary porosity and 
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secondary porosity, however these reservoirs are characterised by a very low average 

(1-5%) total porosity.  These peritidal/lagoonal carbonates have been deposited in 

shallow marine environment. The presence of karst structure is widespread in the 

upper part of the sequence. Cenozoic carbonates, in some portions of the Apulian 

Platform, are presenting good primary porosity, while often are contaminated by fine 

clastics. Neogene clastics and shales represent the cap rock of this interval. The traps 

are commonly structural set up on inherited Mesozoic faults. 

SOURCE RESERVOIR SEAL TRAPS 

Upper Triassic Burano 

Evaporites 

 

Apulian Platform 

Carbonates 

Karst reservoirs 

Neogene 

siliciclastics 

Structural 

Table 2 - Apulian Platform play. 

3.2.1 Source rock  

The Burano Formation represent the source rock of Cretaceous carbonates of Apulian 

platform. Rich in organic matter the Burano Formation has a kerogen type II of marine 

origin. The TOC values from literature is ranging between 0.1 and 0.6 %, with peaks 

up to 1.5%, with the Hydrogen Index up to 600 mg HC /g TOC (Paulucci et al. 1988). 
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4 Datasets and Methods 

The Accettura Gas field is located in the Garaguso Concession of Edison, in a sector 

of the Bradanic Foredeep between the Southern Apennines, to the east, and the 

Cretaceous carbonates of the Apulian Platform, to the west. The reservoir consists of 

Plio-Pleistocene foredeep sequences of confined turbidite (see Section 3.1), 

characterized by a low efficiency and lying above the buried Triassic to Cenozoic 

Apulian carbonates. More specifically, the field consists of two mineralized series 

Pleistocene turbidites thin layer separated by an unconformity from Pliocene turbidites 

(conventional layers).  

The reservoir experienced an intense tectonic activity which caused a strong hydraulic 

compartmentalisation. Furthermore, the lithology within the blocks are extremely 

heterogeneous with difficulties in log electrical correlations among the wells. During 

contraction, a major event consisted in the emplacement of the Allochthonous wedge, 

consisting of an overthrust nappe with predominant clayey lithology in which are 

sometimes immersed chaotic blocks of heterogeneous lithologies. 

The gas production of the field started in 1973 and the cumulative production at 31-

03-2005 was of 1121.865 MSmc, the current cumulative production, at 01-08-2020, 

has recorded an amount of 1471 MSmc. 
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Figure 4.1 – Location of the Accettura gas field in the southern Italy. Wells and seismic lines (black and blue) location in the study area. Red polygon represents the border of Garaguso concession. 
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4.1 Dataset 

Edison E&P (e.g., the operator of Accettura field) kindly provided the datasets for the 

project, as summarized is below.  

4.1.1 Seismic reflection data 

Available seismic available reflection lines can be considered as a vintage dataset, 

given the relatively old acquisition year and the overall low quality of imaging. Five 

2D geophysical campaigns, for a total of 31 seismic reflection profiles, have been used 

to characterize from a structural point of view the Garaguso Concession: 

- GAR81;  5 seismic profiles 

- GAR86; 12 seismic profiles 

- GAR91; 5 seismic profiles 

- GAR2016; 4 seismic profiles 

- PIETRA SELVAGGIA; 5 seismic profiles. 

4.1.2 Wells data 

The dataset is composed of a total of 17 wells. Most of the wells are located within the 

Garaguso Concession whereas 3 of the wells are out of the concession borders (Table 

3). Eight wells were drilled in the AGF.  

Within the Accettura field, wells are located on the top of a buried wide anticline, ca. 

NW-SE trending. These wells are spaced from a minimum of 40 m (Accettura 1, 

Accettura1 bis and Accettura 5 wells) up to a maximum of 2 km. Masseria Boscone 

and Masseria S. Eufemia are located in the NE and SW part of the concession, 

respectively. Appia 1Dir, Garaguso 1 and Garaguso 2 lie in the NW corner of the 

concession. Along the same direction, Salacaro 1 well is located close to the Basento 

River, instead toward SW, out of the Concession border, lies Salandra and Serra 

d’Olivo 2 wells.  
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GARAGUSO CONCESSION OUT OF 

CONCESSION 
ACCETTURA 

FIELD  

CODE CONCESSION CODE OUT OF 

CONCESSION 

CODE 

Accettura 1 Acc 1 Garaguso 1 Gar 1 Salacaro 1 Slc 1 

Accettura 1Bis Acc 1Bis Garaguso 2 Gar 2 Serra d’Olivo 2 SO 2 

Accettura 2 Acc 2 Appia 1Dir 
App 

1Dir 
Salandra 1 Sld 1 

Accettura 2 

Side Track 
Acc 2ST Salandra 2 Sal 2   

Accettura 3 Acc 3 
Masseria 

Boscone 1 
MB 1   

Accettura 4 Acc 4 
Masseria 

Eufemia 1_Dir 

ME 

1Dir 
  

Accettura 5 Acc 5     

Accettura 5 

Side Track 
Acc 5 ST     

Table 3 – Wells included in the dataset.  

4.2 Methods & Analysis Workflow  

I carried out the data analysis and interpretation presented in this thesis using Petrel 

TM (by Schlumberger). Wells module was used to upload the stratigraphy and to 

perform the well logs correlation. The geophysical module was adopted for depth 

conversion and the seismic module for seismic interpretation. The structural 

framework was used to build structural and reservoir models. Volumetric calculation 

and sensitivity analysis were performed with the Property Modelling module of Petrel. 

Finally, the 2D kinematic sequential restoration was carried out in the MOVE suite 

(by Petex - Petroleum Experts). 
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Figure 4.2 – Workflow used in this project 

A detailed description of methods and specific processing schemes will be given in the 

specific sections. 

In the following, a brief overview of the adopted methods and workflow is provided. 

1. Biostratigraphy and report review (see Chapter 5, paragraph 5.2). The data 

collected have been reviewed and loaded on the stratigraphic chart of Petrel. 

Some information has been checked from the report or directly extracted from 

the composite logs, as: 

i. the depth of the Base of Allochthonous; 

ii. the depth of the boundary between Pleistocene and Pliocene 

sequences; 

iii. the presence of carbonates belonging to the Apulian Platform.  

2. Well log correlation (see Chapter 5, paragraph 5.2). Well log correlation was 

performed in order to identify and connect the equivalent patterns and/or values 

between log curves (electro-facies) of adjacent wells. The adopted approach 

allowed to define: 

a.  the depth of both: Base of Allochthonous and Top of Carbonates from 

electro-facies;  

b. the presence of shaly bodies alternating with sandy bodies within the 

Plio-Pleistocene sequence (PL-PST); 

c.  infer possible stratigraphic lateral juxtaposition of lithofacies and/or 

tectonic contacts.  
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3. Seismic depth conversion – Velocity models definition (see Chapter 6) 

4. Well to seismic correlation (see Chapter 7). The well to seismic correlation was 

performed in order to find the optimal matching between the well with seismic 

data. The correlation was mainly used to set the gas field wells with seismic 

survey thus to better control the seismic stratigraphy in the Pliocene-

Pleistocene sequence.  

5. Seismic interpretation. The horizons interpretation was performed with a 

geological approach used mainly in those areas characterized by high 

stratigraphic and structural complexity. 

Fault Interpretation. Analysis of the main structural elements:  

a. Plio-Pleistocene Faults Network. Creation of alternative structural 

scenarios (see Chapter 7). 

b. K-T fault network (see Chapter 8). We investigated the role played by 

an inherited Permo-Triassic fault network, positively inverted with 

oblique slip. The results emphasize the importance of these inherited 

faults during later shortening, reducing on the other hand the role 

locally played by forebulge-and foreland plate flexuring-related normal 

faults in inversion structures involving the foreland carbonate platform. 

For this study, we have been built balanced cross-sections and 

performed a sequential kinematic restoration to estimate progressive 

shortening and faults inversion. 

 

6. Dipmeter analysis. Interpretation performed for interval of package layers (see 

Chapter 7) 

7. Static pressure analysis: in order to compare pairs of wells and to infer possible 

compartmentation induced by the fault network in the Plio-Pleistocene 

sequence. 

a. Analysis of the Bottom hole static pressure (see Chapter 5) performed 

through the time (since the beginning of gas production) 

b. P/Z analysis (see paragraph5.5) performed on suitable productive 

layers. 

8. Structural and reservoir modelling (see Chapter 9): reservoir models have been 

built based on discrete scenarios obtained by interpretation of subsurface data. 

The models containing faults, horizons have been populated with petrophysical 
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properties and used for volume calculations and uncertainty analysis. The 

creating multiple realization of reservoir models has been useful in order to 

investigate alternative scenarios.   

9. Uncertainty and Sensitivity analysis (see Chapter 10): Uncertainty was 

performed for a probabilistic study thus to understand the combined impact of 

the various uncertainties on production objectives whereas sensitivity analysis 

provided information about the impact of parameters on models behaviour.  
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5 Wells data (Stratigraphy, well logs correlation and 

BHSP) 

5.1 Introduction 

The present chapter summarizes the workflow and the results of an integrated study of 

all the well data available within the Garaguso concession. In this chapter, firstly 

overall stratigraphic and biostratigraphic review are presented. Secondly, details on 

well log correlation and bottom hole static pressure analysis (BHSP) are given.  

5.2 Stratigraphic review 

A stratigraphic review of all the available Edison reports, Final Well Report (FWR) or 

Final Geological Well Report (FGR) and composite logs (CL) was the first approach 

to this project in order to define the depth of stratigraphic and biostratigraphic limits. 

The aim of this review was to check the actual depth of the Base of Allochthonous, the 

stratigraphic boundary between Pleistocene (PST) and Pliocene (PL) sequences and 

the carbonates sequences. The review of this extensive database significantly 

contributed to the calibration of seismic data and to constraint the well correlation, at 

least on a large stratigraphic resolution. In particular, this review, allowed to define a 

boundary between upper and lower Pliocene (Piacenzian and Zanclean) based on the 

biostratigraphic descriptions contained within well composite logs and wells report. 

The biozone that marked the transition between the Pliocene age has been defined by 

the recognising from well composite of Globorotalia Crotonensis and Globorotalia 

Punctulata for Piancenzian and as concern the Zanclean age by the Globoralia Inflata. 

The Pleistocene sequence is characterized by the presence of Hyaline Balthica in all 

checked composite logs. 

Cenozoic and Mesozoic Carbonates, lying upon the Mesozoic of the Apulian platform, 

in few wells, deeper than ca. 2200 m, within the gas field.  

In turn, the Cenozoic carbonates were distinguished by their description reported in 

well report and composite logs, as: 

 Cenozoic Carbonates 1 –Miocene 

 Cenozoic Carbonates 2 – Eocene- Oligocene 
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Among the wells in the gas field, Cenozoic Carbonates 1 have been reached only by 

the “Accettura 1” (Acc1), “Accettura 1Bis” (Acc 1Bis) and “Accettura 2” (Acc 2) 

wells. Cenozoic Carbonates 2 were drilled only by the “Accettura 1 Bis” well. Outside 

of the gas field these carbonates are recorded only in the “Slc 1” well log. 

Below the Cenozoic carbonates, the Upper Cretaceous carbonates of the Apulian 

Platform have been recognized only in two wells: “Accettura 1Bis” (2592 - 2638 (TD) 

mMD) and “ME 1 DIR” (1858-1865 (TD) mMD). 

If in “Accettura 1Bis” well the Cretaceous carbonates are overlaid by the Cenozoic 

Carbonates and then by the clastic foredeep deposits, in “ME 1 Dir”, the Plio-

Pleistocene sequence onlaps directly on the Upper Cretaceous Apulian Platform 

carbonates (Table 4). 

The Plio-Pleistocene sequence of Bradanic foredeep is characterized by turbiditic 

deposits, alternating with sandy and clayey bodies. A single evidence of a coarse-

grained body (Conglomerate) has been recorded within the composite log of “Gar 1” 

well, in the Upper Pliocene sequence.  
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TECTONO-STRATIGRAPHIC CHART 

Well Unit Depth (mMD) Age Source 

Acc 1 

Base Allochtonous2 500 - 1125 Oligocene? FWR 

PST 1125 - 1650? Pleistocene FWR 

PL1 1650 - 2353 Pliocene (Piacenzian) FWR 

PL2 2353 - 2372 Pliocene (Zanclean) FWR 

Cenozoic Carbonates 1 2372 - 2381 (TD) Miocene (Langhian-Serravallian) FWR 

Acc 1 Bis ST 

Base Allochtonous ? - 1125 Oligocene - MIocene (Langhian-Serravallian) FGR 

PST 1125 - 1657 Pleistocene FGR 

PL1 1657 - 2360 Pliocene (Piacenzian) FGR 

PL2 2360 - 2382 Pliocene (Zanclean) FGR 

Cenozoic Carbonates 1 2382 - 2470 Miocene (Langhian-Serravallian) FGR 

Cenozoic Carbonates 2 2470 - 2592 Eocene - Burdigalian FGR 

Apulian Platform 2592 - 2638 (TD) Upper Cretaceous FGR 

Acc2 

Base Allochtonous ? - 1088 (1083) - FGR 

PST 1088 - 1630 Pleistocene FGR 

PL1 1630 - 2603 Pliocene (Piacenzian) FGR 

PL2 2603 - 2645 Pliocene (Zanclean) FGR 

Cenozoic Carbonates 1 2645 - 2651 (TD) MIocene (Langhian-Serravallian) FGR 

Acc 2ST 

Base Allochtonous 408 - 1250 - FWR 

PST 1250 - 1843 Pleistocene FWR 

PL1-PL2 1843 - 2215 (TD) Pliocene  FWR 

Acc 3 

Base Allochtonous ? - 895 - FGR 

PST 895 - 1520 Pleistocene FGR 

PL1 1520 -2091 (TD) Pliocene (Piacenzian) FGR 

Acc 4  

Base Allochtonous 0 - 865 Miocene CL 

PST 865 - 1595 Pleistocene CL 

PL1 1595 - 2298 Pliocene (Piacenzian) CL 

PL2 2298 - 2323 (TD) Pliocene (Zanclean) CL 

Acc 5 

Base Allochtonous ? - 1118 Oligocene - Miocene (Langhian-Serravallian) FWR 

PST 1118 - 1660 Pleistocene FWR 

PL1 1660 - 1875 (TD) Pliocene (Piacenzian) FWR 

Acc 5 ST 

Base Allochtonous 452 - 1274 - FWR 

PST 1274 - 1855 Pleistocene FWR 

PL1 1855 - 2335 Pliocene (Piacenzian) FWR 

MB 1 

Base Allochtonous 60 - 2185 Miocene PR 

PST 2185 - 2410 Pleistocene PR 

PL1 2410 - 3595 (TD) Pliocene (Piacenzian) PR 

GAR 1 

Base Allochtonous ? - 1625 Miocene FWR 

PST 1625 - 1800 ? Pleistocene FWR 

PL1 1800 - 2237 Pliocene (Piacenzian) FWR 

GAR 2 

Base Allochtonous Sup. - 1180 Miocene FWR 

PST 1180 -1645  Pleistocene FWR 

PL1 1645-2071 Pliocene (Piacenzian) FWR 

Slc 1 

Quaternary 60-170 Quaternary PR 

PST 170-1055 Pleistocene CL 

PL1 1055-2355 Pliocene (Piacenzian) PR 

Cenozoic Carbonates 2 2355-2370 Eocene  PR 

ME 1 Dir 

PST 130-860 Pleistocene PR 

PL1 860-1868 Pliocene (Piacenzian) PR 

Apulian Platform 1858-1865 Upper Cretaceous PR 

Table 4 – Tectono-Stratigraphic chart of all the well reports review. Acronym:  FWR = Final Well Report, FGR 

= Final Geological Report, CL= Composite Log, TD = Total Depth, PR = Paleontological Report Well logs 

correlation 
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The digitization of logs acquired during the ‘60s and the ‘80s, and the use of more 

recent logs, was aimed to perform a new well logs correlation. Wells correlation was 

obtained by selecting the Spontaneous Potential (SP) and Gamma Ray (GR) logs as 

clearly correlated with the lithostratigraphy. Pre-processing consisted in normalising 

the SP and smoothing the GR, in order to obtain curves with the same range of values 

in all the available wells. The combination between SP and Resistivity log allowed 

also to identify the gas bearing layer.  

We aimed to identify the stratigraphic similarity among the electro-facies considering 

the more evident inflection points and the characteristic vertical trends (e.g., thinning, 

coarsening upward, blocky shape) of the GR and SP curves (Figure 4.1).  These curves 

have been used for well logs correlation useful to recognise, within the Plio-

Pleistocene sequences, the most important correlative events, i.e. the shaly interlayer, 

were assumed to be as stratigraphically more continuous horizons. The approach used 

allowed us to define: the Allochthonous base; shaly bodies alternating with sandy 

bodies within the Plio-Pleistocene sequence; possible stratigraphic closures; possible 

faults; Top of Cenozoic and Mesozoic Carbonates. 

The representative curves of these logs record the natural occurrence of the physical 

phenomena in in-situ rocks. The SP curve records the electrical potential (voltage) 

produced by the interaction of formation connate water, conductive drilling fluid, and 

certain ion-selective rocks (shale). Whilst the GR log indicates the natural formations 

radioactivity. Nearly all rocks show some natural radioactivity and this amount 

depends on the concentration of potassium, thorium, and uranium. Both these logs 

have been treated, normalisation for SP and smoothing for GR, in order to obtain 

curves with the same range of values in all wells. All the other curves have been used 

to improve the interpretation. The combination between SP and Resistivity log allow 

to identify the gas bearing layer.  

The horizons have been correlated considering the more evident inflection points of 

the GR and SP curves and characteristic vertical trends (i.e., thinning, coarsening 

upward, blocky shape). Within the Plio-Pleistocene series the most important 

correlative events are considered the shaly interlayer, assumed to be as 

stratigraphically more continuous at field scale. But, based on the available data it is 

not possible to highlight with confidence the presence of single events that can be 

laterally continuous across the whole Garaguso concession.  
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The well logs correlation was performed to identify the stratigraphic similarity among 

the electro-facies (correlation of sequences). The following stratigraphic and structural 

features has been defined in the area: 

- Allochthonous base 

- Shaly bodies alternating with sandy bodies within the PL-PST sequence; 

- Possible stratigraphic closures; 

- Possible faults; 

- Top of Carbonates. 

- Within the Plio-Pleistocene series, correlation was driven by a high frequency 

signal, representative of intercalated shaly interlayer. Nevertheless, based on 

the available data, it is not possible to highlight with confidence the presence 

of single events that can be considered as laterally continuous across the whole 

Garaguso concession. 

The well logs correlation begun, firstly, with gas field wells where the distances among 

them range from few tens of meter to 4 kms. After that, an attempt to correlate field 

wells logs with the other wells was performed, however the lateral variation of the 

geological bodies made electric logs difficult to correlate. 

The cross-sections shown here are oriented NW-SE (Figure 5.1) and NE-SW (Figure 

5.3 respectively parallel and orthogonal to the Apennine trend. The cross sections have 

been created to approach in an analytical way the well logs correlation within the 

Accettura field. Nevertheless, we noticed that the logs correlation among the wells of 

the AGF was not so easy to perform even with wells very close to each other’s. Wells 

only 40-50 meters far away (“Acc 1”, “Acc 1 Bis” and “Acc 5” and “Acc 5 ST”) are 

still difficult to correlate at a fine scale.  
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Figure 5.1 – Correlation among Accettura 2, 3, and 5 DIR ST. Flattening on PSTA (Pleistocene A). Inflection points are at the base of horizons correlation. 
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The wells correlation started with the review of the old interpretation performed during 

2011 and the following revisions. The 2019 interpretation has led to drastic changes 

mainly within the Pliocene sequence whilst the Pleistocene sequence stayed almost 

unchanged. Actually, one of the main issues faced was the stratigraphic and 

sedimentological complexity deduced by logs curves related to Pliocene sequence. The 

changes performed have simplified the existing stratigraphy with the aim of improving 

the lateral correlation of the sequences by considering thicker series (trends). In other 

word, the pursuing attempt was to define congruent packages of shales/mudstones and 

sandstones able of being correlated with all the wells (Figure 5.2). 

 

Figure 5.2 - NW- SE cross section from “Gar 2” well to “Acc 4 “well across the gas field.  
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Figure 5.3 - Well logs correlation oriented SW-NE crossing “Accettura 2 DIR ST” and 3 wells of the AGF. The 

cross section is flatted at Plio-Pleistocene Unconformity. ME does not cross the Allochthonous wedge. 

 

Figure 5.4 - NE-SW cross section. The correlation is quite good within the gas field, low correlation among 

Accettura wells and the external wells (MB and ME) 

In the northwestern area of the Garaguso concession are located the wells “Gar 1” and 

“Gar 2”, “Appia 1Dir” and “Slc 1” wells. The correlation (Figure 5.5 - ) among these 

wells was notices being characterized by a strong heterogeneity of the electric facies. 

This heterogeneity is probably due to a high lateral variability of the depositional 

sequence. Instead, a strong logs correlation was obtained between “Gar 1” and “Appia 

1Dir” wells.   
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Figure 5.5 - Well logs correlation among the wells outside of the gas field 

Form the data above, it results that the logs correlation among AGF wells can be traced 

with confidence. The Pleistocene sequence present a higher degree of reliability in the 

correlations, than Pliocene, even at the scale of the gas field. The analysis of the well 

logs has highlighted a strong stratigraphic complexity that could be explained by a 

limited lateral continuity and, probably, due to a stratigraphic closure of the sand-

bodies. 

The presence of faults (Figure 5.6) overprinting this complex stratigraphic setting is 

questionable even if their presence can be geologically justified from the well logs. 

Some dip-meter data and well correlations (i.e. Plio-Pleistocene sequence of “Acc 1”, 

“Acc1 Bis” and “Acc 5” wells) could be interpreted as related to the normal faults 

while no stratigraphic repetitions have been identified during the logs interpretation. 

This primary observation was confirmed by the cross checking with reports and 

composite logs. 
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Figure 5.6 – Interpretation of a fault zone inferred by the wells correlation.  

5.3 Bottom hole static Pressure analysis and fluid contacts definition 

The purpose of this section is to analyse the bottom-hole static pressure (BHSP) of the 

wells in order to evaluate or to confirm the lateral and vertical reservoir connectivity, 

the impact of the aquifers to the pressure trend and to verify the state of the completions 

of productive levels. 

Generally, the static pressure is defined as the pressure that act when the fluid is not 

moving. Total (or ram) pressure is the pressure of a fluid exerts when it is stopped. 

Dynamic pressure is the pressure of a fluid that results from its motion. It is the 

difference between the total pressure and static pressure. The BHSP analysis has been 

performed considering the measurements referred at the top of perforations (top of the 

interval that has been open to production).  

The following table is an example of results of a BHSP campaign. The table resumes 

the values of pressure of fluids and the average pressure gradient corresponding to the 

productive layers and related strings at measured and sub-sea depth top perforations.   
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Well String Layering 

Top 

Perforations 

(mMDRKB) 

Top 

Perforations 

(mTVDSS) 

BHSP 

(kg/cm2) 

at top 

Perf. 

Gradient 

(kg/cm2)/m) 

Acc 

1Bis 

SC PLB+PLC 1663,5 1206,5 40,3 0,0025 

SL PLD 1747 1290 - - 

Acc 

2ST 
SL PLB 1880 1223 48,8 0,0029 

Acc 3 

SC PSTA 1254 871 37,7 0,003 

SL PSTB 1335 949,5 76,4 0,0051 

Acc 4 

SC 
PSTA+B

+C 
1277 855,5 61,13 0,0041 

SL PLB+PLC 1646 1224,5 62 0,004 

Acc 

5ST 

SC 
PSTB+PS

TC 
1608 951,5 76,2 0,0051 

SL PLA 1855 1192 80,7 0,005 

Table 5 – This table report the value of BHSP recorded at top perforation and the related gradient. The depth of 

top of perforation (mMD and TVD) the layer considered and the string where the values were recorded.   

SC=short string; SL=Long string; PST= Pleistocene; PL=Pliocene. Pressure record was not possible at Acc 

1Bis wells at PLD level for technical problems. AC3 and AC4 have critical state for fluid pressure. 

The performed analysis on BHSP data (Table 5), considers for each layer or group of 

layers (when production is in commingling from different layers) the historical BHSP 

and the production data since 1968, in order to observe the pressure variations through 

the time.  

The graphs concerning the BHSP (Figure 5.7, Figure 5.8 - , Figure 5.9 - ) are here 

shown and report the data related to the Pleistocene (PST) and Pliocene (PL) sequence. 

The different colours identify the single productive level whilst into the legend have 
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been reported the well acronym and the reference to the string. The acronyms used in 

reference to wells are the following: SC – short string, SL- long string, WO – work 

over and ST – side track. 

Moreover, it is necessary to consider that the Pleistocene sequence is composed by 

thin bedded layers (siltstones and sandstones) characterised by a very low 

permeability. The low effectiveness of this property nullifies the re-pressurization 

events.  

From the graph 1 (Figure 5.7), related to the Pleistocene sequence, it is possible to 

observe the decline of the pressure in the “Acc2 SC” well (blue curve), the first 

productive well within this interval. The “Acc5”, “Acc 1” and “Acc 1Bis” wells belong 

to a cluster of wells due to their proximity. Historically, Acc1 has never produced gas 

for technical issues, instead of its sidetrack, the “Acc1 Bis” well where however the 

production of this well is exclusively coming from Pliocene layers.  

The “Acc 5” well was also opened and activated on Pleistocene sequences (after 7 

years from production beginning) and showed an initial pressure (not depleted), similar 

to that of “Acc 2 SC”. This behaviour suggests that “Acc 5” was producing from an 

isolated compartment. Once started this latter production, the consequences on “Acc 

2” well a strong and fast pressure decline that reached the lowest pressure values 

recorded for Pleistocene sequence. Two explanations (both possible at the same time) 

can qualitatively describe the observed pressure trend:  

1. “Acc 5” drained a small pull or a compartment. 

2. Since the Pleistocene sequence is composed by thin layers (cm to dm thick 

sand layers interbedded with silt and clay) characterised by a very low 

permeability (magnitude of few mDarcy). The pressure decline caused by the 

“Acc 2” production did not reach the “Acc 5” area, leaving this well at initial 

pressure. The gas production from “Acc 5” expanded the drainage area until it 

has reached the already depleted one causing a fast pressure decline. A little 

re-pressurization of the “Acc 5” well was recorded at July 2003 but the low 

permeability has prevented a more important re-pressurization. In this type of 

low permeable reservoir, the weak re-pressurization phenomena (once the 

production is shut-in) is interpreted as the effect of slow gas influx from the 

surrounding undrained areas. 
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“Acc 4WO SC” and “Acc 5ST SC” show a different pressure path than the other wells. 

Both these wells initially recorded an original pressure around 100 kg/cm3 (as “Acc 2” 

and “Acc 5”) however their different path suggest that the southern part of the field is 

characterised by separated isolated compartment (see map). From Figure 5.7 the 

convergence of the static pressures recorded by these two wells respectively at 

PSTA+B+C levels and PSTB+C levels (the green and the yellow curves) was probably 

caused by the forced closure of the gas field for a period of three years (i.e., from 

September 2015) that produced a weak re-pressurization. After that, once these two 

wells were re-opened in December 2018, an increase of static pressure higher than that 

of the 2015 was recorded. The two pressure curves started diverging again after the 

opening. “Acc3 WO-SC” (PSTA level) shows a depleted BHSP probably due to “Acc2 

SC” (PSTA+C) and “Acc 5” (PSTA+B) gas production (see map). In this case it is 

possible to suppose a hydraulic connection among these two wells. However, the 

pressure values recorded in “Acc3 WO-SC” (PSTA) were partly affected by the 

presence of water in tubing. The only pressure measurement on PSTB level of “Acc 2 

ST” well represents a depleted BHSP that has been recorded after the drilling of the 

well and before the production start-up. The same consideration can be done for the 

Acc3 WO SC well. This is another hint of a probable hydraulic connection of the 

Pleistocene sequence among “Acc 2”, “Acc 5”, “Acc 2ST” and “Acc 3”.  

Considering the gas BHSP analysed it seems possible a hydraulic connection-

continuity among the wells within the Pleistocene sequence in the northern part of the 

gas field. This field area is probably hydraulically separated by the southern side that 

shows a different pressure regime and depletion trend. 
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Figure 5.7. Graph of Pleistocene sequence composed by a succession of sandstone and shaly thin layers. 

Figure 5.8 - shows the BHSP pressure history of the Pliocene level B (PLB). It is one 

of the main productive horizon of the gas field and in some cases in combination of 

level PLB+PLC in commingle flow (1*) (PLB+C).  

“Acc3 SL” (PLB), “Acc 4SC” (PLB+C), “Acc 2 SL” (PLB9 and Acc 1Bis SC show 

the same depletion trend. This trend is quite clear and uniform, even taking into 

considering only the PLB and in some case the merging (commingled production) of 

PLB and PLC levels. Therefore, PLB and PLC probable field scale hydraulic 

connection can be highly considered. Acc1Bis SC shows a BHSP higher than those of 

the other wells when production started.  

BHSP of the PLB+C level of “Acc 1-Bis” well is constantly recorded (blue line) during 

the field history. It shows a constant re-pressurization after the closure occurred in July 

2003. The following pressure data revealed an increasing of pressure till the new 

opening occurred during December 2018 where the static pressure fall from 70 to 40 

Kg/cm2. 

At the moment of static pressure measurements “Acc 4 SL - PLC” and PL B+C, “Acc 

4 SL”, “Acc2ST SL – PLB” were depleted, supporting the hypothesis of field scale 

horizontal connectivity of the two studied levels.Historical data report the drilling of 

                                                 
1 Commingle flow: A term used to describe the flow pattern where two or more fluid phases may be present in a 

relatively even distribution. The flow rate and conduit geometry may cause an apparent mixing of the phases. 

However, if the flow characteristics are changed through flow rate or conduit geometry, fluid separation may 

occur. Fine solids also may be entrained in a commingled flow. Commingled flow may also describe the production 
of fluid from two or more separate zones through a single conduit. 
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WO (work over) or ST (new Side Track) once closed the already cited wells. The re-

opening of PLC in April 2002 and PLB+C on march 2005 recorded pressure higher of 

30Kg/cm2 than the last measurements of September 1998, however both these levels  

PLC of “Acc4 WO SL”shows a rapid depletion PLB and PLC levels shows strong re-

pressurization phenomena (“Acc 1bis” PLB+C and “Acc 3” PL B but also “Acc4”). 

These levels have relatively high permeability (magnitude of hundreds of mDarcy) and 

re-pressurization is interpreted as the effect of gas influx from lower permeability 

facies that during the shut-in periods were able to re-charge the main producing facies. 

Gas influx could be caused also by gas flow through faults which, subject to a given 

differential pressure between the separated fault blocks, loose the initial sealing 

behaviour. P/Z analysis confirms as improbable the intervention of an active aquifer 

as pressure support (see chapter 5.5) 

“Acc2 ST” located between “Acc 2” and “Acc 3”, highlight also for PLA a similar 

depletion than PLB suggesting the hypothesis of a vertical connectivity. As concern 

“Acc 5ST – PLA” instead, its BHSP is the initial (i.e. not depleted) pressure and it 

probably represents a structural or stratigraphic (vertical – no connection with PLB - 

and horizontal – no connection with PLA of “Acc 2ST”) compartment 

Finally, the PLB and PLC levels show a good hydraulic continuity at field scale, in 

fact during field production shut down BHSPs converge and wells show the same 

depletion trend after re-opening. The depletion trend observed during the last period 

of recording appears homogeneous and similar to the initial one recorded by the oldest 

wells. 
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Figure 5.8 - . Graph of upper Pliocene productive levels (sandstone and shaly conventional layers). 

Figure 5.9 - shows the BHSP history of the deepest productive Pliocene levels 

represented by PLD and PL01, PL02, PL03 in the following wells: “Acc 1Bis SL”, 

“Acc 5” and “Acc 4”. As for PLA+B+C the well “Acc 1Bis” has the longest BHSP 

sequence recorded. These wells have almost the same depletion trend recorded in a 

range of ten years, after that all the layers were closed triggering the re-pressurization. 

PLD at “Acc 1Bis SL” shows two phases of re-pressurization, a first phase where the 

pressure had a drastic increasing of more 40 kg/cm2 in few years and a second phase 

with a slow pressurization as about 20 kg/cm2.  

 

Figure 5.9 - . Graph of deeper Pliocene productive sequence (sandstone and shaly conventional layers). 
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5.4 Final observations of the BHSP 

From the data exposed above, we can draw the following conclusions: 

- “Acc 3” SC (PSTA) and SL (PSTB) show water in tubing above the 

perforations. To be clarified where this water come from (?) If formation water 

has flooded the perforations, AC 3 could drain an independent compartment. 

- “Acc 4” SL (PLB+C) water is probably at top perforations. Risk of potential 

further decline of production. 

- PST sequence seems to be either compartmentalized or the drainage area of 

each well is relatively small due to the low permeability. 

- BHSP trend of PLB+C suggests a potential field scale hydraulic connectivity. 

- Depleted PLA of “Acc 2 ST” seems to be vertically connected to the 

underlying PLB+C. On the contrary the PLA BHSP of “Acc 5ST” SL is 

probably not depleted and drain an independent structural and/or stratigraphic 

compartment. 

- PLB+C show strong re-pressurization phenomena probably due to either gas 

influx from low permeability facies (note that a reservoir facies analysis has 

never been performed in this field) or from undrained adjacent fault blocks. 
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5.5 Base of Reservoir Analysis (Material balance and P/Z analysis) 

In this section the fundamentals of gas reservoir material balance are briefly 

summarized. This introduction is mandatory in order to better understand the P/Z 

analysis performed on PLB and PLC levels of Accettura Gas field. P/Z represents the 

relationship between the reservoir pressure recorded (P) and the compressibility factor 

for standard conditions (Z), assumed to be 1. 

The gas volume initially in place (GIIP) estimated with the P/Z analysis will be 

compared with the results of the uncertainty evaluation in order to check the 

consistency of the model input variables. 

5.5.1 Volumetrics 

The use of static information to determine fluid volume in a reservoir is a process that 

is often referred to as volumetric analysis (see, for example, Mian, 1992; Tearpock and 

Bischke, 2002). 

Techniques like material balance analysis and reservoir simulation use dynamic data 

to obtain the same type of information (in particular the fluid volumes originally in 

place in the reservoir e.g., GIIP) that are usually calculated by means of an accurate 

characterization of the reservoir parameters (from Franchi, 2006): 

G =
7758𝜙𝐴hgSig

Bgi
 

 

Where: 

G     original gas in place [scf] 

hg    net thickness of gas zone [feet] 

Sg    initial reservoir gas saturation [fraction] 

Bgi initial gas formation volume factor [scf] 

In Equation (5.1), Swi is usually expressed in terms of initial water saturation (Sgi) by 

substituting Sgi = 1 - Swi. Initial water saturation is usually determined by well log or 

core analysis. 

5.1 
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5.5.2 Material Balance 

The material balance approach is based on the general law of mass conservation, 

assuming a balance of the material balance calculations of material that is entering or 

leaving a system. This calculation considers the reservoir as a tank of material and 

basically uses known or measured quantities to determine the amount of a material that 

cannot be directly measured the unknown ones. In this study, the measurable quantities 

are the fluid production volumes of gas and the gas reservoir pressure. 

The material balance approach provides an indipendent method for the estimation of 

gas volume in reservoirs that can be compared with volumetric estimations. Material 

balance can be used for future prediction of reservoir performance and aid in 

estimating cumulative recovery efficiency. 

5.5.3 Gas Reservoir Material Balance 

Formation and Water compressibility are relatively small compared to gas 

compressibility. Consequently, the simplified form (for water and rock 

compressibility) of the material balance equation for the gas reservoirs is as follow:  

(G-𝐺p)𝐵g = 𝐺𝐵gi − We 

(Chierici 1991) 

Where: 

G: original volume gas in place 

Gp: cumulative volume of produced gas 

Bg = gas formation volume factor 

Bgi = gas formation volume factor at initial condition 

We = volume of water entered in the reservoir 

The first term of the above equation is the reservoir gas volume at time t, while the 

second term represents the volume of the reservoir initially in place minus the volume 

of water entered in the reservoir. 

  

5.2 
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5.5.4 Depletion of a Gas Reservoir (P/Z) 

The equation of the material balance for a depletion drive gas reservoir can be written 

as follow: 

Gpc =
[(𝑃/Z)i  -(P/Z)t]𝑥𝐺

(𝑃/Z)i 
 

(Franchi, 2006) 

Where: 

G is the original gas in place,  

Gpc is the cumulative gas produced, 

P is the static reservoir pressure  

Z is the real gas compressibility factor. 

The subscription t is referred to the P/Z ratio and should be estimated at the t time that 

correspond to Gpc while the subscript i indicates that the P/Z ratio should be calculate 

at the initial time. 

This equation has been used for the validation of the GIIP estimated by the standard 

reservoir modelling workflow. Thus, this equation considers the production of a single 

gas phase from a gas reservoir. Figure 5.10 shows the gas reservoir production history 

where Gp  is the cumulative gas production, P is pressure, and Z is the gas 

compressibility factor. The gas initially in place (GIIP) is the value of GP at P/Z = 0 

5.3 

Error! 

Refere

nce 

source 

not 

found. 
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Figure 5.10 - P/Z plot of a generic gas resrvoir (from Franchi, 2006) 

P/Z is a coefficient derived from the material balance equation and considers the gas 

expansion force. The contribution derived from the gas expansion related to the gas 

volume production should have a linear trend. 

However, any deviation of the linear trend can be caused by external factors: 

 Aquifer pressure 

 Facies complexity (low permeability) 

 Overpressure 

 Contribution from other comparments 

5.5.5 P/Z Analysis of Accettura Gas Field 

The P/Z analysis has been performed exclusively to the conventional level PLB and 

PLC of the Accettura gas field belonging to the Pliocene sequence. The thin layers of 

the Pleistocene sequence are characterised by low permeability consequently the P/Z 

analysis is generally problematic. 

In order to perform the P/Z analysis have been considered all the wells “open” on PLB 

and PLC interval: “Acc 1Bis”, “Acc 2”, “Acc 2ST”, “Acc 3”, “Acc 3WO”, “Acc 4”, 

“Acc 4WO” (Figure 5.11). 
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As concern the pressure only data in commingle were considered, whereas the gas 

volume production has been considered from all wells open on these levels (levels 

currently open and presently closed). 

Nevertheless, the production of AC2 well comprise between 1991 until 2007 was 

discarded as such the two production strings (SC and SL) were in communication 

between them. The communication among the two strings compromised the data 

because it was not possible to differentiate the production from thin layers (PST) and 

PLB.  

 

Figure 5.11 - Completion scheme of the productive wells (courtesy of Edison E&P) 

Figure 5.12 shows all the data pressure collected since 1968 till nowadays referred to 

PLB and PLC. The blue dots represent the pressure recorded in commingle that are the 

reference points for the analysis. The graph highlights, as expected, that the pressure 

of PLB level are lower than that recorded for PLC. 
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Figure 5.12 – Pressure data recorded from June 1968 till January 2020. 

 

Figure 5.13 - P/Z graph, depletion trend of the gas field. Note the spike of the re-pressurization events. Red 

square represent the pressure values recorded till 2015 whilst the blue square represent pressure values recorded 

after the re-opening occurred during 2018 of AGF. 

First of all, observing the trend lines of Figure 5.13 the gas expansion trend appear 

consistent with a linear depletion trend of a generic gas field. According to the 

calculated best fit linear regression of the data (Figure 5.13), the predicted GIIP is Gp 

= 1291 MSmc. Despite the general trend on the graph of Figure 5.13, it is evident the 

existence of two re-pressurization phases of the field during the time.  
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The first phase of re-pressurization occurred during the initial phase of field 

exploitation where a lateral shift (horizontal) of the P/Z curve can be observed (10 

kg/cm3 ca.).  The lower curve represent a linear that suggest a GIIP of about 600MScm, 

but when the field reached a cumulative gas production of about 200 Msmc, P/Z data 

gradually shifted horizontally and a new linear trend (middle curve) took place 

suggesting a possible GIIP of about 1.3MSmc.  This new GIIP was later confirmed by 

the production data that have largely exceeded the initial estimate. The first re-

pressurization can be interpreted as the consequence of the increase of the drainage 

area of the wells at a given point of the depletion of the two layers. The pressure 

contribution of an aquifer expansion can be excluded (or is negligible) since the middle 

curve shows a linear trend generally ascribable to gas expansion only. The new wide 

drainage area is probably the consequence of the gas and pressure contribution of 

neighbouring areas, separated from those initially produced by faults or low 

permeability facies. The supposed phenomena occurred when the first depletion phase 

created a large enough differential pressure to allow a gas influx from the areas until 

then undisturbed.   

The second event of re-pressurization (Figure 5.13– blue squares) occurred after a 

closure period of three years and the related opening of the productive levels (2015-

2018). In this case the re-pressure phenomena consist in a spike in P/Z points over 

production. This behaviour is anomalous since the increasing of pressure recorded 

highlight a vertical shift (40-50 kg/cm3), a spike, moving away from the trend line. 

This type of rising of static pressure cannot be ascribed to the effect of an aquifer, the 

explanation to this effect can be the concurrence of two different factors. 

A first factor is linked to an effect of re-pressurization due to low permeability (low-

k) facies compared to the most productive facies of the field. The latter have been 
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depleted faster than their recharging/re-pressurization. When the field was closed 

(2015) the low-K facies helped the re-pressurization of the productive ones. 

The second factor is related to the presence of structural barriers (faults) which can 

allow a partial/limited transmission of the fluid (gas and water) that is not detectable 

during production and became visible only during a long enough period of field 

production shutdown.  

The field compartmentation was already treated into the previous chapters, where the 

high angle faults have been identified through the interpretation of the seismic data 

calibrated with the interpretation obtained by the BHSP analysis. 

5.5.6 Conclusions 

 The P/Z analysis highlights different events of re-pressurization. 

 The re-pressurization events can be ascribed to different phenomena: 

 Aquifer:  

Very small or negligible, since the gas volumes were actually produced after 

the first re-pressurization and spike phenomena of second re-pressurization is 

not compatible with an aquifer. Moreover, the main P/Z trends are linear and 

generally not consistent with the presence of an active aquifer. 

 Contribution from other compartments: 

 Neighbouring compartments separated by faults could contribute, if a threshold 

is reached in delta pressure between the blocks, allowing the fluids to move 

between the barrier. Faults could act also as transmissibility barriers allowing 

only a slow re-charging/re-pressurization of the producing blocks. This 

phenomenon is probably detectable only after a significant long field 

production shut-off and could explain the P/Z spike of the second re-

pressurization event. 

 Low-permeability facies: 

Low permeability facies could contribute in re-charging the system, at a lower 

speed than depletion. The 3 years field production shut-off could have made 

this process evident, resulting in the observed P/Z spike. 
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 PST levels: issues in P/Z derive from the non-conventionality of the 

compartments, where the very low permeability make very difficult an 

interpretation. 
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6 Seismic data for velocity modelling 

6.1 Introduction 

This chapter is focused on the methodology applied to build the velocity model for 

time-depth seismic conversion. Time-depth conversion process is a useful tool, and 

one of the key line processing, in order to obtain the real seismic depth image of the 

structures and to remove the possible structure ambiguity (Etris et al, 2001). 

6.2 Velocity model for depth conversion 

Seismic profiles from compressional belts can suffer from poor imaging. The reasons 

which we can have an awful interpretation are due to concurrent presence of: i) 

considerable topographic variation, ii) complex geologic and tectonic settings, 

partially due to structural inheritance (presence of low angle faults), iii) the presence 

of seismic stack, iv) strong lateral velocity variations, iv) presence of many detachment 

levels and v) marked velocity inversions, the combination of all these factors  produce 

the severe seismic imaging problems. the rather poor-quality seismic reflection data 

here.; c) Presence of many detachment levels. Shiner et al. (2004) discuss thoroughly 

on the heterogeneities and the quality of the seismic data from compressional belt. 

They provide a comparison between  a comprehensive and generalized review of the 

issues above mentioned also provided by Tilander and Mitchel (1995) and Burke and 

Knapp (1995), whereas other authors (Dell’Aversana, et al., 2000; La Bella et al., 

1996; Mazzotti et al., 2000) focused their discussion on the issues linked to the seismic 

acquisition and processing in the southern Apennines. 

6.3 Input data from Edison E&P database 

In the considered case study, input for velocity control come from hard data: well 

markers, check-shot and sonic-log measured in wells, and by stacking velocities 

obtained by 2009 re-processing and 2016 processing 2D seismic lines (Table 6 ). 

Moreover, soft data were also taken into account, such as time surfaces of the Base of 

Allochthonous (BA) and Top of Cenozoic Carbonates (TCC) (Table 6). 
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CHECKSHOTS SONIC LOGS (DT) STACK VELOCITIES 

W
EL

LS
 

ACCETTURA 1 BIS ACCETTURA 1 BIS 

2009 2D WG Re-Processing 
Stacking velocities 

 
2016 2D WG Processing 

Stacking velocities 

ACCETTURA 2 ACCETTURA 2 

ACCETTURA 3 ACCETTURA 3 

ACCETTURA 4 ACCETTURA 4 

MASSERIA BOSCONE 1 MASSERIA BOSCONE 1 

GARAGUSO 1 GARAGUSO 1 

 GARAGUSO 2 

 MASSERIA EUFEMIA 

Table 6 - Input dataset used for modeling velocity in the study area. 

 

Figure 6.1 - Framework model and 2D PSTM velocity data. Legend: blue, Allochthonous wedge; dark green, 

Plio-Pleistocene Series; light green, Ceno-Mesozoic Carbonates. 

The validation on the consistency of the downhole seismic data was performed by 

comparing sonic logs (DT) with checkshots (Figure 6.2). DT measurements are greatly 

affected by near borehole conditions and may not be indicative of the true rock velocity 

whereas checkshots measure the average velocity, time-depth points. The faithfulness 

for the assessment of interval velocities from the time-velocity pairs is strictly affected 

by the spacing of the measurements and the complexity of the subsurface (e.g., Bartel 

et al., 2006). 

Figure 6.2 shows the down-depth distribution of both checkshots and DT, highlights 

that measures are closely correlated. The difference between these two logs is 

represented by the depth of investigation, indeed checkshots were recorded till the 

wells toe instead DT logs do not reach those depth. The comparison of these wells data 

highlight three main zones:  

1. the upper part of the wells, represented by the Allochthonous, that is 

characterized by a significant data scattering; 
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2. the Plio-Pleistocene sequence, highlighting a linear increase in velocity with 

depth, in almost all the wells; 

3. A lowermost zone, marked by an an increase of the seismic velocities 

ascribable to the presence of Cenozoic carbonates (e.g., “Acc 2” well). 

 

Figure 6.2 - DT logs versus checkshots measurements with depth. Red dashes line divides the data of the 

Allochthonous from the Plio-Pleistocene 

The seismic characterization of the Allochthonous represented the main challenge for 

the velocity model building, due to its internal geological complexities, poorly imaged 

by the seismic lines and to the lateral juxtaposition of heteropic facies resulting in high 

velocity contrasts. In order to better characterise this geological complexity, we used 

seismic velocities derived from check-shots and pre-stack seismic velocity. 

Checkshots seismic velocity were used as the main property to characterise the area 

close the wells, whereas pre-stack seismic velocities were useful to estimate properly 

the variability of the seismic velocity inside the Allochthonous unit. Some wells 

(“Garaguso 1” and 2 and in “Accettura 3”; Figure 6.3) are characterized by high 

velocities zones at the base of the Allochthonous wedge. “Masseria Boscone” well, 

instead, shows a scattered distribution of high velocity data. The Accettura wells show 

a linear increase of velocity with depth, with many thin layers characterized by high 

velocities (up to 5000 m/s). These high velocity intervals can be interpreted as 

carbonates embedded within the Allochthonous unit. 
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Figure 6.3 - DT logs for Allochthonous unit. The most critical point of the velocity field modeling of the 

Allochtonous section, was due to the presence of strong and laterally variable velocity contrasts. In “Acc 1Bis” 

the checkshots cover only a shallow part of the Allochthnous sequence. 

 

 

Figure 6.4 - DT logs data of the Plio-Pleistocene sequence 
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Below the Allochthonous, we modelled the Plio-Pleistocene sequence following a 

linear velocity model: 

𝑉 = 𝑘𝑍 + 𝑉0 

where K is the angular velocity gradient with depth (Z) below sea level and V0 the 

velocity at depth = 0 (Z=0). (i.e., the linear regression provides K value of 0.7 and a 

Vo of 2500 m/s). We assumed for the carbonates of the Autochtonous an average 

velocity of 5500 m/s, as indicated by sonic logs. The assumed velocity model coherent 

with values reported in literature (e.g., Turrini and Renisson. 2004; Artoni, 2013; 

Figure 6.4).  

ALLOCHTHONOUS PLIO-PLEISTOCENE CARBONATES 

WELLS CHECKSHOTS 
+ PSTM VELOCITIES 

 

5500 m/s 

Table 7 - Table of the velocities used to model the depth conversion 

6.3.1 Velocity Model Building 

The definition of accurate interval velocities has been useful in order to develop the 

most accurate velocity model for time to depth conversion from the top to the bottom 

of our seismic data. As already reported the Pliocene-Pleistocene and Carbonates 

sections have been modelled respectively as a linear function and with a constant 

value. On the opposite, Allochthonous unit is characterized by strong velocity 

contrasts and lateral variation not easy to interpret and to model. The assessment of 

velocity uncertainty was reached through several attempts of modelling of seismic 

velocities within the Allochthonous wedge. The high variability of the seismic 

velocities within the Allochthonous had a strong impact and affected the depth 

conversion. 

The appropriate model for time to depth conversion has been built considering velocity 

coming from checkshots as a main property whilst stacking velocities (PSTM) have 

been used as trend to better model the seismic velocity far from wells. The opportune 

interpolation of these data allowed to build a reliable model that fit well with the 

geological constrains identified during the wells data review, i.e. the missing presence 

of carbonates in Masseria Boscone well (Figure 6.5). 

v0 k

2500 0.7

VINT =KZ+V0
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Figure 6.5 - Velocity model and depth converted seismic section with plotted wells (“Masseria Boscone” and 

“Accettura 1-  1Bis” and “Acc 5ST”) 
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7 Structural characterization of the foredeep deposits 

This chapter is mainly focused on the seismic interpretation of key horizons and 

structural characterisation of the Plio-Pleistocene foredeep deposit faults network that 

affect the Accettura Gas Field (AGF). Four different scenarios of the Plio-Pleistocene 

faults network were created during the development of this project; one of the 

scenarios was assumed from a previous interpretation. These scenarios have been later 

used to generate alternative reservoir models. The seismic interpretation shown in this 

chapter differs from that exposed in chapter 8 where is deeply treated the role of 

positive inversion in the deformation style of the Apulian platform. 

7.1 Seismic Interpretation of Plio-Pleistocene deposits 

Seismic interpretation focused on understanding the structural setting and the seismic 

stratigraphy of both the foredeep deposits and the Top of Apulian Platform.  

The data integration (including both seismic data and wells), combined together with 

review of stratigraphy and well logs were used to constrain the seismic horizons 

interpreted in depth domain (TVD)  

Among all the available wells, only Acc 1Bis well (Figure 7.1) successfully crossed 

the entire stratigraphic sequence across the Allochthonous wedge, down to the top of 

the Mesozoic carbonates of the Apulian Platform and passing through the foredeep 

deposits.  

The well to seismic correlation was obtained using sonic logs and well tops projected 

on the seismic surveys. The correlation has highlighted several complexities due to i) 

the poor quality of the seismic, ii) the high variability of the stratigraphic series and 

iii) by the supposed presence of faults within the Plio-Pleistocene sequence. 

In general, the tie on the seismic data was simple where the strong difference of 

impedance was also recorded by sonic logs. These strong signal variations have been 

spotted in the transition between: 

 Base of Allochthonous wedge and Plio-Pleistocene sequence, 

 the Unconformity between the Pliocene-Pleistocene units 

 base of Pliocene and the Top of Carbonates. 
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Figure 7.1 - 2D composite seismic line: a) without interpretation; b) with the interpretation on the main horizons 

using the well tie. Sonic logs are plotted along the wells path. Note the change of frequency from the 

Allochthonous wedge to the Plio-Pleistocene sequence.  

 The horizon BA, base of Allochthonous wedge, is marked by strong reflectors that 

slightly dips toward west (10°- 15o). The BA or the sole thrust at the base of the 

Allochthonous wedge is and characterized by a flat and ramp geometry.  

The interpretation of the Plio-Pleistocene horizons was carried out through seismic 

attributes (i.e., lateral continuity of reflectors, amplitude and frequency of the signal) 

and from the check of seismic facies thickness (Balestra et al. 2019). We focused on 
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the following characteristics: i) reflector/horizon geometry; ii) horizon continuity and 

presence of interruption/discontinuities caused by structural features associated to 

faults or minor lineaments; iii) horizon cut-offs; iv) evaluation of additional structures 

as bulges, bumps etc. Sonic logs, where available, have been useful to check the signal 

acoustic impendence.  

Based on all these constrains, moving from the bottom to the top of sequence, we 

recognised and interpreted the following horizons (Table 8): i) top of Carbonates and 

Mesozoic Apulian carbonates; ii) two horizons within the Pliocene sequence, iii) the 

Plio-Pleistocene unconformity; vi) two horizons within the Pleistocene sequence and 

v) the Base of Allochthonous Wedge.  

Horizon Code Description  Domain 

Base Allochthonous BA The Base Allochthonous is 

a discontinuous surface not 

defined by a well 

identified reflector. It is a 

regional basal thrust, 

arranged in a ramp and flat 

geometry. 

Peak/Trough Allochthonous Wedge 

Pleistocene 01 PSTA The PSTA is marked by an 

irregular trough.  
Trough 

Foredeep Deposits 

Pleistocene 02 PSTC The PSTC is marked by an 

irregular trough. marking 

the anticlines 

Trough 

Unconformity PL-PST UPP This unconformity is a 

discontinuous and 

irregular horizon at the top 

of a bright reflectors, 

mainly in correspondence 

of the Accettura wells 

Trough 

Pliocene 01 PL01 The PL01 is traced among 

of a package of continuous 

reflector in 

correspondence of the 

wells. Externally of the 

wells area the reflector 

become irregular. 

Trough 

Pliocene 06 PL06 The PL06 is located below 

a package of continuous 

reflector in 

correspondence of the 

wells. Externally of the 

wells area the reflector 

become irregular. 

Peak 

Top Cenozoic 

Carbonates (Eocene to 

Miocene) 

TCC The TCC has been tied on 

a trough about 200 m 

above the TMC at a depth 

of 2400 m. 

Trough 
Autochthonous Apulian 

Platform 
Top of Mesozoic 

Carbonates 

TMC The TMC is assumed to be 

a Peak immediately below 

the TCC 

Peak 

Table 8 – Summary of the interpreted horizons and relative domains. 
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Below the Allochthonous, the Plio-Pleistocene sequence, drape on the Cenozoic 

carbonates units and shows a thickening in the internal part of the basin and onlap 

closures toward North East 

The Plio-Pleistocene units of the foredeep deposits are characterised by a very low 

quality of seismic signal and by both a vertical and lateral discontinuity probably 

related to either artefacts from the line pre-processing or to the presence of minor faults 

dissecting the units and/or to the lateral juxtaposition of different sedimentary facies. 

Two horizons, identified as PSTA and PSTC and three horizons as: UPP, PL01; 

PL06in were interpreted respectively within the Pleistocene and in the Pliocene). In 

the eastern part of the seismic grid the absence of the Allochthonous wedge improve 

the characteristics of, the seismic signal indeed the Plio-Pleistocene sequence become 

clearer and well-readable, showing a  good lateral continuity with sub-parallel and 

continuous reflectors with a medium-to-high amplitude drapes the underlying 

carbonates of the Apulian Platform locally showing onlap and downlap terminations 

(Figure 7.2). In the western side of the grid the BA sealed laterally and on the top 

wedge, the Plio-Pleistocene sequences. The westward thickening of the Pliocene 

sequences is interpretable as the fanning of the foreland basin sequences during the 

flexuring of the platform. 
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Figure 7.2 – Line-drawing of stratigraphic features interpreted on one of the investigated seismic lines. By the 

seismic horizons downlap and onlap closures can be distinguished as such as prograding geometry, seismic 

horizons continuity, etc. 

Beneath the foredeep deposits, the carbonate units of the Apulian Platform gently 

dipping to the south-west. As observed from well data these carbonates sequence are  

composed by made of calcarenites and carbonates at places  that can be possibly 

correlated with outcropping shallow marine units (i.e., Pliocene Gravina Calcarenites 

Fm.;  Casnedi, 1988). Additionally, we observe in some of the well composite logs 

that these units are also composed by Eocene to Miocene limestones directly lying on 

top of the Apulian Mesozoic carbonate s(Figure 7.1 and Figure 7.3).  The top of the 

Cenozoic carbonates (TCC; Table 8) is well recognizable by the high-amplitude and 

low frequency triplet of reflectors that can be traced almost continuously from the 

foreland to the innermost sectors of the seismic grid. (Figure 7.2: Figure 7.3). This 

strong change of the  acoustic impedance defines the transition between the siliciclastic 

sediments of the foredeep deposits  and the carbonates succession of the Apulian 

Platform (Nicolai and Gambini 2007). This horizon, generally, forms a monocline 

(Mariotti and Doglioni, 2000) with dip increasing SW-ward, representing the flexuring 

of the Apulian Platform below the Allochthonous wedge (Royden et al., 1987). In our 

cross-sections, seismic profiles of Figure 7.4 ranges from 5° to 10°. 
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Figure 7.3 – Composite log (right side) of reference well and relative well to seismic tie (left) highlighting the 

presence of Cenozoic carbonates above the Cretaceous limestones of the Apulian platform. 

Below the TCC, the TMC horizons is commonly identified as a peak with positive 

amplitude. TMC represent the top of the Mesozoic carbonates corresponding to the 

Apulian platform limestones sensu stricto that are composed of shallow marine 

carbonates and dolostones (e.g., Ricchetti et al. 1988). In composite logs, these 

limestones are commonly described as “karst limestones” due to the presence of 

distinctive paleosols and residual red clays (the so called “Terra Rossa”).  

7.2 Deformation style of Plio-Pleistocene foredeep deposits  

The structural and depositional setting of the foredeep deposits is due the interplay 

between the deformation affecting the Apulian Carbonates and the Allochthonous 

wedge emplacement. 

The Plio-Pleistocene series, settled on the Miocene carbonate substratum, have 

absorbed passively the deformation acted/reacted in the all K-T carbonate sequences. 

The Pliocene sequence show a thinning in correspondence of each of the flower 

structural high, indicating a syn-growth interpretation for these deposits.  

The Plio-Pleistocene foredeep deposits are crosscut closely spaced high-angle double-

edge normal faults. The presence of faults is highlighted by bright zones of 

discontinuity with sub seismic normal displacements.  These faults dip toward NE and 

SW and have been interpreted in all the cross-profiles characterized by planar to 

weakly curved geometry, these faults have complex cross-cut relationship and 

elliptical-shaped displacement profile (e.g., Watterson, 1986 and Walsh and 

Watterson, 1988). These faults have commonly small vertical offset ranging from zero 
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at the tip of the faults from 20 to 50 m at their centre at the limit of the seismic 

resolution.  

These structures have been interpreted as the result of localized accommodation of 

outer-arc extension during the flower structures development and the resulting folding 

induced (i.e., bending moment faults- see chapter 8). These faults have been observed 

in several contractional (e.g., Berberian, 1979, Avouac et al., 1992; Audin et al., 2003; 

Morley, 2007, Heddar et al., 2013; Livio et al., 2014, Livio et al., 2020) and extensional 

tectonic settings (Bull et., 2006) and are consistent with tectonic setting here 

interpreted. 

An important key point is the total lack of low angle reverse faults (thrust faults) within 

the foredeep deposits. The absence of this type of structures were also confirmed with 

the well-log analysis, where no doubling or repetitions within the Plio-Pleistocene 

stratigraphy has been observed. However, the presence of normal faulting was already 

observed through well logs correlation confirmed by the absence of some terms of the 

stratigraphic sequence.  
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Figure 7.4 – SW-NE interpreted seismic lines 

The seismic data show clearly the gas field structure interpretable as a wide and gentle 

anticlinal folding of the Plio-Pleistocene sequence above the Mesozoic carbonates. 

The geometry of the AGF structure has been also confirmed by the dip meter analysis. 

The attitude recorded in wellbores (Figure 7.5) of the layers allows to provide a further 

interpretation and constrains at the geometry of the folding.   

 

Figure 7.5 - Cross section interpreted with dipmeter data 

From Figure 7.5, in correspondence of Masseria Boscone well dip-meter log data 

appear regular and well organized. The structural dip shows values between 10 and 

14° and regular-constant azimuth towards SW, the attitude (SW) have been recorded 

by the dip-meter of Acc 5ST. The data from Acc 1Bis are quite sub horizontal, and 

probably represent the hinge zone of the entire anticline. Toward East, dip data of Acc 

3 well recorded a change in dip direction toward NE defining the eastern closure of 

the anticline. 
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7.3 Structural maps  

The maps from Figure 7.6 to Figure 7.13 were generated based on the interpretation 

of the studied seismic profile. These maps are probably affected by errors and 

uncertainties due to the lack of quantitative data and the gap among the seismic lines. 

Besides the uncertainties, it has been decided to do not show faults offset on the map 

not to exaggerate sub seismic throw.  

These maps show the “Base of Allochthonous wedge”, the two Pleistocene horizons 

(PSTA and PSTC), the Plio-Pleistocene Unconformity, two Pliocene horizons (PL01, 

PL06), the top of Cenozoic Carbonates (TCC) and the top of Apulian Mesozoic 

Carbonates (TMC) 

The main features stand out of these maps (from Figure 7.6 to Figure 7.13): 

 The Base of Allochthonous wedge (BA) (Figure 7.6) clearly shows a ramp 

&flat geometry with a progressive deepening toward SW. The steep portion of 

the surface shown by closely spaced group of contours indicate the position of 

ramps whilst largely spaced group of contours indicate the flat portions. 

 Plio-Pleistocene maps display the same structural pattern, which is the 

consequence of the deformative evolution of deeper structure (see Part 8).  

 The Accettura structure is elongated with NW-SE trend defined by isochores 

that highlight an elongated shape pertaining to the main anticline. The SW limb 

of Accettura structure is deeper than the NE.  

 The existence of a transition zone represented by a structural low is identified 

between lines GAR 19-91 and GAR 01-86. This zone separates a structural 

high in the north western part (NW structure) of the maps follows the same 

trend of the Accettura structure.  

 The continuation of Accettura Structure develops SE structure. Accettura and 

SE structures are separated by a slight depression 

 The UPP map (Figure 7.9) shows the same structural features of the other 

surfaces and represents a discordance based on type  of deposition and fossil 

evidence (see Part 4).  
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Base Allochthnous Wedge (BA) 

 

Figure 7.6 - Structural contoured map of Base of Allochthonous wedge 

PSTA 

 

Figure 7.7 - Structural contoured map of PSTA horizon 
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PSTC 

 

Figure 7.8 - Structural contoured map of PSTC horizon 

Unconformity Plio-Pleistocene (UPP) 

 

Figure 7.9 - Structural contoured map of Plio-Pleistocene Unconformity (UPP) 
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PL01 

 

Figure 7.10 - Structural contoured map of PL01 horizon 

PL06  

 

Figure 7.11 - Structural contoured map of PL06 horizon 

  



106 

Cenozoic Carbonates - TCC 

 

Figure 7.12 - Structural contoured map of Top Cenozoic Carbonates 

Apulian Mesozoic Carbonates - TMC 

 

Figure 7.13 - Structural contoured map of Top Mesozoic Carbonates 
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7.4 Plio-Pleistocene faults network: Structural scenarios  

Considering the aims of this project, the interpretation of the faults network of the Plio-

Pleistocene reservoir sequence has been performed in order to generate different 

structural scenarios. The interpretation of the Plio-Pleistocene fault network is based 

on the criteria discussed in paragraph 7.1. We tried to stress the interpretative scenario 

adding a further rate of complexity, in subsequent steps, to the interpretation of the 

Plio-Pleistocene fault network. These scenarios were afterwards used as structural 

framework for reservoir modelling. 

As introduced above, four different structural scenarios have been considered as 

framework: three of these were created during this project instead a fourth scenario 

(Scenario 4 - Explo) is based on a previous and different interpretation of the same 

dataset but performed by another interpreter.  

All the considered scenarios are consistent with the regional tectonic framework 

(Chapter 8). The first three scenarios are the result of a constant improvement of the 

initial seismic interpretation. 

7.4.1 Scenario 1 - PFN (Parallel Fault Network) 

The scenario has been generated considering exclusively the interpretation of cross 

seismic lines directed NE-SW. The resultant fault network (Figure 7.14) is defined by 

a NW-SE trend of subparallel lineaments that border the Accettura structure (anticline) 

on both sides (NE and SW).  

 

Figure 7.14 - Structural map of PL01 with and fault lines interpreted. Right: 3D view of PFN scenario 
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7.4.2 Scenario 2 – LFN (Linked Fault Network) 

Scenario 2 has been built considering the fault network interpreted for scenario PFN 

and an ENE-WSW transverse normal fault (green dashed) defined on the consideration 

obtained by pressure and the fluid contacts analysis (see Chapter 5, paragraph 5.3). 

This lineament subdivide the Pleistocene reservoir in two compartments clustering the 

wells in two groups composed by “Acc 1”, “Acc1 Bis”, “Acc 5” and “Acc 2”, “Acc 

2ST”, “Acc 3” wells and “Acc 4” and “Acc 5ST”.  

 

Figure 7.15 – LFN, scenario 2. Structural map of PLB. The WNW-ESE fault lineament based on pressure data 

analysis define the two main compartment within the gas field. 

The presence of this trend linked with the faults interpreted in PFN scenario generate 

a further complexity subdividing in three compartments the Pliocene reservoir.  

7.4.3 Scenario 3 CFN (Crossed Fault Network) 

This scenario is the result of the combination of the previous scenario and the 

interpretation of cross faults interpreted on strike seismic lines directed NW-SE. The 

interpretation of cross faults, obtained despite of the low quality of seismic data, 

allowed to create a further and more structural complexity of the gas field. The cross 

faults have been interpreted considering the deformation style occurred in the study 

area discussed in chapter 7 and 8.  
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Figure 7.16 - Structural map of PLB and 3D view of CFN Scenario. Note the NE-SW fault segments cross cutting 

the NE-SW system 

7.4.4 Scenario 4 - Explo 

Scenario 4 is based on a drastically different structural interpretation: the Plio-

Pleistocene sequence is involved in thrusting, some of reverse faults rooted within the 

Apulian carbonates. Normal faults developed during the emplacement of the 

Allochthonous as well. In this scenario the Accettura structure is bordered by arc-shaped 

thrusts. 

 

Figure 7.17 - Fault line on PLB structural map. The fault segments were interpreted with arc shaped geometry 
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8 Frontal accretion vs. foreland plate deformation: 

discriminating the style of post-collisional shortening 

in the southern Apennines  

This Chapter is based and it is mostly similar to a paper submitted and currently under 

review to the Journal of Structural Geology, submitted for the second time after minor 

review in the end of January 2021. It points out to a new interpretation about the 

deformation style of the Apulian platform and how itis dominated by positive inversion 

involving the oblique-slip reactivation of high-angle, inherited extensional faults 

rooted below the base of the carbonate succession. 

------------------------------------------------------------------------------------------------------ 

Raffaele Bitontea,b; Franz A. Livioa, Stefano Mazzolic, Giuseppe Bellentanib; Michele 

Dall’Ignab, Luca Di Cesareb; Ada Castellucciod, and Emanuele Scaramuzzoa 

 

a - Università degli Studi dell’Insubria, Dipartimento di Scienza ed Alta Tecnologia, via Valleggio 11, 

22100 Como - Italy 

b - Edison Exploration & Production Spa Foro Buonaparte 31, 20121 Milan – Italy 

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

d – Former affiliation at Edison E&P 

8.1 Abstract 

Interpretation of confidential and public data was carried out in this study focusing on 

the structural setting and seismic stratigraphy of both foreland basin deposits and 

underlying shallow water carbonates of the foreland plate. Our structural 

interpretation, supported by accurate depth conversion of the seismic data and 2D 

restoration, reveals how the style of deformation of the foreland carbonate platform is 

dominated by positive inversion involving the oblique-slip reactivation of high-angle, 

inherited extensional faults rooted below the base of the carbonate succession. Rather 

than thrust accretion involving the foreland carbonate platform postulated by thin-

skinned thrusting models, the observed structures record post-collisional foreland plate 

deformation associated with the far-field transmission of compressive stresses. Plio-

Pleistocene foreland shortening resulted in the formation of segmented positive flower 

structures arranged in a right-stepping en-échelon pattern and in the coeval 

development of bending-moment faults accommodating arc-parallel extension in the 

growing anticlines. Our results emphasize the importance of Permo-Triassic 

extensional faults during later shortening, reducing on the other hand the role locally 
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played by forebulge-and foreland plate flexuring-related normal faults in inversion 

structures involving the foreland carbonate platform. Oblique-slip faulting with 

substantial strike-slip components of motion and associated positive structures exerted 

a significant control in the development of structural traps and related hydrocarbon 

accumulation in the deformed foreland plate.  

Keywords: thin-skinned thrusting, thick-skinned thrusting, structural restoration, 

inversion tectonics, foreland basin 
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8.2 Introduction 

The southern Apennines fold and thrust belt consists of Meso-Cenozoic carbonate 

platform and pelagic basin units forming an allochthonous assemblage that overthrust 

(for tens of kilometres) the western portion of the Apulian Platform, a 6 to 8 km thick 

shallow water carbonate succession presently exposed in the foreland (Figure 8.1a). 

The Apulian Platform in the latter sector is generally regarded as a relatively 

undeformed domain, with the exception of range-parallel normal faults, commonly 

ascribed to flexural bending in forebulge to foredeep margin settings (Festa et al., 

2018). Nonetheless, deeply rooted extensional structures inherited from Mesozoic 

rifting also occur, and these can be reactivated during positive inversion (Shiner et al., 

2004). The occurrence of Apulian Platform carbonates in the footwall of the 

allochthonous assemblage that forms the exposed mountain belt is proven by 

numerous hydrocarbon wells. These wells penetrated, from west to east, progressively 

younger (Messinian, Pliocene and even lower Pleistocene) foredeep deposits 

stratigraphically overlying the Apulian Platform reservoir rocks, thus recording a 

recent tectonic emplacement of the shallow allochthonous assemblage, also allowing 

the slip rate of the sole thrust of the allochthonous wedge to be obtained (Ascione et 

al., 2012). 

While there is no doubt about the thin-skinned – or detachment-dominated (Butler and 

Mazzoli, 2006) – nature of thrusting for the far-travelled allochthonous assemblage, 

the structural style of the tectonically underlying Apulian Platform unit is debated. 

According to a thin-skinned view (Figure 8.1), the Apulian Platform would be 

involved in a stack of thrust sheets forming a duplex overlying a relatively undeformed 

basement (e.g., Patacca and Scandone, 2007; Scrocca et al., 2005) for an estimated 

shortening of 110-120 km (e.g., Mazzotti et al., 2000). In a second hypothesis (Figure 

8.1), a thick-skinned interpretation is proposed (e.g., Roure et al., 1991; Mazzoli et al., 

2000; Butler et al., 2004), implying basement faulting and limited shortening (15-25 

km) essentially produced by positive inversion involving the reactivation of inherited 

normal faults (Shiner et al., 2004; Mazzoli et al., 2008, 2014; Candela et al., 2015). 

The key issue in this still open debate is essentially represented by the Apulian 

Platform carbonates being either detached or attached to their crustal substratum. The 

two different hypotheses imply profoundly different modes of foreland propagation of 

the deformation. This would occur by (i) frontal thrust accretion or (ii) basement-

involved inversion for the thin-skinned and thick-skinned models, respectively. 
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Therefore, these two models can be tested by analysing structural development in the 

frontal sector of the thrust belt, beyond the tip and in the footwall of the frontal thrust 

of the chain. Detachment-dominated thrusting of the Apulian Platform carbonates 

would imply eastward motion of the frontal carbonate thrust sheet in Figure 8.1c, 

and/or detachment propagation in its footwall and development of a new frontal ramp 

anticline to the east. Such a detached frontal rock volume would represent the latest 

accreted thrust sheet to the buried thin-skinned Apulian Platform thrust stack (Figure 

8.1c). On the other hand, a lack of detachment would imply that the Apulian Platform 

is shortened ahead of the thrust front, without being eventually accreted to the thrust 

wedge. In this instance, deformation of the Apulian Platform would be best described 

as involving the foreland plate. Evidence for this style of deformation would be 

provided by the development of deeply rooted structures involving the reactivation of 

inherited, steep basement faults. The frontal sector of the southern Apennines and the 

adjoining Bradanic foredeep provide the opportunity to test the two different scenarios 

by investigating a setting where: (i) the overall thickness of the shallow allochthonous 

assemblage is dramatically reduced close to the tip of the tectonic wedge, thus allowing 

better seismic imaging in its footwall; and (ii) structure growth involves well dated 

foredeep deposits (e.g., Casnedi, 1988a) stratigraphically overlying the passive margin 

carbonates, thus providing fundamental constraints to the timing and rates of 

deformation.  

In this paper we analyse a key sector of the Bradanic foredeep, providing evidence for 

the oblique-slip reactivation of inherited, pre-orogenic extensional faults and the 

development of positive and hybrid flower structures in the Apulian Platform through 

a 2D restoration of interpreted seismic reflection lines. Multi-scale derivative analysis 

of Bouger gravity anomalies indicates that the reactivated structures are deeply rooted 

and involve the basement (Rapolla et al., 2002; Fedi et al., 2005). We discuss: (i) the 

style of positive inversion during oblique- to strike-slip fault reactivation, (ii) the 

timing of the deformation, and (iii) the occurrence, at shallow depths, of mechanically 

bounded normal faults accommodating arc-parallel extension in anticlinal structures. 

The recognised structural assemblage, besides exerting a fundamental control on the 

architecture of a gas field exploited since the second half of the XX century in the 

Bradanic foredeep hydrocarbon province, provides new insights into the modes and 

timing of propagation of the deformation across the thrust front, in the foreland basin 

domain and in the foreland plate. As such, these results may improve our general 
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understanding of the effects of the propagation of compressive stresses into the 

foreland domain (Ziegler et al., 1995; Lacombe and Mouthereau 2002; Butler and 

Mazzoli, 2006; Mouthereau and Lacombe, 2006; Ahmadhadi et al., 2007), also 

providing a comprehensive picture of structural development within the framework of 

‘attachment’-dominated shortening in a foredeep setting. This is particularly relevant 

considering the well-established role of inherited structures in fold and thrust belts 

(e.g. Lacombe et al. 2019, and references therein), however with rather few studies 

addressing their impact in foreland basin evolution (e.g. Turrini et al., 2016; 

Szaniawski et al., 2017). 

8.3 Geological setting 

The study area is located in the Bradanic foredeep, a highly subsiding Plio-Pleistocene 

depocentre forming part of the roughly NNW-SSE trending southern Apennine 

foreland basin (which also includes large wedge-top basins; Ascione et al., 2012). The 

latter is interposed between the southern Apennines, to the southwest, and the Apulian 

foreland to the northeast (Figure 8.1). 

The Late Cretaceous to Quaternary Apennines belt developed within the framework 

of Africa-Eurasia plate convergence (e.g. Dewey et al., 1989; Mazzoli and Helman, 

1994). In this subduction-to-collision system, Eurasia represented the overriding plate, 

whereas the downgoing plate included the Jurassic to Lower Creteaceous Alpine 

Tethys ocean and its southern passive margin, i.e. the Adria promontory. Remnants of 

the overriding plate are represented by the Calabrian crystalline units south of our 

study area. In the southern Apennines convergence was characterized by a roughly E- 

to NE-ward migration of the thrust front and the related foreland basin (e.g. Elter et 

al., 1975), and by the progressive incorporation into the system of Meso-Cenozoic 

domains originally established onto the Adria promontory of Africa. Jurassic 

divergence between Gondwana and Eurasia led to the opening of the Alpine Tethys, 

of which Adria formed part of the SE passive margin. There, a suite of horst and 

graben/half-graben structures formed since Permo-Triassic times, hosting carbonate 

platforms and pelagic basins that continued to evolve throughout the post-rift period. 

In the southern Apennines, these Mesozoic domains are, from west to east: the 

Apennine Platform (consisting of shallow water carbonates), the Lagonegro pelagic 

basin (Scandone, 1967, 1975), and the Apulian Platform (Ogniben, 1969; Mostardini 

and Merlini, 1986).  
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North of the Calabrian crystalline units – and in their footwall – the uppermost portion 

of the southern Apennines tectonic pile is occupied by the remnants of the Liguride 

accretionary complex (Ciarcia et al., 2012; Figure 8.2). This is made of deep-water 

sediments, with slices of ophiolites, originally forming part of the Alpine Tethys ocean 

(Ogniben, 1969; Monaco and Tortorici, 1995; Cello and Mazzoli, 1999).

 

Figure 8.1 - (a) Tectonic sketch map of the southern Apennines (modified after Vitale et al., 2017) showing 

location of the cross sections. (b) Cross section after Mazzoli et al. (2014, modified), involving a thick-skinned 

tectonic interpretation for the buried Apulian Platform unit.(c) Cross section after Mazzotti et al. (2000, 

modified), involving a thin-skinned tectonic interpretation for the buried Apulian Platform unit. 

During the Miocene this accretionary complex was emplaced on top of the Apennine 

Platform and of its syn-orogenic cover (e.g. Roure et al., 1990; Mazzoli et al., 2008). 

Subsequent development of a basal dècollement located at the base of the sedimentary 

cover of the Apennine Platform led to ENE-ward thrusting of shallow water carbonates 
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on top of the Lagonegro basin succession (Figure 8.1c; Figure 8.2). Eventually, the 

sedimentary cover of the Lagonegro basin was also detached from its pre-Mesozoic 

substratum and the whole allochthonous assemblage was thrusted on top of the western 

portion of the Apulian Platform (Ascione et al., 2012). The detachment between the 

allochthonous wedge and the buried portion of the Apulian Platform is marked by a 

fluid-saturated, clay-rich mélange zone of variable thickness, reaching a maximum of 

ca. 1500 m (Mazzoli et al., 2001) . The thrusts are extensively reworked and/or offset 

by low-angle normal faults (Bucci et al., 2014, 2019; Novellino et al., 2015) that also 

produced significant exhumation during the last 6 Myrs, as documented by a large 

low-temperature thermochronology dataset (Corrado et al., 2005; Mazzoli et al. 2008, 

2014). 

 

Figure 8.2 - Tectono-stratigraphic scheme of the thrust stack. Apennine and Apulian carbonate platforms and the 

intervening Lagonegro pelagic basin developed during Mesozoic rifting and subsequent passive continental 

margin evolution of the Apulo-Adriatic plate (modified after Casero et al., 1988 and Scrocca, 2010). 

The foreland includes both the passive margin succession forming the substratum of 

the Bradanic foredeep (i.e., the Apulian foreland ramp) and the peripheral forebulge 

of the Murge area (Crescenti 1975; Figure 8.1). During the Pliocene, the Apulian 

foreland ramp was already structured into a more inclined inner sector, forming the 

bedrock of the foredeep sensu stricto, and a lesser inclined outer one, representing the 

Murge plateau, which was affected by a system of high-angle normal faults (Tropeano 

et al., 2002; Carubelli et al., 2010; Festa et al., 2018).The Plio-Pleistocene foredeep 

infilling is represented by successions formed mainly by gravity flows. These turbiditic 

complexes consist of slope, fan and basin plain deposits (Casnedi 1988b, 1991). At a 

regional scale, the Pliocene succession of the Bradanic foredeep is characterized by an 

increasingly younger age moving from NW to SE (Casnedi et al., 1982). In the study 

area, the lower-middle Pliocene is formed by a marly interval that transgressively 

overlays Tertiary coarse-grained carbonates (Crescenti, 1975), the latter recognized in 
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a few deep wells. The Pliocene (Piacenzian) to Pleistocene (Gelasian-Calabrian) 

succession, instead, is formed by medium to fine grained sandstones and shales 

(Carubelli et al., 2010; Tropeano et al., 2002).  This succession has been interpreted as 

consisting of turbidite fans prograding from NW to SE (Casnedi et al., 1982), cut by 

longitudinal feeder channels.The Pleistocene paleogeography of the area is 

characterized by the infilling of the Bradanic foredeep between the Apennines and the 

Murge plateau (early Pleistocene) with the separation of two large embayments at the 

two sides, that became the only underfilled remnants of the foredeep (Tropeano et al., 

2002). From early to middle Pleistocene, the northern gulf was progressively filled as 

well. During the late Pleistocene, an overall shallowing upward trend characterised the 

filling of the basin with widespread sedimentation of regressive coastal deposits 

(Tropeano et al., 2002). Successions of clays and sands represent in the upper part of 

the sequence the foredeep Pleistocene infilling. The deposition of this clastic sequence 

is probably related to the progressive eastward uplift of the outer sector of the southern 

Apennines and further eastward motion of the allochthonous units (Doglioni et al., 

1994; Patacca and Scandone, 2001; 2004). The older part of the foredeep sediments 

are tectonically overlain by the latter allochthonous units (e.g., Pieri et al., 2004). At a 

regional scale, the emplacement of the allochthonous assemblage seals the Bradanic 

foredeep succession at progressively younger ages moving eastward (Carubelli et al., 

2010). The frontal sector of the allochthonous wedge is covered by the younger part 

of the foredeep sediments, which consists of lower Pleistocene clays (i.e., the so-called 

“Subapennine Clays”) with sandstone and conglomerate intercalations (e.g., Pieri et 

al., 1997; Loiacono and Sabato, 1987).Datasets and methods 

Our analysis was performed using the Petrel software suite (by Schlumberger) for 

seismic interpretation and well logs correlation. The software Move (by Petroleum 

Experts) was used for the structural validation (i.e., restoration) of the interpreted 

seismic profiles. 

8.3.1 Datasets 

For this study we used a combined dataset of public and confidential data (from 

ViDEPI and courtesy of Edison E&P). Edison E&P has kindly provided most of the 

subsurface data including a seismic reflection survey, well logs data and internal 

reports. Seismic lines were collected during five multichannel survey campaigns, 

between the 1960’s and 1990’s, for a total of sixteen cross and ten strike lines with 
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spacing ranging from 0.2 to 1.4 km (Figure 8.3). The low quality of seismic imaging 

and the spacing among the lines affected the uncertainty of the structural and 

geological interpretation. We used data from sixteen wells to tie the seismic profiles 

with stratigraphy and to build the biostratigraphic framework for the Cenozoic units, 

focusing on the recognition of boundaries between different siliciclastic sequences. 

Geological maps (“Stigliano” geologic map, 1:50,000 scale, Servizio Geologico 

d’Italia, 2005, Progetto CARG 

http://www.isprambiente.gov.it/Media/carg/490_STIGLIANO/Foglio.html), 

published data (e.g. Casnedi, 1988a, 1988b; Tropeano et al. 2002; Lazzari and Pieri, 

2002) and our own field mapping were used to calibrate the subsurface interpretation 

with surface geology.  

 

Figure 8.3 - Seismic lines and wells dataset. As coordinates cannot be provided because of data confidentiality, 

this map is only intended to show the size of the dataset used for the subsurface interpretation and the geometry 

of the seismic grid (including the two seismic sections of figures 5 and 6).  

8.3.2 Depth Conversion 

One of the most troublesome steps in subsurface interpretation is the building of an 

appropriate velocity model for depth conversion. Simple assumptions on the velocity 

http://www.isprambiente.gov.it/Media/carg/490_STIGLIANO/Foglio.html
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profile to be used were ineffective due to the presence of the shallow allochthonous 

wedge, resulting in down-depth velocity inversions.  

The seismic characterization of the allochthonous wedge represented the main 

challenge for the velocity model building. This is due to the internal structural 

complexities of the allochthonous wedge, poorly imaged by the seismic data, and to 

the lateral facies changes resulting in high velocity contrasts. In order to better 

characterise this geological complexity, we used seismic velocities derived from 

check-shots and Pre-stack seismic velocity. Check shots seismic velocity were used as 

the main property to characterise the area close to the wells, whereas Pre-stack seismic 

velocities were useful as a trend far from the wells and between the seismic lines, thus 

to estimate properly the variability of the seismic velocity within the allochthonous 

assemblage. Below the latter, we modelled the Plio-Pleistocene foredeep succession 

following a linear velocity model: 

𝑉 = 𝑘𝑍 + 𝑉0 

where K is the angular velocity gradient with depth (Z) below sea level and V0 is the 

velocity at  Z = 0. The linear regression provided a K value of 0.7 and a Vo of 2500 

m/s. For the Apulian Platform carbonates an average velocity of 5500 m/s was used, 

as indicated by sonic logs. The resulting velocity model is consistent with those used 

by previous authors (e.g., Turrini and Renisson, 2004; Artoni, 2013). 

8.3.3 Wells correlation and seismic stratigraphy 

On depth-converted sections, we firstly constrained a series of marker horizons based 

on well tops that were located by the analysis of stratigraphic and biostratigraphic 

wells logs made available from the Edison database. Geological reports and composite 

logs were used to fix the depth of the base of the allochthonous wedge and the top of 

the Apulian Platform carbonates, as well as recognizable horizons inside the Pliocene 

- Pleistocene foredeep succession.   

The digitization of logs acquired during the 1960s and 1980s and the use of more recent 

logs was carried out in order to perform a new well log correlation. Well correlation 

was performed selecting two representative log records, i.e. Spontaneous Potential 

(SP) and Gamma Ray (GR). Both these logs have a clear lithostratigraphic signature 

and they were treated, normalising the SP and smoothing the GR, in order to obtain 

curves with the same range of values in all wells. We aimed at identifying stratigraphic 

similarities among electro-facies considering the more evident inflection points and 



122 

the characteristic vertical trends (e.g., thinning, coarsening upward, blocky shape) of 

the GR and SP curves (Figure 8.5). These curves were used for well log correlation 

useful to recognise, within the Plio-Pleistocene succession, the most important 

correlative events (i.e. the shaly interlayers were assumed to represent stratigraphically 

more continuous horizons). The adopted approach allowed us to define: (i) the base of 

the allochthonous assemblage; (ii) shaly bodies alternating with sandy bodies within 

the PL-PST sequence; (iii) possible stratigraphic closures; (iv) possible faults; and (v) 

the top of the Apulian Platform carbonates. An integrated analysis, combining 

stratigraphy-biostratigraphy and electric logs, was used to constrain the interpreted 

seismic horizons. 
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Figure 8.4 - Velocity model and composite seismic lines. (a) TWT. (b) Interval velocity model. (c) TVD. 

On the seismic lines, the interpretation of the horizons was carried out using seismic 

attributes (i.e. lateral continuity of reflectors, amplitude and frequency of the signal) 

and from the check of seismic facies thickness (Balestra et al., 2019). We focused on 

the following characteristics: (i) reflector/horizon geometry; (ii) horizon continuity 
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and presence of interruption/discontinuities caused by structural features associated 

with faults or minor lineaments; (iii) horizon cut-offs; and (iv) evaluation of additional 

structures such as bulges, bumps etc. Sonic logs, where available, were used to check 

the signal acoustic impendence. 

 

Figure 8.5 - Well logs correlation. Red dashed lines identify the base of the allochthonous wedge and the top of 

Apulian Platform. The different coloured polygons among the wells identify the layers and intralayers of 

interpreted sandy and shaly horizons 

Based on these constraints, we recognised and interpreted the following horizons 

(Table 9): (i) top of the Permian (?) deposits underlying the Apulian Platform 

carbonates; (ii) two intra-platform horizons, (iii) top of the Meso-Cenozoic Apulian 

Platform carbonates; (iv) three horizons within the Pliocene succession, (v) a Plio-

Pleistocene unconformity; (vi) two horizons within the Pleistocene succession and 

(vii) the base of the allochthonous wedge. 

8.3.4 Section restoration 

Structural validation of the cross-sections was performed by 2D sequential restoration. 

This was aimed at reconstructing the kinematic evolution of the interpreted structures, 

thus providing a comprehensive picture of their progressive development. We used the 

2D Kinematic Modelling of MOVE, running the more appropriate kinematic algorithm 

for each structure. High-angle normal and reverse faults within the Plio-Pleistocene 

foredeep succession were restored using a fault-parallel flow algorithm (Egan et al., 
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1997). This algorithm quite simply states that all material objects within the hanging-

wall move parallel to the fault surface, along virtual flow paths. This is theoretically 

applicable to a large range of fault geometries considering very few assumptions and 

the results obtained are geometrically and geologically consistent and viable.  

Other algorithms (e.g., simple shear) are more suitable for normal listric fault anticline 

rollover geometries. Anyway, in this case, a view on the deep part of the normal faults 

is missing, with the change of dip, this algorithm does not return back satisfactory 

modeling results causing artifacts in the section. 

Restoration and unfolding were performed by means of two different methods: (i) a 

trishear model (Erslev, 1991) was applied where a marked decrease occurred in the 

up-section displacement associated with a deformation zone distributed around the 

fault tip (e.g., Miller and Mitra, 2011) in order to restore fault displacement within the 

Mesozoic succession and folding of the overlying horizons; (ii) a flexural slip 

algorithm was used to progressively restore the regional south-westward flexure of the 

Apulian Platform. Flexural slip algorithm allow to maintain the area, volume and line 

length of bed parallel layers.  

8.4 Results 

8.4.1 Seismic interpretation 

Among all the available wells, only Well 2 (Figure 8.5) crossed the entire tectonic pile 

and stratigraphic succession, from the allochthonous units down to the top of the 

Mesozoic Apulian Platform carbonates, across the foredeep deposits. The BA, TCC, 

TMC, IAP1, IAP2 and TPS horizons (Table 9) are the most evident markers 

interpreted in seismic lines, due to their geometry and lateral continuity. At places, 

these horizons show marked cut offs against faults (or possibly due to the low quality 

of the seismic signal in some instances). In the following, a brief description of the 

sequences (from top to bottom) and of the traced horizons is provided. 
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Horizon Code Domain 

Base of allochthonous wedge BA 
Allochthonous 

wedge 

Pleistocene 01 PST01 

Foredeep deposits 

Pleistocene 02 PST02 

Unconformity PL-PST UPP 

Pliocene 01 PL01 

Pliocene 02 PL02 

Pliocene 03 PL03 

Top Cenozoic Carbonates (Eocene 

to Miocene) 
TCC 

Apulian Platform 
Top Mesozoic Carbonates TMC 

Intra Apulian Platform 1 IAP1 

Intra Apulian Platform 2 IAP2 

Top Permian TPS 

Table 9 - Summary of the interpreted horizons for the three main domains of this study. 

The allochthonous assemblage is characterised by chaotic and discontinuous seismic 

facies. The most readable reflectors are moderately dipping to the SW and possibly 

represent thrust fault planes with evidence of internal folding and with packages of 

disturbed seismic reflectors. The horizon BA, marked by a high-amplitude and low 

frequency set of reflectors, dips gently to the SW (10°- 15o) and systematically 

crosscuts overlying reflectors, with downlap terminations. It is interpreted as the sole 

thrust at the base of the allochthonous wedge, including hanging-wall flat and ramp 

segments and forming a footwall ramp in the foredeep succession (Figure 8.6 and 

Figure 8.7 -). 

Below the allochthonous wedge, the Plio-Pleistocene foredeep deposits are 

characterised by a low quality of the seismic signal, with both vertical and lateral 

discontinuity of the reflectors, related to the presence of minor faults dissecting the 

units and/or to the lateral juxtaposition of different sedimentary facies. We interpreted 

two horizons (i.e., the PST01 and PST02) within the Pleistocene and four in the 

Pliocene (UPP, PL01, PL02; PL03; Table 9). In the eastern sectors of the seismic 

profiles, where the foredeep units are not overlain by the allochthonous wedge, the 

horizons are clearer and well-readable, with a better lateral continuity. Here, the Plio-

Pleistocene sequence is imaged as composed by sub-parallel and almost continuous, 
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high frequency reflectors with a medium to high amplitude. To the west, below the 

allochthonous wedge, the Plio-Pleistocene deposits are crosscut by BA and show a 

marked westward thickening. 

Beneath the foredeep deposits, the Apulian Platform carbonates dip gently to the SW. 

The top of the Cenozoic carbonates (TCC; Table 9) is well recognizable as a high-

amplitude and low frequency triplet of reflectors that can be traced almost 

continuously from the foreland to the innermost sectors, below the allochthonous 

wedge (Figure 8.4c). This change in acoustic impedance defines the transition between 

the siliciclastic sediments and the carbonate succession (Nicolai and Gambini 2007). 

This horizon forms a monocline (Mariotti and Doglioni, 2000) with a SW-ward 

increasing angle of dip representing the flexuring of the Apulian Platform below the 

allochthonous wedge (Royden et al., 1987). In seismic profiles 1 and 2 (Figure 8.6 and 

Figure 8.7 -), the dip angle of horizon TCC ranges from 5° to 10°. Below the TCC 

horizon, the TMC horizon is commonly identified as a peak with positive amplitude. 

This horizon represents the top of the Mesozoic carbonates of the Apulian Platform, 

consisting of of shallow marine carbonates and dolostones (e.g., Ricchetti et al. 1988). 

In composite logs, these carbonates are commonly described as “karst limestones” due 

to the occurrence of distinctive paleosoils and residual red clays (the so called “Terra 

Rossa”). 

Within the Apulian Platform, the IAP1 and IAP2 horizons are both represented by 

discontinuous double reflectors (i.e., peak-trough) clearly visible in the eastern part of 

the seismic profiles (Figure 8.6). The deepest traced horizon (TPS) is marked by a 

further contrast of acoustic impedance and is characterized by high amplitude and low 

frequency. This horizon could be tentatively attributed to Permo-Triassic 

volcanoclastic deposits (e.g. Puglia 1 well - https://www.videpi.com/; Ricchetti et al., 

1988; Mazzoli et al., 2000; Patacca and Scandone 2007, Nicolai and Gambini 2007, 

Scisciani and Esestime 2017). The depth of the magnetic basement can be tentatively 

located at 9-13 Km in this sector of southern Apennines (Mostardini and Merlini 

1986). Scrocca (2010) recognized an average thickness of ca. 2.4 s for the Apulian 

Platform, corresponding to ca. 7 km according to our velocity model.  

https://www.videpi.com/
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Figure 8.6 - (a) Seismic reflection section 1 (see Figure 8.8). (b) Line drawing. Note faults in the upper part of 

the Apulian Platform carbonates are rooted into a flower structure resulting from the positive inversion of 

inherited Mesozoic normal faults evident in the lower part of the Apulian Platform carbonates (the position of the 

null point for both Fs2 and Fs1 faults is located slightly above the IAP2 horizon). 

Below the allochthonous wedge we recognized a complex structural architecture along 

two symmetric positive flower structures. The Apulian Platform and the foredeep 

deposits are crosscut by a set of high-angle faults splaying out into positive flowers 

above the IAP2 horizon. Each of these two positive flower structures results, as a 

whole, in a broad anticline dissected by reverse faults, with gently opposite-dipping 

panels locally recognizable at the sides. The interpreted faults show an apparent null 

point slightly above the IAP2 horizon, whilst at the bottom of the seismic profiles 

horizon TPS displays a normal offset, as it is typical for the reverse-slip reactivation 

of pre-existing normal faults during inversion tectonics (e.g. Buchanan and Buchanan, 

1995). Reverse displacement dies out below horizon PL03. The TCC-PL03 interval, 

levelling out most of the structural relief along the flower structures, can be considered 

as a syn-tectonic depositional unit for the main phase of growth of the positive flowers.  

However, we had to consider the spacing of seismic lines and of faults and inversion 

anticlines falls within the line spacing, making interpretations of structural trends not 

so accurate. Nevertheless, a certain degree of oblique slip component during the  

inversion can be reasonably hypothesized in order to justify the development of 

positive inversion (positive flower structures) (e.g., Coward, 1994). Moreover, the 

coexistence of normal and reverse offset and the lack of back thrust in our 

interpretation hamper the application of a dip slip model that would result less relevant 

in this geological setting. 
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Along some of the fault strands, an upward decreasing displacement is observed within 

the Apulian Platform carbonates. This feature suggests a progressive loose of 

displacement toward the upper fault tips and/or the transition to more distributed 

deformation, not resolvable at the seismic scale. 

The PL03-PL02 interval shows evident thickness variations on top of the flower 

structures, with marked thinning on the crests of the push-ups (Figure 8.6). This 

geometry indicates syn-depositional growth of the structures, in a setting where 

accumulation rates exceeded uplift rates. Base on this evidence, the timing of flower 

structure development can be constrained as Pliocene. 

The late Pliocene-Pleistocene sequence (PL02-PST01) shows an almost constant 

thickness on top of the flower structures (Figure 8.6 and Figure 8.7), thus indicating 

its deposition post-dated the first, main stage of structural development. However, the 

Pleistocene intervals are also folded on top of the flower structures, indicating a later 

stage of structural growth. The foredeep sequence underlying horizon PST01 is 

crosscut by a set of high-angle conjugate normal faults (rarely reverse) that are closely 

spaced in the crestal zones of the antiforms overlying the flower structures.  These 

faults, either NE or SW dipping, were observed in all the cross-profiles within the Plio-

Pleistocene clastic sequence, systematically dying out both upward and downward. 

These faults show a planar to weakly curved geometry, and elliptical-shaped vertical 

displacement profiles (e.g., Watterson, 1986; Walsh and Watterson, 1988). Vertical 

separation values are at the limit of the seismic resolution, reaching 20 to 50 m in the 

middle of the faults. Where they do not show any appreciable displacement or at least 

associated kink folding, these faults display decreasing reflector amplitude and are 

defined by a tight, poorly reflective zone. That provided here is certainly an 

interpretation and the reliability of the data is quite low, however this kind of 

interpretation has its conistance with the deformation style that characterised this 

sector og the foredeep.  
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Figure 8.7 -a) Seismic reflection line 2 (see Figure 8.8). (b) Line drawing. Note hybrid flower structure and 

thickness variation of the IAP2-IAP1 interval. 

These structures were interpreted as bending-moment faults (e.g., Berberian, 1979, 

Avouac et al., 1992; Audin et al., 2003; Morley, 2007, Heddar et al., 2013; Livio et 

al., 2014, Livio et al., 2020) resulting from the localized accommodation of along-arc 

extension during flower structure development. 

No evidence of low angle thrust faults beneath the shallow dipping detachment at the 

base of the Allochthnous wedge has been recognised within the analysed seismic 

dataset. The absence of this type of structures is also confirmed by the well-log 

analysis, which pointed out the complete lack of repetitions within the Plio-Pleistocene 

stratigraphy (Paragraph 5.2). On the other hand, well logs correlation emphasized the 

lack of some terms of the stratigraphic sequence, probably due to the tectonic omission 

of stratigraphic units caused by normal faulting. 

8.4.2 Structural validation and timing of the deformation 

We carried out the structural validation of our interpretation by means of the 2D 

restoration of section 1 performed through the 2DMove software by Petroleum 

Experts, in line with well-established balancing and restoration techniques (e.g. 

Dahlstrom, 1969; Rowan and Kligfield, 1989; Egan et al., 1997; Groshong, 2006; 

Groshong et al., 2012; Lovely et al., 2012; Butler, 2013; Berthelon and Sassi, 2016). 
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The restoration was carried out for the units in the footwall of the allochthonous 

tectonic wedge and included: (i) removal of the allochthonous wedge; (ii) unfaulting 

of the shallow bending-moment faults affecting the Plio-Pleistocene sequence; (iii) 

unfaulting of the flower structures by adopting a trishear kinematic procedure, 

allowing the modelling of faults whose upper tip is confined within a syn-growth 

sequence; (iv) unfolding to the top of the syn-growth sequence; and, (v) unfaulting of 

the top of the Apulian Platform carbonates (TCC). In the following, a brief description 

of the progressive forward deformation of the section (i.e., from the oldest to the 

youngest step) is provided, following its tectonic and sedimentary evolution (Scale 

1:1) 

STEP 1: late Miocene to early Pliocene (Figure 8.8a).  

Cenozoic carbonates were deposited above the erosive surface of the Cretaceous 

limestones of the Apulian Platform, following a widespread erosional phase in 

subaerial conditions. For modelling purposes, a constant thickness of Cenozoic 

carbonates is assumed in the section. Steep west dipping normal faults (F1 and F2 in 

Figure 8.8) cut through the platform and are associated with changes in thickness 

between IAP1 and TPS horizons, with an offset of 245 and 300 meters calculated at 

TSP for F1 and F2, respectively. 
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STEP 2: Pliocene (ca. Piacenzian) (Figure 8.8b).  

The reverse-slip reactivation of faults F1 and F2 resulted in the development of new 

reverse – or oblique-slip with reverse dip-slip components of motion – fault splays, 

forming two asymmetric positive flower structures (Fs1 and Fs2). At this stage TCC, 

TMC and IAP1 horizons had already gained a reverse dip-slip displacement, whereas 

IAP2 and TPS horizons still kept part of the inherited extensional displacement. The 

deposition of the Pliocene sequence overlying horizon TCC (up to horizon PL02) 

occurred during coeval tilting of the platform toward the west, resulting in a wedge-

shaped syn-growth depositional architecture. 

STEP 3: ca. early Pleistocene (Figure 8.8c).  

The occurrence of a tectonically quiet period is suggested by the constant thickness of 

the depositional interval comprised between horizons PL01 and PST01. A second 

stage of shortening took place after the deposition of horizon PST01, resulting in gentle 

folding of the entire succession. Further westward tilting was associated with the 

tectonic loading of the allochthonous wedge progressively migrating to the east. Based 

on map contours of the age of foredeep deposits occurring in the footwall to the 

allochthonous wedge, reconstructed by the interpolation of all available well logs from 

the southern Apennines (Ascione et al., 2012), a mean slip rate of ca. 16 mm/y is 

obtained between ca. 5.30 Ma and ca. 0.65 Ma (i.e., end of thrusting). This implies that 

at ca. 1.8 Ma the front of the allochthonous wedge was ca. 18 km back to the SW with 

respect to the present position (acquired at ca. 0.65 Ma and shown in Figure 8.6 and 

Figure 8.7). Almost all the westward tilting of the section may be ascribed to the 

foreland-ward migration of the wedge. In fact, flexural models of the lithosphere of 

the southern Apennines (Billi and Salvini, 2003) based on a thin plate model under a 

linear load (e.g., Turcotte and Schubert, 1982) predict a total and progressive amount 

of tilting consistent with our reconstruction.  
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STEP 4: ca. latest early Pleistocene (Figure 8.8d).  

The progressive reactivation of the deeply rooted inherited faults resulted in fold 

amplification and increasing structural relief produced by the flower structures at the 

top Apulian Platform level, accompanied by the development of more pronounced 

anticlines affecting the overlying foredeep succcession. The maximum vertical 

separation of the TCC horizon is of about 90-120 m. At this time, bending-moment 

faults had already developed, accommodating outer-arc extension in the anticlines 

affecting the foredeep succession.  

 STEP 5: Present-day (Figure 8.8e). 

Final emplacement of the allochthonous wedge in its present-day position was 

complete by ca. 0.65 Ma (Patacca and Scandone, 2001). The sole thrust of the 

allochthonous wedge cuts the clastic Plio-Pleistocene foredeep succession without 

showing any evidence of deformation associated with the underlying flower structures, 

thus suggesting that final emplacement of the allochthonous wedge post-dated the 

latest reactivation of the structures located in its footwall. 

The structural map of the TMC horizon (Figure 8.8f) highlights the asymmetry of the 

positive flower structures that form a pair of doubly plunging anticlines with steeper 

SW limbs and NW-SE trending fold axis. Within flower structure Fs1, push-up 

structures are controlled by secondary faults (Figure 8.6) Flower structure Fs2, 

represented in section by a hybrid flower structure (Figure 8.6), shows a flat top in 

map view (Figure 8.8f). The available data suggest the occurrence in the study area of 

structures similar to Fs1, arranged in a right-stepping en-échelon pattern. 
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Figure 8.8 - (a-e) 2D sequential restoration of Section 1. (f) Interpolated elevation map of the TMC horizon: 

dashed lines represent the fault cut-off lines bounding the structural highs. The position of the allochthonous 

wedge in diagrams (c), (d), (e) was obtained by using the sole thrust slip rate resulting from Ascione et al. (2012). 

8.5 Discussion 

8.5.1 Importance of inherited normal faults 

The reactivation of inherited normal faults and related positive inversion involving the 

Apulian Platform in the study sector of the Bradanic foredeep occurred into three main 

steps. A first reactivation stage took place during the deposition of the TCC - PL02 

interval (i.e., between the late Miocene and the early-middle Pliocene). A phase of 

tectonic stagnation followed, as supported by the lack of growth strata at the anticlinal 

fold limbs. A second tectonic impulse appears to be predated by the final emplacement 

of the allochthonous wedge, which does not appear to be involved into the reactivation 

of the structures located in its footwall. This is apparent at the seismic scale and 

considering only tectonic transport parallel to the section. Although we were not able 

to take into account out-of-the-section components of motion due to the lack of a 3D 
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seismic survey, it is likely that strike-slip components are significant in this tectonic 

setting dominated by the reactivation of pre-existing steep faults (which are 

mechanically unsuitable for pure dip-slip reverse reactivation; Buchanan and 

Buchanan, 1995). As already discussed a dip-slip reactivation has not considered 

suitable for this area of study. Dip-slip tectonic has a strong relevance in Andes chain 

where it was clearly recognised the inversion od extensional basin (i.e. Andean Plateau 

– Martonez et al., 2012 and reference therein) 

This type of tectonic inversion process is due to changes in intracontinental stress 

regime with the “convertion of negative relief with positive ones (Cooper and 

Williams, 1989; Keller and McClay, 1995; Yamada and McClay, 2004) development 

of new low angle reverse faults and shortening higher than that evaluated in our 

interpretation. Indeed, within the framework of our study, the very low amount of 

shortening (0.26%) yielded by our restoration for the Apulian Platform along the NE 

regional transport direction of the Apennines is most probably not representative of 

the actual magnitude of the deformation. The extensive development of flower 

structures in the upper part of the inversion structures is consistent with substantial 

strike-slip deformation.  

The interpreted structural highs show a complex distribution of offset along the fault 

strands. Following the nomenclature by Huang and Liu (2017), we recognized both 

positive and hybrid flower structures depending on whether the associated anticlines 

are cut by upwards spreading splays including reverse faults only (Figure 8.6) or 

normal faults as well (Figure 8.7 -), respectively. These faults bound composite 

structural highs (push-ups partially affected by normal faults) similar to those 

documented by La Bruna et al. (2017) for the unique Apulian Platform carbonate 

outcrop in the southern Apennines (i.e. Monte Alpi, Figure 8.1a), which were also 

associated with late-stage reactivation of inherited steep faults. Similar styles of 

oblique- to strike-slip reactivation were described for thick-skinned inversion tectonics 

(Miller and Mitra 2011) and also observed in analogue models (e.g., McClay and 

Bonora, 2001; Mitra and Paull 2011). 

In detail, in section 1 it may be observed how restraining deformation in the Apulian 

Platform produced a short-wavelength anticline with secondary, curved (concave-

convex) fault strands merging at depth (i.e., below IAP2) into a sub-vertical fault 

plane. On the other hand, for the hybrid flower structure of section 2 (the curved 

(concave-convex) branching faults in the Apulian Platform include reverse fault splays 

https://context.reverso.net/traduzione/inglese-italiano/depending+on+whether
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(dominant in the SW side) combined with more abundant normal fault splays in the 

NE side of the structure. The vertical separation associated with the latter normal faults 

is generally low (of the order of 60 m) and the cumulative throw at the anticlinal hinge 

is relatively low as well (ca. 200 m).Another important issue arising from our 

interpretation is the strong control of mechanical stratigraphy on promoting or 

inhibiting upward fault propagation through overlying units. The most prominent 

decoupling is observed at the interface between the Apulian Platform carbonates and 

the Plio-Pleistocene cover. The latter is apparently not affected by the faults 

controlling the underlying flower structures, while it accommodated stretching along 

the arc of the anticlines through the development of bending-moment faults. It is worth 

noting that faults of this type were observed in several contractional (e.g., Berberian, 

1979, Avouac et al., 1992; Audin et al., 2003; Morley, 2007, Heddar et al., 2013; Livio 

et al., 2014, Livio et al., 2020) and extensional tectonic settings (Bull et., 2006). 

The Plio-Pleistocene foredeep succession is not apparently involved in deformation 

associated with thrusting of the allochthonous wedge, besides being clearly truncated 

in its footwall. Obviously, the occurrence of sub-seismic reverse fault offsets within 

this succession cannot be ruled out. However, this would equally mean a strong 

reduction of fault displacement in the foredeep succession, with similar implications 

from the structural point of view.  

Recognising the different structural styles of inversion, also through the detailed 

interpretation of single flower structures and the analysis of their spatial arrangement, 

provides information on the attitude and segmentation pattern of pre-existing faults, 

and may have important implications in hydrocarbon exploration, development and 

production. The modes and styles of positive tectonic inversion in our study area 

emphasize the fundamental role played by the geometry and segmentation pattern of 

precursor extensional fault systems. During its geological evolution, the Apulian 

Platform was repeatedly dissected by normal faulting, with a maximum horizontal 

extensional axis roughly normal to the present-day platform boundaries. The oldest 

extensional faults were formed by relaxation of the Variscan orogen and initial rifting 

during the onset of the Alpine cycle, leading to Permo-Triassic extension (Wood, 

1981; Shiner et al., 2004, and references therein). During the Late Cretaceous, further 

extensional faults developed within the Apulian Platform, triggering the formation of 

intra-platform basins (Pieri and Laviano, 1989; Shiner et al., 2004; Festa et al., 2018). 

Later plate convergence produced flexuring of the down going lithospheric plate, 
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causing arc extension in the peripheral forebulge and in the outer sectors of the 

foredeep. Extension was accommodated by longitudinal normal faults (i.e. faults 

roughly parallel to the foredeep margins; e.g., Turcotte and Schubert, 1982; Bradley 

and Kidd, 1991; Doglioni, 1995; Vitale et al., 2012; Di Martire et al., 2015; Tavani et 

al. 2015) up to Pliocene times (Sella et al., 1990). Foreland plate flexure-related faults 

are well imaged on regional seismic profiles across the outer sector of the Bradanic 

foredeep (Mazzoli et al., 2000; Shiner et al., 2004) and are portrayed in both geological 

sections of Figure 8.1 and Figure 8.8). All of these structures – Permo-Triassic, Late 

Cretaceous, and Neogene flexure-related faults – could be considered as potential 

candidates for positive inversion during Plio-Pleistocene shortening of the Apulian 

Platform (e.g., Shiner et al., 2004). Nevertheless previous interpretations of the central 

and outer sectors of the Bradanic foredeep considered normal faulting of the Apulian 

Platform as mainly due to foreland plate flexuring and dissection in a peripheral bulge 

setting (Harding and Tuminas, 1989; Sella et al., 1990; Doglioni et al., 1994; Ranero 

et al., 2003).Frontal accretion vs. foreland plate deformation 

8.5.2 Frontal accretion vs. foreland plate deformation 

Our analysis indicates that deformation of the Apulian Platform was dominated by the 

oblique-slip reactivation of deeply rooted, steep inherited faults. These faults may 

either pass downward into a zone of distributed strain in the middle-lower crust (Butler 

and Mazzoli, 2006), or alternatively detach along a middle crustal weak layer (that 

could have also originally acted as the decollement zone for the Mesozoic extensional 

system; Tavani et al., 2020). In any case, the observed structures are incompatible with 

low-angle thrusting associated with hypothetic frontal accretion. Therefore, our results 

from the frontal part of the southern Apennines confirm that the Apulian Platform 

carbonates are not involved in detachment-dominated (or thin-skinned) thrusting, this 

being consistent with structural modelling based on seismic interpretation from the 

interior of the thrust belt (in the subsurface data-rich Val d’Agri oilfield area Figure 

8.1a; Shiner et al., 2004). Previous studies also recognised the reactivation of inherited 

structures in the Apulian Platform substratum of the Bradanic foredeep (Nicolai and 

Gambini, 2007), however without identifying the detailed structural setting and modes 

of inversion. It has been demonstrated that foreland propagation of compressive 

stresses ahead of the thrust front may produce both thin-skinned and thick-skinned 

deformation (Mouthereau and Lacombe, 2006; Beaudoin et al., 2020). In the southern 
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Apennines, the involvement of the basement in shortening-related structures such as 

those described in this paper affecting the Apulian Platform is indicated by a large 

amount of geophysical information including seismic datasets (Improta and Corciulo, 

2006; Steckler et al., 2008) as well as magnetic (Speranza and Chiappini, 2002) and 

Bouger gravity anomaly data (Rapolla et al., 2002; Fedi et al., 2005; Fig. 8). 

 

Figure 8.9 - (a) Bouger anomaly gravity field of southern Italy, showing the main regional structural features. (b) 

Bouger anomaly gravity map of the NE sector of diagram (a) highlighting the shallow crustal structures (marked 

by maximum values of the colour bar). White box shows location of the study area (modified after Fedi et al., 

2005). 

The process of oblique-slip reactivation of inherited steep faults in the Bradanic 

foredeep sector may be considered in light of the information provided by outcropping 

Plio-Pleistocene successions coeval with the foredeep deposits involved in the flower 

structures unravelled in this study. Wedge-top basin successions belonging to the 

Bradanic foreland basin are widely exposed in the southern Apennines (Ascione et al., 

2012; Figure 8.1a). These successions experienced mild WSW-ENE shortening (e.g. 

Hippolyte et al., 1994a and b; Mazzoli et al., 2012; Pitts et al., 2020) that is generally 

ascribed to deep-seated thrusting in the Apulian Platform (e.g. Roure et al., 1991). 

Assuming such a shortening direction characterized also our study area, it would result 

in a left-lateral strike-slip component resolved along the NW-SE striking inherited 

faults of Figure 8.6, Figure 8.7and Figure 8.8. This is consistent with oblique-slip 

kinematics involving both reverse and sinistral components of motion. Figure 8.10 
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schematically shows the evolution and the tectonic setting that generated the 

development of positive flower structure within the Apulian Platform. 

 

Figure 8.11 - Block diagram showing a conceptual model of the tectonic evoulution in the study area y: a) 

inherited normal faulting; b) first strike slip reactivation with right movement and development of new fault 

strands and structural highs; c) positive structures (push up) developed along inherited fault planes. 

Our structural restoration indicates that positive tectonic inversion in our study area 

occurred when the allochthonous wedge was still farther westward with respect to its 

current position. Therefore, shortening-related deformation of the Apulian Platform 

did not occur immediately in front and/or in the footwall of the frontal thrust, as it 

would be expected for frontal accretion. Rather, the oblique-slip reactivation of 

inherited steep faults occurred in the foreland, well ahead of the thrust wedge. A 

similar propagation of compressive stresses in the foreland plate (e.g. Ziegler et al., 

1995; Lacombe and Mouthereau, 2002; Lacombe and Bellahsen, 2016) is well known 

to have occurred in the Po Plain and Adriatic foreland regions of the Apennines, 

triggering the reactivation of inherited normal faults and intra-platform deformation 

dominated by positive tectonic inversion (Scisciani, 2009; Turrini et al., 2016; 

Scisciani et al., 2017). Within this framework, our results provide the first evidence 

that the development of positive structures in Apulian Platform reservoirs, forming the 

traps for the large oilfields of southern Italy (e.g. Shiner et al., 2004), may have started 

in the foreland prior to the arrival of the allochthonous wedge presently overlying 

them. Of course structural growth may – and is likely to – have continued in the 
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footwall of the allochthonous wedge. However, the indication of a possible early 

nucleation of structural highs in Apulian Platform carbonates may have important 

implications also for a better understanding of the modes and timing of hydrocarbon 

migration and entrapment. The analysed subsurface data-rich sector of the southern 

Apennines provides an ideal case study for the understanding of structural 

development in the foreland plate, ahead – and presently in the footwall – of the frontal 

thrust of the mountain belt. Inherited normal faults are commonly observed in such 

foreland plate sectors, and positive inversion is predicted during shortening. 

Nonetheless, profoundly different results are expected for positive inversion, 

depending on: (i) the geometry of inherited structures, (ii) their relative orientation 

with respect to the maximum horizontal stress direction, and (iii) structure growth rate 

compared with sedimentation rate in the foreland basin. Substantial strike-slip 

components of motion appear to characterize syn-depositional positive inversion in the 

study sector of the Bradanic foredeep, resulting in structures that are classically of 

interest for hydrocarbon exploration (Huang et al., 2016). Our interpretation reveals 

how the structural control onto hydrocarbon traps and accumulation in this area of the 

foreland basin system is primary. The interpretation of flower structures defines and 

draws a new setting for structural high development in the Bradanic foredeep. A 

limited volume of hydrocarbons in place is probably due to the segmentation of these 

structures (Figure 8.8), which could be even more pronounced in case transfer faults 

(not observable from a 2D vintage seismic reflection dataset) were originally offsetting 

the overlap zones among adjacent normal fault segments, leading to the development 

of breached relay ramps later involved in shortening.  

8.6 Conclusions 

Miocene thin-skinned thrusting in the southern Apennines involved a series of basin 

and intervening minor carbonate platform domains originally forming part of the 

substantially thinned distal portion of the Mesozoic passive margin of Adria (Butler et 

al., 2004). The post-collisional involvement in the deformation of the wide Apulian 

Platform domain and underlying normal-thickness lithosphere produced a major 

change in the deformation mode, from frontal accretion and underplating to thick-

skinned positive inversion (Mazzoli et al., 2008, 2014). Our seismic interpretation 

provides key evidence for the style of post-collisional deformation of the Apulian 

Platform, which is dominated by oblique-slip reactivation of inherited (probably 
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Permo-Triassic) normal faults controlling thickness variations in the lower part of the 

shallow water carbonate succession. Therefore, the subsurface dataset analysed in this 

study strongly reduces the role played by forebulge- and/or foreland plate flexuring-

related normal faults in inversion tectonics involving the Apulian Platform, in 

agreement with previous evidence provided by Shiner et al. (2004). 

The 2D structural restoration carried out in this study also points out how positive 

inversion occurred in the foreland, far ahead of the thrust front. Therefore, rather than 

thrust accretion involving the Apulian Platform, the observed structures record 

foreland plate deformation associated with the far-field transmission of compressive 

stresses (e.g. Lacombe and Mouthereau, 2002; Lacombe and Bellahsen, 2016; 

Beaudoin et al., 2020). This also implies that Plio-Pleistocene eastward motion of the 

shallow allochthonous wedge was not associated with footwall imbrication of Apulian 

Platform thrust sheets passing displacement to the sole thrust of the allochthonous 

wedge, as instead envisaged by some authors (e.g. Patacca and Scandone, 2001; 

Scrocca et al., 2005). 

The reactivated steep faults and the newly-formed fault splays associated with flower 

structure development appear to be mechanically constrained within the Apulian 

Platform unit, the overlying Plio-Pleistocene cover constituting a weak layer 

decoupled from the underlying faulted substratum. Broad, gentle anticlinal folding of 

the Plio-Pleistocene foredeep succession on top of the flower structures was 

accompanied by extensional deformation that we interpret as resulting from bending-

moment faulting. 

In conclusion, we wish to stress that the complexity of the structural architecture 

characterizing the study area could be resolved only thanks to a tight array of seismic 

lines tied with well logs, a wealth of data that is unfortunately lacking for most of the 

southern Apennines and many fold and thrust belts worldwide. Therefore, our case 

study is critical for the understanding of tectonic processes governing orogenic 

development in peninsular Italy and elsewhere in the western Mediterranean. More in 

general, this study may provide useful insights into the modes and timing of foreland 

plate deformation ahead of the thrust front. Our work is particularly relevant for post-

collisional tectonic settings characterized by the far-field propagation of compressive 

stresses into areas hosting inherited crustal weaknesses, and for the interaction of the 

latter with foreland basin sedimentation.  
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9 3D Structural and Reservoir modelling 

9.1 Introduction 

This chapter approaches the definition of static modelling for reservoir 

characterization and volumetric estimate. Since most o the parameters (including 

mapping, structural and stratigraphic scenarios) are strongly uncertain (see previous 

chapters), several discrete priori base cases (i.e. geometrical models or 3D grids) have 

been set-up and finally used in Uncertainty and Sensitivity analysis. This discrete cases 

have been used for evaluating the impact of different structural and stratigraphic 

interpretations but at the same time they form a geometrical support on which to 

quantitatively study the role of the uncertainty of the petrophysical parameters on the 

hydrocarbon initially in place. 

In this study have been defined four base cases each one can be considered as a 

different structural/stratigraphic scenario (Scenario 1 with Parallel Fault Network – 

PFN; Scenario 2 with Linked Fault Network- LFN; Scenario 3 with Connected Fault 

Network – CFN and scenario 4 Explo with thrust faults also within the Foredeep Plio-

Pleistocenic sequence). 

9.1.1 Consideration about the modelling 

The integrated geological models generated on the basis of the stochastic approach 

represents the final result of the static modelling process. Once available, all the 

models have been used for the evaluation of the quantity of hydrocarbons in place and 

used for the evaluation of uncertainties. 

These models were generated with equiprobable realizations, which share the same 

statistical properties and that represent possible images of the geological complexity 

of the reservoir. The petrophysical properties of reservoir rock have been extended to 

the entire reservoir by simulating frequency distributions of petrophysical values to 

the reservoir layers. 

All the scenarios proposed have been set up with cells size 75x75x1(m). This cell size 

was defined as a compromise between the number of cells to obtain an acceptable 

computational time, and the reservoir heterogeneity to be represented. 
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Due to the complexity of the area it has been decided to use for structural and reservoir 

model the Structural framework module of Software Petrel ™ by Schlumberger. 

Each proposed scenario comprises the following elements:  

1) An upper and a lower boundary corresponding respectively to the surfaces of 

the Base of Allochthonous wedge and of the Top of Cenozoic carbonate, both 

determined from well markers and seismic interpretation;  

2) Faults interpreted on seismic but at the same time able to form hydraulic 

compartments that take into account BHSP observations; 

3) petrophysical properties such as porosity, water saturation, net-to-gross.  

4) Properties describing the contact fluids (GWC, GDT, WUT).  
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9.2 Building of reservoir models 

The reservoir modelling workflow is part of a far more complex workflow and data 

integration process where each step contributes to the reservoir characterization and to 

the global evaluation of the uncertainties. The main steps usually concern structural 

modelling, stratigraphic modelling, petrophysical modelling and hydrocarbon volume 

computation.  

The modelling has been performed through the. workflow of the Structural Framework 

module of Petrel™ by Schlumberger (Figure 9.1).  The core algorithm of this Petrel 

module is the Volume-based modelling (VBM) (Soche et al., 2014).  VBA creates the 

stratigraphic horizons through a stratigraphic function (Aguilar et al., 2017). This 

function represents a continuous, across the entire structural framework, stratigraphic 

property but discontinuous across faults. This process is designed to minimize dip and 

thickness variations whilst take into consideration all input data (Souche et al., 2013).  

Through the VBM algorithm it is possible to create a so called Depospace that is a 

flattened representation of a structural framework model. It represents an unfolded and 

unfaulted representation of the zones of the structural framework model and enable a 

consistent construction of structural grids. It is important to note that the obtained 

flattened space, differs from an appropriate structural restoration, indeed it does not 

consider the historical geologic evolution. 

The final step of model building is represented by the structural gridding process that 

creates a 3D grid ready for simulation while honouring the input data, solving the 

stratigraphic relationships found in the area, and modelling the faults keeping the dip 

and azimuth from the seismic interpretation. 

Within the gridding process, faults surfaces have been modelled with a stair-step 

geometry because of the stratigraphic and structural complexities of the area along with 

the final purpose to carry out dynamic simulations that in our case require hexahedral cells 

with orthogonal surfaces. (Gringarten et al., 2009 and 2008).  
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Figure 9.1 – Main output of the structural framework modeling and gridding workflow: (a) Fault modeling, (b) 

Model construction (volume-based modeling of the stratigraphic function), (c) Model refinement (zone creation), 

(d) Depospace calculation, (e) Structural gridding (depogrid or stairstepped grid creation). 

9.2.1 Structural modelling 

Structural modelling results in defining the shape, volume and structural complexity 

of the reservoir and the surrounding area. The principal components are the main 

horizons and faults interpreted from seismic picking that contribute to build the 

framework of the geological grid. The interpretation of the fault network, from seismic 

data, has been further refined with the well correlation and considering the constrains 

provided by pressure decline data, well test and production data. In some sector of the 

study area (AC1, AC1bis and AC5), the well correlation shows the missing of part of 

the stratigraphic sequence that has been interpreted as the effect of throw of normal 

faults. The discussion about the structural style in the study area has been treated in 

chapters 7 and 8, as such as the definition of the different interpretative scenarios of 

faults network characterizing the Plio-Pleistocene sequence. 



158 

 

Figure 9.2 – Geospace model of Scenario 3 CFN. The pink level correspond to PLA. 

9.2.2 Stratigraphic modelling 

The stratigraphic model is strictly linked to the interpretation of the reference horizons 

on seismic which in turn are associated to the well tops and well correlation. It defines 

the boundaries among the stratigraphic horizons that form the geological sequences. 

Once defined all the stratigraphic horizons, the following steps were the building of 

surfaces (gridding), which together, they make up, the stratigraphic model of the 

reservoir. In our case study the complexity of the structure along with the variation of 

thickness of the geological horizons have been managed through the construction of 

few intermediate horizons (i.e. that one non- interpreted on seismic). These horizons 

have been built with the help of thickness maps derived from well data and 

extrapolated in the surrounding area where they have been constrained by the reference 

horizons. 

9.2.3 Compartmentalization of gas field Regions  

The structural model did not succeed to automatically create field compartments based 

on the inputs of the structural framework because of the uncertainty of faults and 

horizons seismic picking (poor quality of the seismic data), the uneven horizons 

surfaces, the small fault throw (compared to the seismic resolution) and the horizons 

thickness variations. The problem has been overcome creating reservoir regions that 

are reservoir volumes identified by a numerical code and supposed to be hydraulically 

connected. Each region is bounded by the main interpreted faults and groups all the 
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wells showing the same pressure decline trend and with consistent fluid contacts data. 

The regions are identified by numeric codes (Figure 9.4) as reported in APPENDIX 3 

– REGIONS CODE. 

 

Figure 9.3 – Stair step model of Scenario 4 – Explo. Red polygon define the PLB reservoir boundary. 

 

Figure 9.4. Regions definition for PSTB and PLA level identified by numeric codes 
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9.3 Petrophysical parameters and Fluid Contacts 

The main objectives of this chapter are to define the parameters to be used in the 

reservoir modelling. 

In this project we did not performed a well petrophysical modeling but we used 

petrophysical properties from previous reservoir studies. 

Petrophysical properties (Figure 9.5) have been assumed to be constant by layer 

(average of the well data by layer) because of the poor quality of the available logs, to 

simplify the workflow and to reduce the computational time. (Scenario 1 and 4) or 

reservoir region (Scenario 2 and 3).  

Paragraph 9.4 discloses, briefly about the distribution function of the petrophysical 

parameters and fluid contacts 

9.3.1 Petrophisical parameters 

The definition of the fluid contacts and petrophysical parameters is a critical phase for 

the reservoir characterization and for the evaluation of the GIIP (Gas Initially In Place). 

This chapter summarises all these parameters deduced by means of well logs, their 

elaboration by means of CPI (Computerized Process Interpretation) and well test 

production on single productive level. All these data have been collected in previous 

Edison internal reports (APPENDIX 2 – PETROPHYSICAL PARAMETERS). 

The principal petrophysical parameters used in this project for the reservoir 

characterization are: Porosity (), Water Saturation (Sw), Net to Gross (N/G) and 

Expansion Volume Factor (Bg). The Bg values have been collected in Edison reservoir 

study (2005). 

9.3.1.1 Porosity 

Among the petrophysical parameters, porosity determines the fluids storage capacity 

of a rock while permeability determines its fluid flow capacity. These parameters 

depend on stratigraphic setting and on the type of depositional facies. The 

measurements of porosity can be determined by either by means of acoustic logs, such 

as Sonic log (DT), recording the travel time through the rocks of a compressional 

seismic wave along the borehole axis, or through Neutron-Density logs.  
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9.3.1.2 Water Saturation 

Saturation is the fraction of the porosity that is occupied by water. 

9.3.1.3 Net to Gross 

The "net-to-gross ratio" or "net/gross" (N/G) is the total amount of pay footage 

(potentially productive/flowing intervals) divided by the total thickness of the 

reservoir interval (for simplicity, the well is assumed here to be vertical). 

 

Figure 9.5 – Scenario 2 –LFN 3Dl. The different colour scale of the SW-NE cross sections is related to the 

petrophysical properties values that populate the model. Scenario 2  

9.3.2 Fluid contacts definition 

The fluid contact is defined as the interface that separates two fluids of different 

densities in a reservoir. Here, only horizontal contacts have been considered since there 

is no evidence of the action of hydrodynamic aquifers. Considering the effects of the 

capillary forces, the contact between fluids is generally a gradual rather than a sharp 

one, forming a transition zone of mixed fluids. Production of fluids often perturbs the 

fluid contacts in a reservoir. Hence, the contacts here reported represent the current 

situation of the reservoir. 

In general, in the Accettura Field the Gas-Water Contact (GWC) appears being quite 

consistent only in small compartments (i.e. the wells triplets Acc1, Acc 1bis and Acc 

5), showing instead important variations across the structural blocks.  
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The Gas Water Contact (GWC) depth can be defined with a relative certainty only 

when the contact between gas and water has a clear response on well logs. 

Nevertheless, when gas column is vertically constrained by shale or tight rock facies 

the lowest depth of gas presence in a given layer of a well has been defined as Gas 

Down To (GDT). On the contrary, the shallowest depth of a high water saturation layer 

in a well is defined as Water Up To (WUT). 

The tables reported in APPENDIX 1 – FLUID CONTACTS resumes the fluid contacts 

defined and then used to populate the 3D models built considering the different 

structural scenarios. 

Fluid contacts levels were used indistinctly in all the structural scenarios. The presence 

of a normal fault change slightly the depth value of the contacts in well Acc 5.  

Therefore, each region (Figure 9.6) has been populated with the appropriate fluids 

contact. The base cases have been evaluated using a conservative approach:  it means 

that between the values of GDT and WUP (see paragraph 9.3 and related APPENDIX 

1 – FLUID CONTACTS) we deliberately decided to consider the first one. All the 

possible fluid contact depths have been considered in the uncertainty analysis with the 

suitable probability distribution. 

As concern Scenario 4 old fluid contacts estimated in a previous study dated 2005 have 

been used, in order to keep the consistency with the stratigraphy subdivision adopted 

in the past. 
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Figure 9.6 - Fluid contact modelled on reservoir model cross section of scenario 2 LFN 

9.4 Probability density functions 

The petrophysical parameters (except the Bg) and fluid contacts have been integrated 

within the reservoir models assigning one value per layer that is assumed to be 

representative for the whole reservoir. However, these parameters have been estimated 

by means of an old, low resolution and incomplete log set. Therefore, they are affected 

by a high the uncertainty. For the purpose of quantitatively representing the uncertainty 

of the parameters their variability by layer has been used to   define a “priori” sampling 

distribution (or probability density function).  

Two types of probability density functions have been implemented: 

Uniform or rectangular distribution; it is a distribution with constant probability on the 

interval from the minimum to maximum value of a parameter. The uniform 

distribution can be used to characterize extremely uncertain parameters for which only 

the range between a minimum (a) and maximum value (b) is known, and nothing can 

be said or inferred about the probability of the intermediate values.  

Triangular distribution is defined from three parameters: lower and upper bounds, 

respectively a and b, and an additional value, c, that is considered as the most probable 

within the range (between a and b). C is the modal value of the probability distribution. 

The triangular distribution is flexible as a probability model since it can be symmetric, 

right- or left-skewed. 
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Figure 9.7 – Graphs of the probability density distribution Dataset 
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10 Volumetrics Uncertainty and Sensitivity Analysis  

In this dissertation we describe a methodology for assessing the consistency of all 

available geological discrete scenarios (structural and stratigraphic) with the given 

interpretation and quantifying the uncertainty of a model input variables (i.e. porosity, 

N/G, Sw) by evaluating their impact on a given model output variable (in our case the 

Gas Initially In Place - GIIP)  The building of alternative discrete scenarios has been 

the starting point for implementing a Monte Carlo stochastic simulations approach 

(Murtha, 1997) to  automatically perform multiple realizations for GIIP uncertainty 

estimation. A realization is a single model whose parameters values are obtained by a 

stochastic process (random sampling, simulation….). In order to minimize the number 

of realizations while maintaining the input variables probability density function (that 

represent the input variable uncertainty distributed on all realizations) the Latin 

Hypercube Sampling (LHS) has been is applied (Iman et al., 1980; Tang, 1993). 

In addition, a sensitivity analysis was performed in order to understand, which are the 

reservoir parameters (input model variables) that mostly affect the GIIP distribution in 

each model or discrete scenario. The Equal spacing sampler algorithm was used in 

order to equally sample the input variables probability distribution between the defined 

minimum and maximum. From the sensitivity analysis we observe that some of the 

input model variables are less important than others hence they can be also missed in 

the uncertainty analysis for volumetric evaluations. 

              Limitations: One important point needs to be made: all the simulations were 

based on the four geological models (scenarios) proposed in this study. Since there is also 

uncertainty in the geological model, failure to incorporate all geological uncertainties 

will result in an incorrect output variables estimation. 

10.1 Volumetrics Uncertainty  

Monte Carlo simulations were used to get an estimate of the uncertainty of the Accettura 

field total GIIP. Several simulations have been run: four hundred realizations for scenario 

1,2 and 3 and three hundred for scenario 4. These simulation were obtained sampling the 

probability density function of each input model variable (, Sw N/G, GWC). From 

Figure 10.1 to Figure 10.6 are showed the statistical stabilization of the output variable 

population (GIIP) highlighted by the trend curves of the average GIIP and the variance 

GIIP by increasing the number of runs. The stabilization of the GIIP population started 
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after the 150-200th realizations till to reach the full stabilization at 400th run (Figure 10.1, 

Figure 10.2, Figure 10.3 and Figure 10.4). The results of the uncertainties modelling for 

each geological scenario are represented as GIIP histogram and cumulative distribution 

functions (CDF) ( Figure 10.5, Figure 10.6, Figure 10.7 and Figure 10.8).  

 

Figure 10.1 - Diagrams of the Average GIIP and Variance GIIP by runs indicating the stabilization of the GIIP 

population  for Scenario 1. 

 

Figure 10.2 - Diagrams of the Average GIIP and Variance GIIP by runs indicating the stabilization of the GIIP 

population   for Scenario 2. 
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Figure 10.3 - Diagrams of the Average GIIP and Variance GIIP by runs indicating the stabilization of the GIIP 

population   for Scenario 3. 

 

Figure 10.4 - Diagrams of the Average GIIP and Variance GIIP by runs indicating the stabilization of the GIIP 

population for Scenario 4. 
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Figure 10.5 - Scenario 1 PFN. Uncertainties modelling results: GIIP frequency distribution and cumulative 

distribution function. 

 

Figure 10.6 -. Scenario 2 LFN Uncertainties modelling results: GIIP frequency distribution and cumulative 

distribution function  
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Figure 10.7 - . Scenario 3 Uncertainties modelling results: GIIP frequency distribution and cumulative 

distribution function.   

 

Figure 10.8 - Scenario 4 Explo Uncertainties modelling results: GIIP frequency distribution and cumulative 

distribution function.  

The total cumulative distribution functions of GIIP (Figure 10.9) for the four models 

are plotted together with the P10, P50 and P90 values highlighted (blue, red and green 

dots in Figure 10.9). This plot help to better recognize the main differences among the 

four discrete scenarios: 1-PLN and 4-Explo are essentially the extreme of our 

uncertainty modelling whilst scenarios 2 - LFN and 3 – CFN represent intermediate 

cases. 
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Figure 10.9 - Cumulative distribution function of the GIIP of the four discrete cases with P10, P50, P90  

A different GIIP estimation of the main productive layers of AGF (PLB and PLC) has 

been calculate by means of the P/Z analysis (see chapter5) and used as a calibration 

tool of the uncertainty modelling of the four discrete scenarios. Therefore, a further 

analysis about the GIIP uncertainty estimation was performed considering only PLB 

and PLC levels . The referencing values for these two levels have been extracted by 

volumetric calculation obtained by the Monte Carlo simulations and then compared 

with the result and the estimation resulted by the P/Z analysis. 

The P/Z is an approach totally independent from modelling approaches indeed the 

results obtained by this analysis are exclusively based on pressure data without 

considering the petrophysical parameters.  

The geological scenario whose GIIP frequency distribution and CDF are more centred 

compared to the P/Z value (about 1.3GSmc) is considered as the most reliable for the 

GIIP estimation of the PLB and PLC layers and point out the existence of a 

convergence between the two results. This evaluation has been performed plotting 

GIIP frequency distribution and cumulative distribution of each scenario with P/Z 

GIIP value (dashed red lines) (Figure 10.10, Figure 10.11, Figure 10.12 and Figure 

10.13). The scenario with P50 closest to the P/Z values is the CFN (Scenario 3).  
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Figure 10.10 - Scenario 1 PFN. PLB+PLC GIIP frequency and cumulative distribution. Dashed red line is the 

PLB+PLC P/Z GIIP estimate. The  related table report the descriptive statistical values. 

 

Figure 10.11 -  Scenario 2 LFN PLB+PLC GIIP frequency and cumulative distribution. Dashed red line is the 

PLB+PLC P/Z GIIP estimate The  related table report the descriptive statistical values. 
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Figure 10.12 - Scenario 3 CFN PLB+PLC GIIP frequency and cumulative distribution. Dashed red line is the 

PLB+PLC P/Z GIIP estimate. The  related table report the descriptive statistical values. 

 

Figure 10.13 -  Scenario 4 PLB+PLC GIIP frequency and cumulative distribution. Dashed red line is the 

PLB+PLC P/Z GIIP estimate The  related table report the descriptive statistical values. 

10.2 Sensitivity analysis of the reservoir properties 

The tornado diagrams (T-Plot) are useful tools for sensitivity analysis in order to 

identify the key uncertainties from the reservoir parameters and to simplify the 

uncertainty modelling reducing the number of realizations. 

All the T-Plots highlight that the petrophysical parameters have a strong influence on 

the GIIP estimations. Comparing the relative importance of variables (Figure 10.14, 

Figure 10.15, and Figure 10.16, Figure 10.17). In particular, the N/G and porosity of 

different levels and regions and in all the scenarios shows a strong variance. It is 

interesting to note that for the main productive levels (PLB and PLC) of the AGF the 

N/G is the parameter that affect in a rather important the GIIP calculations. 
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Generally, the fluid contacts do not have strong impact on the sensitivity analysis, 

except for the Scenario 1 PFN where the GWC of region 1105 (PLC) is one of the 

main impacting parameters. 

 

Figure 10.14 - T-plot of Scenario 1 PFN 

 

 

Figure 10.15 - T-plot of Scenario 2 LFN 
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Figure 10.16 - T-plot of Scenario 3 CFN 

 

Figure 10.17 - T-plot of Scenario 4 Explo. 
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11 Conclusions 

In PhD thesis, I provided a set of geological and structural interpretations for well-

documented gas in the Bradanic foredeep. Notwithstanding the significant amount of 

investigations performed at the site, the geological and structural setting of the 

reservoir was still uncertain, and the potential for exploitation as well. By means of a 

multidisciplinary approach including a sensitivity analysis of the many variables 

considered, I was able to provide a new contribution in terms of improvement in 

characterization of complex reservoir of the Accettura Gas Field and a quantification 

of related uncertainties. 

On the base of the interpretations and of the performed uncertainty analyses, the 

following conclusions and recommendations can be drawn. 

 The stratigraphic review and the well logs correlation (Chapters 5) provided 

important hints in order to: (i) define stratigraphic sequences and the 

chronostratigraphic boundaries within the Plio-Pleistocene foredeep deposits; 

(ii) figure out the complexity of the depositional systems; (iii) to simplify the 

complex sedimentary sequence characterizing the reservoir by means of well-

defined geological or Log-derived sequence boundaries and (iv) recognising 

possible faults. 

Moreover, the lack of stratigraphic repetitions within the foredeep deposits was 

significant lack of evidence for the involvement of the foredeep deposits into 

the thrust belt whereas some hints for a stratigraphic missing section (possibly 

due to normal faulting) exists. We observed that the range of GIIP values are 

controlled by the range of the input variable (T-Plot). 

 The building of an appropriate velocity model (Chapter 6) for depth conversion 

allowed to better constrain subsurface geometries to well ties, partly avoiding 

the strong distortions of the seismic imaging, associated to thrust belt 

explorations. Folded units usually result in steeply dipping layers with 

significant vertical and horizontal velocity variations and tectonic stacking can 

cause velocity inversions. Even though some Scholars (Blangy, 2002) 

proposed target-oriented survey designs for new acquisitions, still already 

available data need a proper processing to correctly imaging the subsurface, 

without distortions. Thanks to the presence of several wells in the gas field, we 

were able to test a set of velocity models for depth conversion.  
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 The creation of discrete scenarios (Chapter 7) based on different geological 

interpretations was the framework for the reservoir modelling. Each scenarios 

captured uncertainties related to the subjectivity of the interpretations.  

 The Structural model of our preferred scenario, supported by a 2D restoration, 

was further investigated to formulate a new interpretation on the style of 

deformation of the Apulian platform, when entering into the chain. Here we 

observed the positive inversion of inherited and deeply rooted normal faults 

into transpression. This interpretation (Chapter 8) in consistent with other 

works in the same setting (e.g.,  Shiner et al., 2004;La Bruna et al., 2017) that 

observed the same style of deformation in the inner part of the southern 

Apennines thrust belt. The 2D structural restoration carried out in this study 

also points out how positive inversion occurred in the foreland, far ahead of 

the thrust front. Therefore, rather than thrust accretion involving the Apulian 

Platform, the observed structures record foreland plate deformation associated 

with the far-field transmission of compressive stresses. This also implies that 

Plio-Pleistocene eastward motion of the shallow allochthonous wedge was not 

associated with footwall imbrication of Apulian Platform thrust sheets passing 

displacement to the sole thrust of the allochthonous wedge, as instead 

envisaged by some authors (e.g. Patacca and Scandone, 2001; Scrocca et al., 

2005). Our analysis also emphasizes the fundamental role of the original 

geometry and spatial arrangement (e.g., degree of overlap at relay ramps) of 

fault strands forming the precursor segmented extensional fault system in 

controlling the style of positive inversion within the framework of oblique-slip 

fault reactivation. Hybrid flower structures (including faults displaying either 

normal or reverse dip-slip components of motion) formed by positive inversion 

affecting single or weakly interacting inherited fault segments, producing 

limited structural relief. On the other hand, positive inversion involving rock 

volumes comprised between strongly interacting fault segments at original 

relay ramps characterized by large fault overlap resulted in positive flower 

structures and prominent structural elevation above the regional. The 

reactivated steep faults and the newly formed fault splays associated with 

flower structure development appear to be mechanically constrained within the 

Apulian Platform unit, the overlying Plio-Pleistocene cover constituting a 

weak layer decoupled from the underlying faulted substratum. We wish to 
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stress that the complexity of the structural architecture characterizing the study 

area could be resolved only thanks to a tight array of seismic lines tied with 

well logs, a wealth of data that is unfortunately lacking for most of the southern 

Apennines and many fold and thrust belts worldwide. Therefore, our case study 

is critical for the understanding of tectonic processes governing orogenic 

development in peninsular Italy and elsewhere in the western Mediterranean. 

More in general, this study may provide useful insights into the modes and 

timing of foreland plate deformation ahead of the thrust front. Our work is 

particularly relevant for post-collisional tectonic settings characterized by the 

far-field propagation of compressive stresses into areas hosting inherited 

crustal weaknesses, and for the interaction of the latter with foreland basin 

sedimentation. 

 We observed a strong control of the mechanical stratigraphy on inhibiting 

upward Mesozoic fault propagation through the Plio-Pleistocene foredeep 

sequences. These units appear as mostly not affected by the faults composing 

the underlying flower structures, whereas stretching along the outer-arc of the 

anticlines was passively accommodated through the development of bending-

moment faults. 

This interpretation is consistent with the well log correlation, showing no 

evidence of stratigraphic repetitions.  

 The analysis of the static pressure (Chapter 5) highlighted the complexity and 

the strong compartmentation that affect the AGF. The complexity that 

characterize the AGF is strictly linked to the heterogeneities of the Plio-

Pleistocene sequences and their low physical characteristic (i.e. Permeability) 

that affect the lateral and vertical connectivity.  

 The volumetrics uncertainty (Chapter 10) evaluated with Monte Carlo 

stochastic simulations provided information about the consistency of the 

discrete scenarios obtained by the structural interpretation. This consistency 

has been evaluated comparing. The referencing values extracted by volumetric 

calculation obtained by the Monte Carlo simulations and then compared with 

the result and the estimation resulted by the P/Z analysis. 

 The sensitivity analysis (Chapter 10) has been pointed out that in spite of the 

geological heterogeneities and the structural complexity the mismatch among 
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the GIIP values obtained is strongly affected by the impact of the petrophysical 

parameters. 

 The workflow proposed validate the structural characterization of complex 

reservoirs and it is based on inferring uncertainty from multiple discrete 

scenarios models using stochastic sampling and validating the results obtained 

with analytic methods.  

 The workflow I proposed is based on an empirical approach. Notwithstanding 

the obvious limits of this analysis, it is clear that was a necessary step, 

preliminary to any further validation for better estimating the uncertainty of the 

proposed models. I would like to suggest for an eventual development of this 

project to complete and improve the uncertatinty evaluation using a BEL 

(Bayesan Evidential Learning) developed by the University of Stanford 

supported by a dynamic evaluation of the GIIP. 
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APPENDIX 1 – FLUID CONTACTS 

Fluids from Logs Analysis PST A+B+C & PST D 

  Fluid by Layer  (GDT, GWC, WUT) mTVDSS 
Well Pst A+B+C Pst D 

Acc 4 GWC 1058 WUT 1107 

Acc 5ST GWC 1056 -  - 

Acc 5 GDT/WUT 1021/1040 WUT 1160 

Acc 1Bis GWC/WUT 1092??/1035 -   - 

Acc 2 GWC 1022 WUT 1146 

Acc 2ST GDT/WUT 1013/1027 GDT 1181 

Acc 3 GWC 1022 WUT 1069 

Table 10 - Fluid contacts used for Pleistocene sequence in Scenario 1, 2 and 3 

Fluids from Logs Analysis PL A+B+C & PL D - AC5 not faulted  
Fluid by Layer (GDT, GWC, WUT) mTVDSS 

Well PLA PLB PLC PLD 

Acc 3 GDT 1169 GDT 1228 WUT 1260 WUT 1320 

Acc 2ST GDT 1216,5 GWC 1250 WUT 1307 WUT 1329 

Acc 2 GDT 1199 GDT 1244,5 WUT 1298 WUT 1318 

Acc 1Bis tight - GDT 1228 GDT 1280 
GDT 1329 

WUT 1332 

Acc 5 tight - WUT 1277 
GDT 1321 

GDT 1361 
WUT 1323,5 

Acc 5ST GDT 1220 ? - GWC 1291 WUT 1337 

Acc 4 ? - GDT 1250 GWC 1293 WUT 1323 

Table 11 - Fluid contacts used for Pliocene layers A+B+C+D, exclusively in Scenario 1 
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Fluids from Logs Analysis PL A+B+C & PL D - AC 5 faulted 

Fluid by Layer (GDT, GWC, WUT) mTVDSS 

Well PLA PLB PLC PLD 

Acc 3 GDT 1169 GDT 1228 WUT 1260 WUT 1320 

Acc 2ST GDT 1216,5 GWC 1250 WUT 1307 WUT 1329 

Acc 2 GDT 1199 GDT 1244,5 WUT 1298 WUT 1318 

Acc 1Bis tight - GDT 1228 GDT 1280 
GDT 1329 

WUT 1332 

Acc 5 tight - WUT 1277 faulted - 
GDT 1321 

WUT 1323,5 

Acc 5ST GDT 1220 ? - GWC 1291 WUT 1337 

Acc 4 ? - GDT 1250 GWC 1293 WUT 1323 

Table 12 - Fluid contacts used for Pliocene reserovir only with Scenario 2 and 3 

Fluids from Logs Analysis PL01, 02, 03 - AC 5  
Fluid by Layer (GDT, GWC, WUT) mTVDSS 

Well PL01 PL02 PL03 

Acc 3 WUT 1398 WUT 1451 WUT 1492 

Acc 2ST WUT 1438 WUT 1479 - - 

Acc 2 WUT 1379 WUT 1456 WUT 1508 

Acc 1Bis 
GDT 1387 

WUT 1436 WUT 1514 
WUT 1397 

Acc 5 GDT 1361 - - - - 

Acc 5ST WUT 1377 WUT 1482 WUT 1540 

Acc 4 WUT 1372 GDT 1436 GDT 1525 

Table 13 - Fluid contacts used for for Pliocene layers 01+02+03 with Scenario 1, 2, 3 

Fluids from Logs Analysis  2007 (Stratigraphy 2005) 

Fluid by Layer (GDT, GWC, WUT) mTVDSS 

Well PSTA PSTB PSTC 

Acc 4 GDT 937,5 GDT 1020,5 GWC 1063,5 

Acc 5ST GDT 906 GDT 976,7 GWC 1057,8 

Acc 5 GDT 940 GDT 1026,5 WUT 1037 

Acc 1 GDT 968 GDT 1026 WUT 1036 

Acc 1Bis GDT 968 GDT 1029 WUT 1035,5 

Acc 2 GDT 919,5 GDT 969 GWC 1028,5 

Acc 2ST GDT 916,6 GDT 1014 GWC 1063 

Acc 3 GDT 940 GDT 1004 GWC 1022 
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Table 14 - Fluid contacts used for Pleistocene sequence in Scenario 4 
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Fluids from Logs Analysis  2007 (Stratigraphy 2005) 

Fluid by Layer (GDT, GWC, WUT) mTVDSS 

Well PLA PLB PLC PLD PLE 

Acc 4 GDT 1219,5 GDT 1256,5 GDT 1266,5 GWC 1292 WUT 1350 

Acc 5ST GDT 1219,5 WUT 1240 GDT 1274 WUT 1283,3 WUT 1374 

Acc 5 WUT 1241 WUT 1272 - - GWC 1319,5 GDT 1383,5 

Acc 1 GDT 1223,5 GDT 1246,5 GDT 1275,5 
GDT     
WUT 

1239.3     
1331.1 

GDT 1386,5 

Acc1Bis GDT 1193 GDT 1237,5 GDT 1282 
GDT     
WUT 

1239.7     
1331.3 

GDT 1388 

Acc 2 GDT 1203,5 GDT 1257 GWC 1288,5 WUT 1318,5 WUT 1378 

Acc 2ST GDT 1215,9 GWC 1252 WUT 1279 WUT 1329 WUT 1413 

Acc 3 GDT 1175 GDT 1247,5 WUT 1250 WUT 1319,5 WUT 1387 

Well PLF PLG PLH PLI PLL 

Acc 4 WUT 1387 GDT 1438 GDT 1504 GWC 1533,5 GWC 1616,5 

Acc 5ST WUT 1408 WUT 1432 WUT 1450,8 WUT 1510,8 WUT 1605 

Acc 5 - - - - - - - - - - 

Acc 1 WUT 1394 WUT 1434 WUT 1453,5 WUT 1505,5 WUT 1598,5 

Acc 
1Bis 

WUT 1398 WUT 1436 WUT 1454 WUT 1510 WUT 1605 

Acc 2 - - - - WUT 1508 WUT 1584 WUT 1751,5 

Acc 2ST - - - - WUT 1480 - - - - 

Acc 3 WUT 1412 WUT 1451 WUT 1482 - - WUT 1647 

Table 15 - Fluid contacts used for Pliocene sequence in Scenario 4 with former nomenclature of the layers 
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APPENDIX 2 – PETROPHYSICAL PARAMETERS 

N/G, Correlation 2019 

Layer Acc1bis Acc2 Acc3 Acc4 Acc5 Acc5ST Acc2ST M.Bosc Range ∆ Sampling Algorythm Average 

PSTA   0,21 0,33 0,23 0,22 0,13     0.33 - 0.13 0,20 T 0.12, 0.22, 0.34 0,22 

PSTB   0,18 0,39 0,16 0,15 0,12     0.39 - 0.12 0,27 T 0.4, 0.20, 0.11 0,20 

PSTC   0,38   0,30   0,26     0.38 - 0.26 0,12 T 0.25, 0.31, 0.39 0,31 

PSTD               0,05   0,21 U 0 - 0.15   

PLA           0,19       0,21 U 0.08 - 0.29   

PLB 0,58 0,49 0,42 0,55   0,23   0,21 0.58 - 0.21 0,37 T 0.2, 0.41, 0.59 0,41 

PLC 0,44 0,32   0,35   0,75   0,11 0.75 - 0.11 0,64 T 0.1, 0.39, 0.76 0,39 

PLD 0,57     0,39   0,64   0,59 0.64 - 0.39 0,25 T 0.38, 0.55, 0.65 0,55 

PL01           0,37       0,43 U 0.15 - 0.58   

PL02           0,50       0,43 U 0.28 - 0.71   

PL03                         
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Porosity, Correlation 2019 

Layer Acc1bis Acc2 Acc3 Acc4 Acc5 Acc5ST Acc2ST M.Bosc Range ∆ Sampling Algorythm Average 

PSTA       0,20   0,14     0.2 - 0.14 0,06 T 0.13, 0.17, 0.21 0,17 

PSTB       0,20   0,14     0.2 - 0.14 0,06 T 0.13, 0.17, 0.21 0,17 

PSTC           0,14       0,06 U 0.11 - 0.17   

PSTD               0,13   0,06 U 0.10 - 0.16   

PLA           0,14       0,06 U 0.11 - 0.17   

PLB 0,20 0,20 0,20 0,21   0,15   0,17 0.21 - 0.15 0,06 T 0.14, 0.19, 0.22 0,19 

PLC 0,19     0,23   0,20   0,16 0.23 - 0.16 0,07 T 0.15, 0.19, 0.24 0,19 

PLD 0,22     0,25   0,20   0,13 0.25 - 0.13 0,12 T 0.12, 0.2, 0.26 0,20 

PL01           0,17       0,08 U 0.13 - 0.21   

PL02           0,15       0,08 U 0.11 - 0.19   

Table 16 – :Porosity value 
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Table 17 – Water saturation values used for reservoir modellin 

Sw, Correlation 2019 

Layer Acc1bis Acc2 Acc3 Acc4 Acc5 Acc5ST Acc2ST M.Bosc Range ∆ Sampling Algorythm Average 

PSTA       0,50           0,08 U 0.46 - 0.54   

PSTB       0,52           0,08 U 0.48 - 0.56   

PSTC                   0,08 U 0.47 - 0.55 0,51 

PSTD                   0,08 U 0.47 - 0.55 0,51 

PLA                   0,08 U 0.47 - 0.55 0,51 

PLB 0,25 0,35 0,35 0,25         0.35 - 0.25 0,1 T 0.24, 0.3, 0.36 0,30 

PLC 0,41     0,35         0.41 - 0.35 0,06 T 0.34, 0.38, 0.42 0,38 

PLD 0,30                 0,09 U 0.25 - 0.34    

PL01                   0,16 U 0.25 - 0.41 0,34 

PL02                   0,16 U 0.25 - 0.41 0,34 

PL03                   0,16 U 0.25 - 0.41 0,34 



190 

APPENDIX 3 – REGIONS CODE 

        

Layer↓ 
Area→ 

Acc123 Acc45ST Acc154 Acc15 Acc23 Acc4 Acc5ST 

PSTA Code 101 102 - - - - - 

PSTB Code 201 202 - - - - - 

PSTC Code 301 302 - - - - - 

PLA Code - - 601 - 603 - 605 

PLB Code - - 701 - 703 - 705 

PLC Code - - 801 - 803 - 805 

PLD Code - - - 901 903 904 905 

PL01 Code - - - 1001 1003 1004 1005 

PL02 Code - - - 1101 1103 1104 1105 

PL03 Code - - - 1201 1203 1204 1205 

Table 18 – Numerical codes used to define the reservoir regions in Scenario 1, 2, and 3 
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APPENDIX 4 – P/Z DATA 

Table 19 - Static pressure data and related elaborations for P/Z analysis 

p  ppr Z Bg 
bg=1/Bg 
(Inverse)  

dg 
(Density) 

ug (Viscosity)    
Lee et al.  

ugZ   p/Z  p/uZ    1/ugBg  2(p/uZ)dp (Delta pp)  pp    cg    dZ/dp  Gp 

(bar)     
 

m3/Sm3 
Sm3/m3  (g/cm3) (mPa-s) (mPa-s) (bar)  (bar/mPa-s) (1/mPa-s) (bar/mPa-s) (bar2/mPa-s) ( 1/bar) (1/bar)  (MSm3) 

130 2,758 0,8832 0,00788 126,8 0,0864 0,0158 0,0140 147,0 9299 8024 77998 1279131 8,14E-03 -0,00039 0 

126 2,668 0,8849 0,00817 122,5 0,0834 0,0156 0,0138 141,9 9069 7825 233321 1201133 8,45E-03 -0,00043 0 

112 2,382 0,8916 0,00921 108,5 0,0739 0,0152 0,0135 125,8 8297 7159 -332546 967811 9,54E-03 -0,00056 6,686249 

131 2,783 0,8827 0,00781 128,0 0,0872 0,0159 0,0140 148,4 9360 8076 358323 1300357 8,06E-03 -0,00038 13,460145 

111 2,349 0,8925 0,00935 106,9 0,0728 0,0151 0,0135 123,9 8203 7078 227670 942034 9,68E-03 -0,00057 19,015163 

96 2,037 0,9018 0,01090 91,7 0,0625 0,0146 0,0132 106,3 7275 6277 -40505 714364 1,12E-02 -0,00070 63,986456 

99 2,095 0,8999 0,01058 94,6 0,0644 0,0147 0,0132 109,6 7454 6431 162289 754869 1,09E-02 -0,00068 97,379689 

87 1,851 0,9083 0,01208 82,8 0,0564 0,0143 0,0130 96,0 6691 5773 -11805 592581 1,23E-02 -0,00077 132,537101 

88 1,870 0,9076 0,01195 83,7 0,0570 0,0144 0,0130 97,0 6750 5825 -54058 604386 1,22E-02 -0,00077 138,085939 

92 1,953 0,9047 0,01140 87,7 0,0597 0,0145 0,0131 101,7 7015 6053 -90587 658443 1,17E-02 -0,00073 172,309391 

98 2,087 0,9002 0,01062 94,2 0,0641 0,0147 0,0132 109,1 7428 6409 137918 749031 1,09E-02 -0,00068 181,605023 

89 1,881 0,9072 0,01188 84,2 0,0573 0,0144 0,0130 97,6 6784 5854 -18696 611113 1,21E-02 -0,00076 211,320613 

90 1,910 0,9062 0,01168 85,6 0,0583 0,0144 0,0131 99,2 6877 5933 149837 629809 1,20E-02 -0,00075 229,093883 

78 1,664 0,9154 0,01354 73,8 0,0503 0,0141 0,0129 85,6 6077 5243 55673 479972 1,37E-02 -0,00084 276,946227 

74 1,564 0,9194 0,01448 69,1 0,0470 0,0139 0,0128 80,1 5740 4953 -162992 424299 1,45E-02 -0,00088 293,135367 

87 1,843 0,9086 0,01214 82,4 0,0561 0,0143 0,0130 95,5 6663 5749 25818 587291 1,24E-02 -0,00078 307,203422 

85 1,801 0,9101 0,01244 80,4 0,0547 0,0143 0,0130 93,2 6529 5633 -112164 561473 1,27E-02 -0,00079 321,82944 

93 1,976 0,9039 0,01126 88,8 0,0605 0,0145 0,0131 102,9 7087 6115 30329 673638 1,16E-02 -0,00073 346,635037 

91 1,930 0,9055 0,01155 86,6 0,0590 0,0145 0,0131 100,4 6943 5990 62501 643308 1,18E-02 -0,00074 352,286679 

86 1,833 0,9090 0,01221 81,9 0,0558 0,0143 0,0130 94,9 6630 5721 78111 580808 1,24E-02 -0,00078 380,995024 

80 1,703 0,9139 0,01321 75,7 0,0515 0,0141 0,0129 87,7 6208 5356 -22189 502696 1,34E-02 -0,00083 387,677153 

82 1,741 0,9124 0,01290 77,5 0,0528 0,0142 0,0129 89,8 6332 5463 37901 524885 1,31E-02 -0,00081 410,618097 

79 1,676 0,9149 0,01344 74,4 0,0507 0,0141 0,0129 86,3 6118 5279 -104255 486984 1,36E-02 -0,00084 419,42576 

87 1,849 0,9084 0,01209 82,7 0,0563 0,0143 0,0130 95,8 6684 5767 163592 591239 1,23E-02 -0,00077 446,873186 

73,91066165 1,570 0,9192 0,01441 69,4 0,0472 0,0140 0,0128 80,4 5761 4971 -194024 427647 1,45E-02 -0,00087 450,66492 

89,31141708 1,897 0,9066 0,01177 85,0 0,0579 0,0144 0,0131 98,5 6837 5899 163085 621671 1,20E-02 -0,00076 468,32159 
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76,55845715 1,626 0,9169 0,01388 72,0 0,0490 0,0140 0,0129 83,5 5951 5135 -8255 458585 1,40E-02 -0,00085 479,27453 

77,24923758 1,641 0,9163 0,01375 72,7 0,0495 0,0141 0,0129 84,3 6000 5177 83336 466841 1,39E-02 -0,00085 521,78655 

69,98800165 1,487 0,9227 0,01528 65,4 0,0446 0,0138 0,0128 75,9 5477 4726 -15176 383505 1,53E-02 -0,00090 529,13187 

71,36093265 1,516 0,9214 0,01497 66,8 0,0455 0,0139 0,0128 77,4 5577 4812 -22204 398681 1,50E-02 -0,00089 547,73809 

73,32657758 1,558 0,9197 0,01454 68,8 0,0468 0,0139 0,0128 79,7 5719 4935 45879 420884 1,46E-02 -0,00088 572,52210 

69,20778458 1,470 0,9234 0,01546 64,7 0,0440 0,0138 0,0128 75,0 5420 4676 130463 375006 1,54E-02 -0,00091 589,35336 

55,96449215 1,189 0,9360 0,01938 51,6 0,0351 0,0135 0,0126 59,8 4431 3824 -114702 244542 1,89E-02 -0,00099 598,72435 

67,73678708 1,439 0,9247 0,01582 63,2 0,0430 0,0138 0,0128 73,3 5312 4583 56150 359245 1,58E-02 -0,00092 629,01948 

62,24074815 1,322 0,9299 0,01731 57,8 0,0393 0,0136 0,0127 66,9 4905 4232 -963 303094 1,71E-02 -0,00095 636,376313 

62,33881465 1,324 0,9298 0,01729 57,9 0,0394 0,0137 0,0127 67,0 4912 4238 104274 304057 1,71E-02 -0,00095 660,888291 

50,67321608 1,076 0,9413 0,02153 46,4 0,0316 0,0134 0,0126 53,8 4027 3474 -146838 199783 2,08E-02 -0,00103 722,441689 

66,5458675 1,414 0,9258 0,01612 62,0 0,0422 0,0138 0,0127 71,9 5224 4508 111166 346620 1,60E-02 -0,00093 735,538097 

54,93910883 1,167 0,9370 0,01977 50,6 0,0344 0,0135 0,0126 58,6 4353 3756 155804 235454 1,93E-02 -0,00100 768,956343 

32,56033353 0,692 0,9609 0,03420 29,2 0,0199 0,0130 0,0125 33,9 2609 2251 4244 79650 3,19E-02 -0,00113 785,564499 

31,73657493 0,674 0,9618 0,03512 28,5 0,0194 0,0130 0,0125 33,0 2543 2194 -105155 75406 3,27E-02 -0,00113 795,700495 

48,21723865 1,024 0,9439 0,02269 44,1 0,0300 0,0133 0,0126 51,1 3837 3311 136449 180561 2,18E-02 -0,00104 811,117632 

24,80229271 0,527 0,9698 0,04532 22,1 0,0150 0,0129 0,0125 25,6 1990 1717 -493481 44111 4,15E-02 -0,00116 847,478394 

83,3957516 1,772 0,9112 0,01266 79,0 0,0538 0,0142 0,0130 91,5 6432 5550 385490 537592 1,29E-02 -0,00080 850,415298 

44,88729258 0,954 0,9474 0,02446 40,9 0,0278 0,0132 0,0125 47,4 3579 3088 -265843 152101 2,34E-02 -0,00106 897,993847 

73,4518085 1,560 0,9196 0,01451 68,9 0,0469 0,0139 0,0128 79,9 5728 4942 78555 417944 1,46E-02 -0,00088 903,265779 

66,26578958 1,408 0,9261 0,01620 61,7 0,0420 0,0138 0,0127 71,6 5204 4490 -52791 339389 1,61E-02 -0,00093 919,463411 

71,16911458 1,512 0,9216 0,01501 66,6 0,0454 0,0139 0,0128 77,2 5563 4800 -93831 392180 1,50E-02 -0,00089 947,253147 

79,18869875 1,682 0,9147 0,01339 74,7 0,0509 0,0141 0,0129 86,6 6137 5296 486011 486011 1,35E-02 -0,00083 965,369027 

 

 


