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Abstract 16 

 17 

1D and 3D basin modelling was performed to investigate the Mesozoic carbonate 18 

petroleum systems of the Po Valley basin (northern Italy), through integration of a recent 3D 19 

structural model of the study area with the distribution of potential Triassic source rocks, rock 20 

property, and heat flow models. 21 

Results from standard 1D maturity models show significant over-prediction of the 22 

thermal maturity of deep Triassic carbonates in the western Po Valley, unless the effect of the 23 

substantial overpressure observed in these sequences is incorporated into the model. In order to 24 

further test this observation, two thermal scenarios were applied to the Po Valley 3D geo-25 

volume: one based on the actual geological heat flow and a second model based on a reduced 26 

heat flow as a proxy for the delaying effect of overpressure on hydrocarbon maturation. The 27 

predictions of these two models were then compared with the observed hydrocarbon 28 

distribution in the western Po Valley. 29 

Both thermal scenarios are broadly consistent with the observed hydrocarbon 30 

distribution at the scale of the basin, but in detail, the overpressure model provides a better 31 

match between the predicted charge available from the kitchen areas post-critical moment and 32 
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observed volumes of hydrocarbons initially in place within the traps, as well as with the 33 

observed and predicted hydrocarbon phases, as measured by the gas/oil ratio (GOR) of the 34 

fluids. Overpressure probably significantly delayed hydrocarbon maturation in the western 35 

domain of the basin, confirming results from previous studies. 36 

Beyond regional implications, and despite its relative simplicity and inherent 37 

uncertainties, the adopted approach demonstrates the potential of a consistent 3D integration of 38 

the thermo-structural history of sedimentary basins to constrain the geometry and structural 39 

evolution of hydrocarbon-bearing traps as well as the generation and migration of hydrocarbons 40 

into these traps. 41 

 42 

Key-words: 3D thermo-structural models, thermal maturity, Po Valley tectonics and 43 

hydrocarbons, overpressure, Northern Italy 44 

 45 

 46 

The Po Valley (Northern Italy) (Fig.1a) is the foreland-foredeep basin of the Southern 47 

Alps and the Northern Apennines thrust-belts and forms one of the best known hydrocarbon 48 

provinces in continental Europe (Errico et al., 1980; Pieri & Groppi, 1981; Pieri, 1984; Cassano 49 

et al., 1986; Riva et al., 1986; Bongiorni, 1987; Mattavelli & Novelli, 1987; Nardon et al., 1991; 50 

Mattavelli & Margarucci, 1992; Mattavelli et al., 1993; Lindquist, 1999; Casero, 2004; Bertello 51 

et al., 2010).  The basin stratigraphy consists of a thick (4000-10000m) carbonate-clastic 52 

sedimentary section with both oil and gas having been produced from different levels across 53 

the basin. In this framework, the deep Mesozoic carbonates represent the preferential target for 54 

oil exploration whereas the overlying clastic intervals of Miocene, Pliocene and Pleistocene age 55 

are principally drilled for shallow gas accumulations. 56 

Despite the long history of exploration-production activity and the progression of data 57 

and knowledge acqusition from both academia and industry, the thermal history of the Po 58 

Valley region has been poorly documented in the public literature (Wygrala, 1988; Chiaramonte 59 

& Novelli, 1986), which has focused primarily on the temperature evolution of similar units 60 

cropping out in the adjacent Southern Alps fold-and-thrust units (Bersezio & Bellantani, 1997; 61 

Greber et al., 1997; Calabrò et al., 2003; Fantoni & Scotti, 2003; Scotti, 2005; Carminati et al., 62 

2010). 63 

In an attempt at gathering all available structural and stratigraphic datasets into a 64 

comprehensive view, Turrini et al. (2014) have produced a 3D structural model of the entire Po 65 
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Valley basin. This model provides a spatially consistent structural geo-volume of the Po Valley, 66 

which allows better constraint of the influence of structural inheritance on the kinematic 67 

evolution of this foreland-foredeep system (Turrini et al., 2016) and better integration of the 68 

seismotectonics (Turrini et al, 2015).  69 

As a further step toward a better understanding of the Po Valley hydrocarbon generation 70 

potential, we construct a regional, hydrocarbon-maturity-oriented structural and thermal model 71 

of the buried Mesozoic succession of the Po Valley. This approach relies upon the combination 72 

of our 3D structural model with a 1D and 3D thermal modelling of the entire Po Valley basin, 73 

with focus on the proven (Bertello et al., 2010) deep Mesozoic carbonates petroleum system. 74 

In particular, we aim to model and review the timing of trap formation across the Po Valley 75 

foreland-foredeep domain relative to the progressive maturation and generation history of the 76 

known Triassic source rocks. The possible impact of overpressure on hydrocarbon maturation 77 

is further addressed through thermal modelling considering both the actual geologic heat flow 78 

and a reduced heat flow aimed at approximating the delaying effects of overpressure on 79 

hydrocarbon maturation and generation. Beyond regional implications, this study demonstrates 80 

the utility and applicability of an integrated 3D basin modelling approach to better constrain 81 

the geometry and structural evolution of hydrocarbon-bearing traps in sedimentary basins as 82 

well as the generation and migration of hydrocarbons into these traps. Notably, the study 83 

confirms that the delaying effect of overpressure can be an important factor to be taken into 84 

account in predictions of hydrocarbon maturation and generation. 85 

 86 

The Po Valley basin 87 

 88 

Regional geologic setting 89 

 90 

The geological architecture of the Po Valley basin has been discussed in many recent 91 

papers covering the different structural-stratigraphic aspects of the region (e.g., Turrini et al., 92 

2014, 2015, 2016 and references therein). 93 

The Po Valley basin is a complex basin system that developed as a nearly simultaneous 94 

pro/retro foreland-foredeep of the diachronous and opposite verging Northern Apennines and 95 

Southern Alps mountain belts. During Mesozoic and Cenozoic times, the Po Valley domain 96 

was affected by repeated extensional and compressional events (Fig.1b). These tectonic events 97 

essentially relate to the long-lasting geodynamic effects produced by Tethyan rifting and 98 
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drifting, and subsequent oceanic subduction and collision of the Adria and Eurasian plates 99 

(Dewey et al., 1973; Castellarin, 2001; Carminati & Doglioni, 2012; Pfiffner, 2014 and 100 

references therein). Indeed, the present-day structural pattern is primarily the result of Mesozoic 101 

extension and Cenozoic compression (Pieri & Groppi, 1981; Bongiorni, 1987; Cassano et al., 102 

1986; Castellarin et al., 1985; Fantoni et al., 2004, Ravaglia et al., 2006; Fantoni & Franciosi, 103 

2010; Turrini et al., 2014 and references therein). From Paleogene to present times, the 104 

amplification and propagation of the Northern Apennines and Southern Alps belts controlled 105 

the differential flexure of the Po Valley-Adria lithosphere, the associated tilting and bulging of 106 

the foreland domain, the rapid sedimentation of thick foredeep-type deposits and their 107 

successive involvement within the developing tectonic wedges (e.g., Carminati & Doglioni, 108 

2012 and references therein).   109 

Mainly Miocene-to-Pleistocene thrusting is dominant across the shallow Tertiary 110 

sediments whereas a large part of the basin substratum (Mesozoic and basement) shows 111 

evidence of the pre-compressional tectonic grain, with autochthonous highs and lows of 112 

extension-related origin, partially reactivated by compression. Interference between the 113 

extension-related structures (approximately north-south trending) and the compression-related 114 

ones (generically west-east trending) is a primary characteristic within the basin (e.g., Turrini 115 

et al., 2016) which, given the earthquake distribution, is considered a more active tectonic 116 

province as one moves from west to east (Michetti et al., 2013; Vannoli et al., 2014; Turrini et 117 

al., 2015 and references therein).  118 

The main stratigraphic units across the basin consist of Triassic platform carbonates, 119 

Jurassic to Cretaceous platform and basinal carbonates, overlain by Tertiary clastics (Fig.1c) 120 

(Jadoul, 1986; Cati et al., 1987; Jadoul et al., 1992; De Zanche et al., 2000; Ghielmi et al., 2012; 121 

Masetti et al., 2012; Pfiffner, 2014). This sedimentary package appears to overlie some Permian 122 

sediments and their Hercynian metamorphic basement (Fig.1c). The latter has been drilled by 123 

a few wells within the basin and locally crops out in the hinterland of the Southern Alps and 124 

the Northern Apennines (Cassano et al., 1986; Ponton, 2010; Pfiffner, 2014). 125 

 126 

Exploration history 127 

 128 

Exploration for hydrocarbons in the Po Valley started in the first half of the 20th century 129 

(Pieri, 1984). Soon after the second world war, the investigations progressively covered the 130 

north-east of the basin while the use of electric well logs and cores, the development of updated 131 
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micro-palaeontological techniques and, especially, the acquisition of analogue seismic data 132 

enabled the recognition and understanding of deeper targets. This resulted in the drilling of the 133 

Caviaga 1 well, (1944; 1404 m TD bsl – below sea level), the first gas field discovered by Agip 134 

within the Po Valley and the largest in Western Europe at that time. Between 1945 and 1982, 135 

the newly acquired digital seismic allowed the very deep horizons to be imaged, also favouring 136 

the development of new hypotheses concerning deep lithologies and their associated rock 137 

properties. In the 1980s, new methodologies led to the detailed analysis of the seismo-138 

stratigraphy and the associated structural setting and style of the basin. The integration of well 139 

correlations with seismic interpretation resulted in the construction of the regional base-140 

Pliocene structural map by Pieri & Groppi (1981). From 1973 to 1984, hydrocarbon exploration 141 

of the Mesozoic carbonates developed through investigation of both overthrust structures 142 

developed during Alpine orogenesis and drilling of Mesozoic structural highs formed by 143 

Triassic-Liassic rifting (Bongiorni, 1987; Bertello et al., 2010). Both types of targets proved to 144 

be successful and led to the discovery of four major hydrocarbon fields, namely the Malossa 145 

(gas condensate), Cavone, Gaggiano and Villafortuna (oil) fields. The latter is one of the largest 146 

oil fields in continental Europe and has produced 226 million barrels (MMbbl) of light oil to 147 

date from a record depth of 6000 m bsl. Today the Po Valley stands as an under-explored region 148 

ready for the next exploration phase, with the help of exploitation of updated technologies 149 

integrated with increased knowledge of the basin geology. 150 

 151 

Hydrocarbon systems and hydrocarbon distribution 152 

 153 

Various petroleum systems have been identified and defined on the basis of drilling, 154 

outcrop geology and systematic analysis of the associated oil and gas types (Riva et al., 1986; 155 

Bongiorni, 1987; Mattavelli et al., 1993; Wygrala, 1988; Lindquist, 1999; Bello & Fantoni, 156 

2002; Franciosi & Vignolo, 2002; Casero, 2004; Bertello et al., 2010). 157 

The Triassic-Liassic petroleum systems have produced gas, condensate and light oil 158 

from deep Mesozoic carbonates (Fig.1c). The reservoir consists of dolomitized carbonate 159 

platform units of middle Triassic–Early Jurassic age, charged by middle to Late Triassic 160 

carbonate source rocks deposited in intra-platform lagoons and basins. Traps are mostly 161 

provided by Mesozoic extensional structures locally inverted during the Cenozoic compression. 162 

The Cretaceous-Jurassic pelagic carbonates provide the regional seal. The Villafortuna-Trecate 163 

Field (discovered in 1984; light oil; 226 MMbbl of 43° API oil and 93 billion of cubic feet (bcf) 164 

of gas produced to date), represents the largest oil accumulation associated with this play (Bello 165 
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& Fantoni 2002; Bertello et al., 2010). Second-order oil fields in terms of both size and 166 

production are the Malossa field (discovered in 1973; gas and condensate; approximately 27 167 

MMbbl and 150 bcf gas produced) (Errico et al., 1980; Pieri & Groppi, 1981; Mattavelli & 168 

Margarucci, 1992), the Cavone field (discovered in 1974; 23°API oil; 94.5 MMbbl 169 

hydrocarbons initially in place  HCIIP) (Nardon et al., 1991) and the Gaggiano field (discovered 170 

in 1982; 36°API oil; 20-30 MMbbl estimated reserves) (Bongiorni, 1987; Rigo 1991; Fantoni 171 

et al., 2004).  172 

The Oligo-Miocene petroleum system (Fig.1c) produces thermogenic gas with 173 

secondary quantities of oil from the foredeep successions which are detached and thrust over 174 

the carbonates and belong to the Northern Apennine belt (Mattavelli & Novelli, 1987, 175 

Mattavelli et al., 1993; Bertello et al., 2010). The system is composed of thick turbidite 176 

sequences that supply both the reservoir, source and seal elements and the traps are usually 177 

structural, with the Cortemaggiore and Casteggio fields as typical examples of producing fields 178 

related to this petroleum system. 179 

The Plio-Pleistocene petroleum system contains large volumes of biogenic gas (Fig.1c), 180 

notably at the buried external fronts of the Apennine thrust belt (Mattavelli & Novelli, 1987, 181 

Mattavelli et al., 1993; Lindquist, 1999; Casero, 2004; Bertello et al., 2010). The system 182 

consists of sand-rich turbidites in which thick-bedded sand lobes and thin-bedded, fine-grained 183 

basin plain/lobe fringe deposits are the main reservoir facies associations (Ghielmi et al. 2012). 184 

Interbedded clays are both the source-rock and the effective topseal. Traps are most commonly 185 

structural, yet stratigraphic traps also occur, mainly related to the onlap of turbidite reservoirs 186 

onto the flanks of thrust propagation folds or against the foreland ramp. The Settala field (1977) 187 

is a remarkable example of a mixed structural–stratigraphic trap in the Plio-Pleistocene play 188 

(Bertello et al., 2010). 189 

The 3D basin model discussed in this paper specifically addresses the burial and 190 

temperature history of the thermogenic Mesozoic petroleum system. The Plio-Pleistocene and 191 

Oligo-Miocene systems are not discussed hereinafter. 192 

 193 

Methods, input data and modelling assumptions: building and calibrating the thermo-194 

structural model of the Po Valley at the Mesozoic carbonate level 195 

 196 

Data used for the 3D structural model come from public literature and the archives of 197 

the Italian Ministry of Energy (http://unmig.sviluppoeconomico.gov.it, namely the ViDEPI 198 

project). These data include geological cross-sections, well composite logs as well as 199 

http://unmig.sviluppoeconomico.gov.it/
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geophysical and geological maps. No seismic data have been used during the model building 200 

process because: a) they are poorly distributed across the study area, b) they are generally low-201 

quality images, c) their integration into the model would have required a questionable time-202 

depth conversion, uncertain  due to simplifications in the estimated velocity distribution related 203 

to the widely varying lithologies in the study area. A full description of the whole dataset, and 204 

its distribution across the basin, is provided in Turrini et al. (2014, 2015, 2016). The structural 205 

model was built using Midland Valley’s MOVE software (http://www.mve.com/) while 206 

progressive refinement of the 3D grids and fault pattern was carried out using IHS’s Kingdom 207 

interpretation package (https://www.ihs.com/products/kingdom-seismic-geological-208 

interpretation-software.html). 209 

   The resulting Po Valley 3D structural model (Turrini et al., 2014, 2015) consists of 66 210 

faults and 5 layer grids, namely: the Moho discontinuity, the basement, the near top Triassic, 211 

the top Mesozoic Carbonates, and the base Pliocene. At all levels within the model, the regional-212 

scale architecture indicates the presence of two crustal domains, a western and an eastern 213 

domain separated by the Giudicarie Lineament, a NE-SW oriented feature dissecting the basin 214 

(Fig.2). Shallow structures are formed by folds and thrusts in the Tertiary clastic succession. 215 

Deep structures relate to faulting of the Mesozoic carbonates and their basement, with local 216 

inversion of pre-compressional basins and thin-skinned tectonic imbrication (Fig.3). The area 217 

of interest for the present study is strictly limited to the Northern Apennines and Southern Alps 218 

foreland domain in order to exclude major tectonic over-thickening across the Mesozoic 219 

structures that would have biased the thermal modelling results (see white stippled line in 220 

Fig.2). 221 

Data used to populate the thermal model (back-stripping and thermal parameters, 222 

temperature and heat flow data, palaeo-water depths, total organic carbon – TOC -, hydrogen 223 

index – HI - values, etc.) are taken from published literature and publicly available well data 224 

(Riva et al., 1986; Mattavelli & Novelli, 1987; Wygrala, 1988; Fantoni & Scotti, 2003, ViDEPI 225 

Project) as well as a limited amount of proprietary data. Modelling was carried out using 226 

Zetaware Inc.’s Genesis & Trinity 3D software packages (http://www.zetaware.com/) and 227 

proprietary spreadsheets. 228 

The basin modelling workflow for this study consisted of three phases, described in 229 

detail in subsequent sections of this paper. The workflow is summarized in Table 1. 230 

 231 

Model structural geometries at the Mesozoic carbonate level 232 

 233 

http://www.mve.com/
https://www.ihs.com/products/kingdom-seismic-geological-interpretation-software.html
https://www.ihs.com/products/kingdom-seismic-geological-interpretation-software.html
http://www.zetaware.com/
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The Villafortuna field, the Gaggiano field and the Lacchiarella structure, and the 234 

Malossa field are the most significant structures at the Mesozoic carbonate level which are 235 

considered in the thermal modelling. Despite being located outside the area covered by the 236 

thermal model, the Cavone structure is also described to complement the overall picture. Such 237 

structures a) illustrate the common deformation features affecting the Mesozoic carbonates in 238 

the Po Valley foreland, b) are related to the major tectonic events experienced in the region 239 

(Mesozoic extension and Cenozoic compression) and c) illustrate the main trap types for the 240 

deep Mesozoic oil play within the basin.  241 

 242 

The Villafortuna field: The Villafortuna field (Figs. 2 and 3a, 4) corresponds to a major 243 

compressional structure that involves the Mesozoic section and the underlying basement (Pieri 244 

& Groppi, 1981; Cassano et al., 1986; Bello and Fantoni, 2002; Turrini et al., 2014, 2016). The 245 

structure is weakly displaced towards the NW and wedges into the overlying Tertiary 246 

sediments, which, in turn, are thrust to the SE along the Romentino front (RF in Fig.4a, c, d). 247 

The base Pliocene unconformity separates the deformed Oligo-Miocene succession from the 248 

undeformed Plio-Pleistocene deposits. The field structure consists of a dome-type anticline, 249 

regionally plunging towards the SW and the NE (Fig.2 and 4a). Faults are SE and NW-dipping 250 

thrusts that cut down to the basement while controlling the gentle, final pop-up geometry below 251 

the Tertiary package (Fig.3 and 4c-d).  Displacement is essentially towards the NW with an 252 

average throw of some 3 km at top carbonate level. In perspective and map view, the faults 253 

show an en-echelon pattern (Fig.4b). The presence of a complete late and middle Triassic 254 

reservoir-source section is reported within the field while a few hundred meters of Jurassic-255 

early Cretaceous, basinal carbonates provide the likely topseal (Casero, 2004 and references 256 

therein; Bertello et al., 2010). According to the final 3D model, the trap area of the field is 257 

approximately 100 km2 and likely compartmentalized by Triassic-Jurassic normal faults 258 

(Casero, 2004 and references therein). These, given the lack of public information, could not 259 

be represented inside the structural model. The geometrical relationship between Tertiary 260 

sediments and the Mesozoic-basement assemblage within the Villafortuna tectonic wedge 261 

suggests that the age of the trap is mainly late Miocene (Turrini et al., 2016) with displacement 262 

of a pre-compressional Triassic high (Fig. 4c). 263 

 264 



 

9 
 

The Gaggiano field and the Lacchiarella structure: The Gaggiano-Lacchiarella structure 265 

(Fig.5) is a crustal-scale tectonic feature which cuts across the entire Po Valley basin and 266 

extends towards the Southern Alps to the north and the Northern Apennines to the south (see 267 

Gaggiano location in Fig.2). This feature has a complex history: it initiated as a north-south 268 

striking, east-dipping extensional fault system in the Liassic, underwent initial inversion in the 269 

Oligocene and was weakly reactivated during the Miocene (Fantoni et al., 2004; Turrini et al., 270 

2016). Liassic extension resulted in significant footwall erosion over the crest of the Gaggiano 271 

footwall high and in the deposition of an expanded section of deep-water Jurassic and 272 

Cretaceous carbonates in the subsiding Lacchiarella hangingwall basin. Oligocene inversion 273 

resulted in approximately no net extension at top Triassic level across the feature. Inversion and 274 

vertical expulsion of the thickened Jurassic-Cretaceous deep-water carbonate sediments, 275 

originally deposited in the Lachiarella hanging wall basin resulted in a regional north-south 276 

striking anticline immediately to the east of, and above, the trace of the extensional Liassic fault 277 

system (Fig.5). The structural framework derives from the overprinting of Mesozoic 278 

extensional and Tertiary compressional tectonics, as revealed by 2D sections through the model 279 

volume (see Fig.5c-e). Major faults in the region are east-dipping whereas the associated 280 

secondary faults are west-dipping, with the two fault sets bounding the Gaggiano high and the 281 

Lacchiarella basin. The Gaggiano field (Fig.3a and 5) is located on the west-dipping footwall 282 

crest of the north-south Triassic-Liassic extensional fault system (Cassano et al., 1986; 283 

Bongiorni, 1987; Fantoni et al., 2004; Turrini et al., 2014, 2016). Within the field, the Mesozoic 284 

section is extremely thinned by erosion associated with syn-extensional footwall uplift. 285 

basement is encountered by wells at the exceptionally shallow depths of approximately 5 km 286 

bsl (Fig. 5c-e). Based on the 3D model reconstruction, the top reservoir at Gaggiano lies just 287 

below the top Mesozoic surface, at an average depth of 4.5 km bsl, giving a closure of 288 

approximately 30 km2 and defining a relatively limited  four-way-dip  closure at the crest of the 289 

regional footwall (Bongiorni, 1987). This trap was formed by Liassic extension and underwent 290 

minor rotation during the Cenozoic, along with the deposition of Oligo-Miocene foredeep 291 

sediments. The top-seal is provided by intra-platform basinal carbonates (Meride formation), 292 

which also form the source rock for the field (Bongiorni, 1987; Bertello et al., 2010). Wells 293 

drilled on the Lacchiarella inversion structure (Lacchiarella-2 – 1978 - and San Genesio - 1994) 294 

have encountered significantly increased thicknesses of Jurassic and Cretaceous basinal 295 

limestones, confirming the overall tectono-stratigraphic model, but have failed to encounter 296 

significant hydrocarbons at the Triassic objective levels. 297 
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 298 

The Malossa field : The Malossa field (Fig.3a - 6) is located in the western sector of the Milano 299 

tectonic arc (see Fig.2). The field is one of a number of structures which deform the Po Valley 300 

Mesozoic foreland and have been buried beneath the Tertiary foredeep wedges to the south of 301 

the Southern Alps belt (Errico et al., 1980; Pieri & Groppi, 1981; Cassano et al., 1986; 302 

Mattavelli & Margarucci, 1992; Fantoni & Franciosi, 2010; Turrini et al., 2014). The reservoir 303 

of the field is provided by fractured late Triassic platform carbonates while the overlying 304 

Jurassic-Cretaceous basinal carbonates constitute the seal, along with some further reservoir 305 

sections. The source rock has not been proven within the field area. However, analysis of the 306 

oil (Mattavelli & Novelli, 1987; Mattavelli & Margarucci, 1992; Bertello et al., 2010) suggests 307 

a late Triassic source rock (Argilliti di Riva di Solto), a lithology which crops out extensively 308 

in the Southern Alps, to the north of the Malossa region (Fantoni &Scotti, 2003). Stratigraphy 309 

from the well information indicates the presence of a Triassic-Liassic high. The trap is provided 310 

by a NW-SE oriented, faulted anticline, plunging towards both the NW and the SE. The 311 

associated major thrust is NE dipping and it displaces the structure towards the SW. Minor 312 

faults are reported to intersect the fold crest, creating structural compartments within the field 313 

(Mattavelli & Margarucci, 1992). From the structural model, the average depth to the top 314 

Mesozoic structural crest is 5 km bsl, while the field area is approximately 15 km2 (Fig.6a). The 315 

final age of trap formation is mainly late Miocene with some minor reactivation during the Plio-316 

Pleistocene (Turrini et al., 2016). 317 

The 3D model (Fig.6) shows that the Malossa structure was formed byfolding and 318 

thrusting of the Mesozoic carbonates and the related basement. Sections through the model 319 

volume (Fig.6c-e) confirm that inversion of the Triassic-Liassic extensional basins controls the 320 

overall structural style in the region (Cassano et al., 1986; Ravaglia et al., 2006; Fantoni & 321 

Franciosi, 2010; Masetti et al., 2012) with both reactivation of Mesozoic extensional faults and 322 

creation of new faults , which locally cut through the pre-existing highs.  The Chiari and 323 

Belvedere structures, to the NE of the Malossa field are significant,.and together with the 324 

Lacchiarella structure (see section 4.1.2, Fig. 5), are the main evidence of the basin inversion 325 

that took place in the western Po Valley domain (cf. Figures 12 & 13 in Turrini et al., 2016). 326 

Key-characteristics of these two structures, as compared to Malossa are as follows: (a) 327 

the structures are inverted Liassic half-grabens and the thick (5 km) Mesozoic carbonates are 328 

vertically extruded by Miocene inversion (the Malossa structure is essentially a pre-existing 329 
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Triassic-Liassic high deformed by Cenozoic thrusting); (b) the Mesozoic faults are reactivated 330 

(if the map shown by Mattavelli & Margarucci, (1992) is considered correct, it is possible to 331 

argue that pre-compressional faults – not represented in the 3D model - are passively displaced 332 

by new thrusts in the Malossa structure); (c) some tectonic over-thickening of the Jurassic 333 

sediments can be interpreted from the public composite log (the Malossa well data does not 334 

appear to show any tectonic repetition); (d) the basement is involved in the structuration (as at 335 

Malossa); (e) the age of the present structural geometries is essentially late Miocene with some 336 

minor contribution from Pliocene tectonics (as at Malossa). 337 

 338 

The Cavone field: The Cavone field (Fig.3b-7) is situated on the lateral ramp of a major 339 

tectonic arc (i.e. the Ferrara arc) at the buried front of the eastern Northern Apennines (see 340 

Fig.2) (Pieri & Groppi, 1981; Cassano et al., 1986; Nardon et al., 1991; Turrini et al., 2014, 341 

2016). The structure is a thrust-related fold where Mesozoic and Tertiary sediments are 342 

intensely faulted and fractured (Cassano et al., 1986; Nardon et al., 1991; Carannante et al., 343 

2014). The age of the trap is essentially Plio-Pleistocene although Miocene tectonics might have 344 

contributed to the early stage development of the field (Castellarin et al., 1985; Nardon et al., 345 

1991; Ghielmi et al., 2012; Turrini et al., 2016). The 3D structural model shows the imbrication 346 

of the Mesozoic units and the clear asymmetry of the associated thrust-related fold (see Fig.7): 347 

as such, faults inside the tectonic stack are mainly SSE dipping and the derived faulted anticline 348 

is NNW verging (Fig.7c). The observed vertical throw that separates the Cavone hanging-wall 349 

and foot-wall units (i.e. the Po Valley foreland) is around 1.5 km on average. The structural 350 

geometry described suggests a major detachment surface at the base of the Triassic sediments 351 

(arrow in Fig.7c & d) and makes any involvement of the basement particularly unlikely 352 

(Cassano et al., 1986; Nardon et al., 1991) unless short-cutting and slicing of the footwall of 353 

the foreland unit has occurred (Carannante et al., 2014). The depth to the Cavone culmination 354 

from the available public data is approximately 3 km bsl, to near top Mesozoic and and 4 km 355 

bsl to top Triassic respectively. According to the reconstructed geometry, the field area would 356 

be in the order of 30 km2 (Fig.7a, c, d). 357 

 358 

Defining source rock distribution and building Gross Depositional Environment (GDE) maps 359 

in the Mesozoic carbonates 360 
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Middle and Late Triassic intervals (Fig. 8a) are the major source rocks for the deep 361 

Mesozoic petroleum system of the Po Valley (Mattavelli & Novelli, 1987; Mattavelli et al., 362 

1993; Zappaterra, 1994; Lindquist, 1999; Katz et al., 2000; Casero, 2004; Bertello et al., 2010). 363 

A description of the spatial distribution of these source intervals (Fig. 8b-c) and the assignation 364 

of the related main parameters describing hydrocarbon generation potential (net source 365 

thickness, TOC, HI etc.) (Table 1) are, as a consequence, key inputs for the basin modelling. 366 

The present section describes how the source model was constrained within the 3D basin model. 367 

The definition of the source rock depositional setting and basin geometry across the Po 368 

Valley is a rather difficult task. Indeed: a) the tectonic history of the basin is complex and 369 

polyphased; b) only a few deep wells have drilled through the Triassic source intervals; c) 370 

mapping the lateral extent of the source rocks is not easy, given the lack of a clear seismic 371 

expression in the basins where the source rocks were deposited. Source rock distribution in the 372 

model is consequently described by the construction of Gross Depositional Environment maps 373 

(GDE maps) produced for key intervals. 374 

 375 

Two loosely defined tectonically-controlled megasequences can be identified: a) a 376 

mainly middle Triassic (Anisian to late Carnian) megasequence, associated with extensional-377 

transtensional tectonics and local volcanism driven by plate scale wrench movements or aborted 378 

rifting; and b) a mainly late Triassic (late Carnian to early Liassic) megasequence, associated 379 

with Tethyan rifting. The middle Triassic megasequence (Fig. 8a) commences with the tectonic 380 

segmentation of the widespread epeiric carbonate-evaporitic platform system that dominated in 381 

the early Triassic. From the late Anisian onwards, intra-platform basins developed and euxinic 382 

conditions occurred periodically. This regional setting resulted in the deposition of organic-rich 383 

basinal carbonates over the entire Po Valley realm: the Meride limestone, the Besano and Gorno 384 

formations were deposited in the Western Po Valley whereas the Livinallongo formation, the 385 

bituminous events in the Predil Limestone and the Rio del Lago formation were deposited in 386 

the Eastern Po Valley. From the early Carnian onwards, subsidence slowed and platform 387 

carbonates prograded across the basins ending this first phase of deposition of organic-rich 388 

facies. The gross depositional environment map in Figure 8b shows the interpreted spatial 389 

distribution of potential source rock basins for this megasequence; in the western Po Valley, 390 

such basins are interpreted to have an approximately north-south orientation, whilst in the 391 

eastern Po Valley, the basins are interpreted as oriented north-east to south-west (Franciosi & 392 

Vignolo, 2002). In the western Po valley, two potential source basins are identified: the Anisian 393 

to Ladinian Meride-Besano basin and the Carnian Gorno basin, situated to the west and east of 394 
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Milan, respectively. The source potential of the former is confirmed by geochemical correlation 395 

with the oils from the Villafortuna-Trecate and Gaggiano fields (Bello & Fantoni, 2002). The 396 

source rock potential of the Gorno basin is more speculative: the enrichment of organic matter 397 

is reported from outcrops (Stefani & Burchill, 1990, Assereto et al, 1977, Wygrala, 1988) within 398 

sediments deposited in shallow anoxic lagoons developed within a mixed clastic-carbonate 399 

depositional system (Gnaccolini & Jadoul, 1990). Nevertheless, little direct evidence exists for 400 

hydrocarbons having been generated in the subsurface from that formation. Indeed, extension 401 

of this facies southwards, into the subsurface of the Po Valley is exclusively based on the 402 

occurrence of an analogous facies in one of the wells within the Malossa field.  In the Central 403 

Po Valley, along the buried Ferrara arc (i.e. the buried, external front of the Northern 404 

Apennines), the presence of a Mid Triassic source basin is inferred from the Cavone field oil-405 

source correlation: this indicates a middle Triassic oil-prone carbonate source rock similar to 406 

the Meride Formation of the western Po Valley (Mattavelli & Novelli, 1987; Nardon et al., 407 

1991). In the eastern Po Valley and Adriatic foreland, the distribution of potential source basins 408 

is taken from Franciosi & Vignolo (2002) with two offshore middle Triassic basins identified, 409 

the Ada and Amelia basins, as constrained by 3D seismic. However, the presence of source 410 

rock facies remains speculative. Onshore, organic-enriched middle Triassic (Anisian-Carnian) 411 

basinal marls and wackestones up to several tens of metres thick are known within the thick 412 

basinal successions of  the Livinallongo, Predil, Rio del Lago and Durrenstein Formations of 413 

the south eastern Alps (Brack & Rieber, 1993; Fantoni & Scotti 2003; Keim et al 2006). Similar 414 

facies are encountered in the subsurface of the Po Valley at the Villaverla-1 well: these facies 415 

can be interpreted to lie within one of several north-east to south-west oriented basins, of similar 416 

dimensions to those mapped offshore on 3D seismic data (proto-Belluno trough, Masetti et al. 417 

2012). 418 

Extensional tectonics during the middle-late Norian in the Central Southern Alps and in 419 

the Carnian Pre-Alps resulted in the progressive segmentation of the widespread Dolomia 420 

Principale carbonate platform formed during late Carnian and early Norian quiescence. 421 

Extension developed approximately north-south oriented, intra-platform basins up to several 422 

tens of kilometres wide (Jadoul et al., 1992) which expanded as rifting progressed in the Liassic. 423 

Drowning of large sectors of the platform led to fully open marine deep-water conditions which 424 

were associated with the Tethyan-Ligurian Ocean. Eventually, restricted anoxic conditions 425 

developed during the Late Triassic. This resulted in the preservation of high levels of organic 426 

material within the basinal limestone facies, for example in the Argilliti di Riva di Solto, Zu, 427 

and Aralalta formations in the Central Po Valley, and the Dolomia di Forni of the Eastern Po 428 
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Valley. The GDE map in Figure 8c shows the interpreted spatial distribution of these potential 429 

source basins: the main basin in the western Po valley is the Riva di Solto basin of mid to late 430 

Norian age. This basin developed in the subsiding hanging wall of the major late Triassic-431 

Liassic Gaggiano-Lacchiarella extensional fault system (Fantoni & Franciosi, 2010). Thinner 432 

sequences of organic-rich sediments were also deposited in a mid to outer ramp setting, in the 433 

overlying Rhaetian carbonate ramp represented by the Zu Formation (Stefani & Burchill 1990, 434 

Galli et al 2007). The source potential of these successions is well documented both from 435 

outcrop (Jadoul et al., 1992) and geochemical typing of the oils from the Malossa field data 436 

(Mattavelli & Novelli, 1987). In the eastern Po valley, the upper megasequence commences 437 

with a widespread late Carnian transgression, resulting in deposition of the organic-rich 438 

dolomites of the Monticello Formation, in an inner ramp setting. An organic-rich facies, about 439 

60m thick, ascribed to this interval is reported in the offshore Adriatic foreland at the Amanda-440 

1bis well (Carulli et al 1997).  As transgression continued into the Norian, differentiation 441 

occurred in areas dominated by the widespread Dolomia Principale Platform, passing laterally 442 

into narrow (km to a few tens of km) anoxic basins. An example is the area of the future Belluno 443 

Trough where the organic rich Dolomia di Forni was deposited (Carulli et al 1997), locally 444 

attaining thicknesses of 850m. Within the Dolomia Principale, anoxic intra-platform lagoons 445 

developed locally and these are reported (Carulli et al 1997) onshore, in the eastern Southern 446 

Alps (over 100m of laminated dolomites and “scisti bituminosi” at Rio Resartico) and in the 447 

Adriatic offshore (the Amanda-1bis well). 448 

The GDE maps (Fig.8b-8c) were used to define the lateral source rock distribution 449 

within the 3D basin model. Source parameters were then assigned to each polygon. The net 450 

thickness of source intervals is poorly constrained: the gross thickness of the source-bearing 451 

interval may locally reach 1 km inside the major depocentres (Pieri, 2001) whilst Fantoni et al. 452 

(2002) define 400m of gross thickness for the Meride-Besano source interval in the 453 

Villafortuna-Trecate field. On this basis, net source thickness has been assigned with reference 454 

to the interpreted GDE, with a) long-lived anoxic basins assigned a net source thickness of 50m, 455 

b) episodically anoxic basins assigned 25m, and c) intra-platform/ ramp anoxic lagoons 456 

assigned 12.5m. 457 

In general, potential source rocks are carbonate-argillaceous sediments with TOC 458 

varying from a maximum of 40% in the Besano Shales to a minimum of 0.10% within the 459 

Meride Limestone, with an average of ~ 4% (Novelli et al., 1987, Fantoni et al., 2002, Katz et 460 

al, 2000). Kerogen types are dominantly of marine origin, with a secondary component of 461 

terrestrial material. For all source rocks within the model, those kerogen types have been 462 
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parameterized as 90% Type-A kerogen and 10% Type-F kerogen, using default kinetic 463 

parameters as defined by Pepper & Corvi (1995a-b) and as shown in Table 2. The only 464 

exceptions are the potential source rocks of the Gorno Formation which are described as 465 

dominantly consisting of reworked terrestrial material (Stefani & Burchill, 1990) and have 466 

consequently been parameterized as 10% Type-A kerogen and 90% Type-F kerogen. 467 

The petroleum potentials derived from these source parameters are reported in Table 2. 468 

They appear to be consistent with those reported in the literature: Fantoni et al (2002) suggest 469 

a formation average petroleum potential for the Meride-Besano interval at Villafortuna-Trecate 470 

of 21 kg of hydrocarbons per ton (HC/ton) of rock, whilst Bello & Fantoni (2002) indicate a 471 

source potential index of 4t  of hydrocarbons per square meter (HC/m2)(or 30 million barrels 472 

per square km - MMbbl/km2) for the mid Triassic petroleum system of the western Po Valley 473 

and of 3t HC/m2 (or 22 MMbbl/km2) for the Late Triassic petroleum system. 474 

 475 

Model rock physical properties 476 

The rock properties used as input for modelling include the following: 1) chrono-litho-477 

stratigraphy; 2) surface porosities; 3) compaction coefficients; 4) bulk densities; 5) radiogenic 478 

heat generation parameters for each lithology; 6) thermal conductivities and their temperature 479 

dependencies. These parameters were mainly derived from exploration wells or adjacent 480 

outcrop analogues (Berra & Carminati, 2010, Pasquale et al 2011, Pasquale et al, 2012) (Table 481 

3).  482 

The chrono-litho-stratigraphic section used in the 1D modelling was built by assigning 483 

the percentages of end member lithologies present for each stratigraphic unit described (Fig 484 

9a). Back-stripping and thermal properties were defined based on lithology. For mixed 485 

lithologies, properties are derived from the end member lithologies combined with the relative 486 

percentage of each using the appropriate mixing model: simple volumetric weighting is used to 487 

calculate surface porosity, compaction coefficient, density, volumetric heat capacity and 488 

radioactive heat generation, whilst thermal conductivities are calculated using a geometric 489 

mixing law (Pasquale et al. 2011). Temperature dependency of thermal conductivity is 490 

incorporated into the model using an approximation to the Sekiguchi Correction (Sekiguchi, 491 

1984). A summary of the properties assigned for each end member lithology is given in Table 492 

3. 493 

Model pressure in the Mesozoic carbonates 494 
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 495 

The Mesozoic carbonates of the western Po valley are characterized by high 496 

overpressures and these represent a significant challenge to deep exploration (Pietro et al., 1979; 497 

Vaghi et al., 1980). Early workers argued that formation pressure exerted a significant control 498 

on hydrocarbon maturation in the area, by illustrating a correlation of the possible overpressures 499 

with the difference between observed and theoretically calculated measures of maturity 500 

(Chiaramonte &Novelli, 1986). While using a global dataset that included data points from the 501 

western Po Valley, subsequent investigations highlightedthe relationship between vitrinite 502 

reflectance and formation overpressure (Carr, 1999). This work resulted in a quantitative model 503 

based on modifying the Easy%Ro algorithm of Sweeney & Burnham (1990), which is based 504 

on the temperature history of a sample, to include an overpressure term. Following the emphasis 505 

placedby previous workers in the area on overpressure as a delaying factor on thermal maturity, 506 

one of the objectives of the present study was to investigate this effect and, should its 507 

importance be confirmed, incorporate it into the 3D basin modelling. 508 

Novelli et al (1987) briefly reviewed the overpressure distribution in the western portion 509 

of the study area. This distribution is characterized by a normally pressured shallow clastic 510 

aquifer of Pliocene age and a deep, overpressured carbonate aquifer of Triassic age. This latter 511 

corresponds to the units that host the Triassic petroleum systems discussed in this paper. The 512 

two aquifers are separated by an aquitard consisting of fine-grained clastic rocks of Miocene to 513 

Paleogene age and fine-grained basinal carbonates of Paleogene to Jurassic age. This aquitard 514 

is characterized by a strong pressure ramp connecting the normally pressured shallow aquifer 515 

to the overpressured deep carbonate aquifer. These authors interpret overpressures as due to 516 

high sedimentation rates associated with foredeep sedimentation from the Oligocene onwards. 517 

Hydraulic isolation of the deep carbonate aquifer occurred during middle to late Miocene times 518 

due to Alpine thrusting, resulting in creation of the deep carbonate pressure cell, in the western 519 

Po Valley. Eventually, rapid burial during the Plio-Pleistocene produced the present distribution 520 

of overpressure within both the deep carbonate aquifer and the mixed clastic-carbonate 521 

aquitard. 522 

In this study, the data and models presented by Novelli et al. (1987) were extended in 523 

two ways: a) by creating 1D pore pressure models for both the aquitard and the deep carbonate 524 

aquifer (for key wells), as an input to modelling the thermal maturity of organic matter; b) by 525 

reviewing the distribution of overpressures within the deep carbonate aquifer against the 526 

structure maps from the 3D model, while developing an understanding of the spatial and 527 

temporal distribution of these overpressures. 528 
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The 1D pore pressure models for individual wells were built in two steps: firstly a 529 

constant overpressure was estimated for the deep carbonate aquifer, based either on pressure 530 

data from the well in question or from data presented by Novelli et al (1987) (their Fig. 7); 531 

secondly available pressure data (primarily mud-weight data, but with occasional well test or 532 

MDT data) in the aquitard were modelled using the Mann & Mackenzie (1990) approach; in 533 

this process, the Plio-Pleistocene sedimentation rate was one key input whilst lithology within 534 

the aquitard and top overpressure were other key inputs (Mann & Mackenzie, 1990). An 535 

example of such a model is shown in Fig. 9b for the Belvedere well. 536 

The 3D structural model clearly indicates that the overpressures are confined to a 537 

regional scale anticline developed at the Top Triassic level in the western Po valley (thick red 538 

line in Fig. 2), and that this anticline was in place by the end of the Miocene, although it 539 

probably formed sometime in the Paleogene (Turrini et al., 2016; see trap formation map in 540 

Figure 15). This anticline is isolated from the normally pressured carbonates of the eastern Po 541 

valley (e.g. the Malpaga-1 well; Novelli et al., 1987), across the Chiari syncline (Fig.2) which 542 

takes the Triassic sediments to a depth of 8-8.5 km  bsl. 543 

 544 

Model water depths and heat flow  545 

 546 

Palaeo-water depths were inferred from a) the depositional facies locally defined at the 547 

different well locations and b) the GDE maps for key intervals (Fig.8b-c). These depths broadly 548 

correlate with those considered by Winterer & Bosellini (1981) for the Mesozoic carbonates 549 

and by Di Giulio et al. (2013) and Ghielmi et al. (2012) for the Cenozoic. Finally, sediment-550 

surface interface and palaeo-temperatures are derived by combining palaeo-water surface 551 

temperatures based on the relative latitude of the Po Valley through time with a discrete water 552 

depth-temperature relationship such as that proposed by Defant (1961). 553 

The heat flow model (Fig. 10) has been defined following a comparative review of 554 

published data, primarily from the Southern Alps (Mattavelli & Novelli, 1987; Greber et al., 555 

1997; Fantoni & Scotti, 2003; Zattin et al., 2006; Scotti & Fantoni, 2008; Carminati et al., 2010; 556 

Grobe et al., 2015). There is general consensus around two episodes of increased heat flow 557 

during the Mesozoic: the first in the middle Triassic, caused by a first pulse of extensional 558 

tectonic activity, which resulted in the development of the basins where the middle Triassic 559 

source rocks were deposited; the second during the early Jurassic, associated with the full 560 

development of Tethyan rifting. A late Cenozoic reduction in the heat flow trend is observed 561 

due to high sedimentation rates and rapid burial in the foredeep, related to the advancing 562 
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Southern Alps and Northern Apennine fronts. This is consistent with the basin geodynamics 563 

and associated tectono-stratigraphic evolution of the Po Valley region (see section 2.1). The 564 

present day heat flow has been estimated on the regional map of Italy of Della Vedova et al. 565 

(2001), with corrected well temperature data where available. 566 

 567 

Calibration of 1D thermal model and assumptions underlying overpressure modelling 568 

 569 

A number of well locations, with available temperature and/or maturity data, were 570 

selected for 1D modelling to provide a reasonable geographic spread across the Po Valley 571 

region. Maturity data are mainly collected from the literature (particularly Wygrala, 1988; 572 

Chiaramonte & Novelli, 1986; Fantoni & Scotti, 2003) with the addition of some proprietary 573 

data.   Furthermore, some pseudo-wells were constructed to fill in the areas where well data 574 

were sparse. The chrono- and litho-stratigraphy for each well were derived from the relevant 575 

composite log, with physical properties (porosity, density, thermal conductivity) being assigned 576 

based on lithology as described in section 3.3. Measured temperature data reported on the 577 

composite log were corrected to in-situ temperature using the approach described by Pasquale 578 

et al. (2012). In general, the available maturity data for the Mesozoic carbonates were limited 579 

and of poor quality, frequently showing substantial scatter. Much of the data consists of 580 

maximum Temperature (Tmax) values from Rock-Eval pyrolysis analysis. Those data were 581 

converted to vitrinite reflectance (%Ro) equivalent values using the relationship of Jarvie et al. 582 

(2001). The satisfactory nature of this relationship in the study area was confirmed at wells with 583 

both Tmax and vitrinite reflectance data available. 584 

As a first calibration step, the present-day temperature-depth relationship calculated 585 

from the model was compared with the corrected temperature values derived from the 586 

composite log. An example is the Belvedere-1 well (Fig. 9c). In general, the match between 587 

model and observation was acceptable particularly over the targeted carbonate section. Once a 588 

good match was obtained between temperature observations and predictions from the model, 589 

maturity profiles were calculated for each well and pseudo-well. Additionally, for wells with 590 

maturity data, the calculated profile was compared with observed data. As an example, Figure 591 

9d clearly indicates that the maturity profile calculated by the Easy %Ro algorithm (which uses 592 

only the temperature history of each data point, Burnham & Sweeney, 1989) for the Belvedere-593 

1 well, substantially over-predicts the observed thermal maturity: this is particularly true in the 594 

Mesozoic carbonates. In contrast, algorithms that incorporate the overpressure history, in 595 

addition to the temperature history, appear to produce a better fit to the observed data, with the 596 
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PresRo algorithm of Carr (1999) producing very similar results to the alternative T-P-Ro 597 

algorithm of Zou & Peng (2001). It is noteworthy that Carr,1999, incorporates overpressure 598 

effects into the Easy%Ro model by introducing a pressure based modification to the frequency 599 

factor, whilst Zou & Peng, 2001, introduce an overpressure based modification to the activation 600 

energies. For the purposes of this modelling exercise, it was assumed that pressures were 601 

hydrostatic up to the end Miocene isolation of the deep carbonate aquifer in the western Po 602 

valley. From the end of the Miocene onwards it was assumed that overpressures increased 603 

linearly with time up to the present day values modelled for a particular interval.  As for the 604 

Belvedere 1, other wells included in the dataset showed similar results, with an improved fit to 605 

observed maturity data from models incorporating overpressure and over-prediction of maturity 606 

using Easy%Ro. Of particular note at the Belvedere-1 well is the way in which the results of 607 

the overpressure algorithms converge with the Easy %Ro model below 7,500m tvdss (Fig.9d). 608 

This is likely due to peak maturity deep within the carbonate section having been achieved 609 

during the Liassic rift event, long before significant overpressure entered the system. Such an 610 

early maturity was a consequence of the thick syn-rift section deposited at this location, 611 

combined with elevated heat flows. Notwithstanding the relatively poor quality and scattered 612 

nature of the maturity data, this analysis would appear to support the inference that overpressure 613 

has delayed the thermal maturity of the Triassic source rocks in parts of the Po Valley as 614 

suggested by Chiaramonte & Novelli (1986) and Carr (1999). 615 

The Genesis and Trinity 3D modelling software from Zetaware, Inc. used in this study 616 

does not incorporate algorithms that include the overpressure effect. The most appropriate 617 

modelling strategy was therefore to approximate the overpressure effect in the software by 618 

applying a reduced heat flow, given that overpressure appears to act to delay maturation (Carr, 619 

1999). Figure 9d shows that the maturity profiles calculated for the Belvedere-1 well using the 620 

overpressure algorithms are approximated by a temperature-only maturity model using a heat 621 

flow that is 15m watts per square meter (W/m2) lower than the currently observed heat flow at 622 

this location.  Hence, to replicate the overpressure history in the basin, the reduced heat flow 623 

model was built to equal the geological heat flow up to the end of the Miocene. From that 624 

moment, the heat flow was varied linearly to reach a present day value that is 15mW/m2 lower 625 

than the observed present day heat flow. Similar results were obtained for other wells in the 626 

dataset. This analysis was also repeated for a number of pseudo-well data points covering the 627 

depth range of the Triassic source rocks within the model overpressure cell. This operation 628 

confirms that a reduced heat flow model satisfactorily replicates the maturity trends generated 629 

by the overpressure model. 630 
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 631 

Modeling results 632 

1D thermal model and hydrocarbon generation 633 

 634 

 The results from 1D modelling for well and pseudo-well locations in the western, 635 

central, east-central and eastern Po Valley are summarized in Figure 11. For the western and 636 

central Po Valley, two sets of results are provided, one based on the actual geological heat flow 637 

and one which considers the effect of overpressure through application of the reduced heat flow 638 

model from end Miocene times. In the western Po Valley, west of Milan (Fig. 11a), the Triassic 639 

source intervals reached maturity during the Miocene as a result of burial beneath the thick 640 

Alpine foredeep sediments. These source rocks are currently in the late oil window. In contrast, 641 

in the central Po Valley east of Milan (Fig. 11b), Triassic source rocks started generating 642 

hydrocarbons during the Jurassic, with renewed generation in the Miocene, and are currently in 643 

the late oil to gas windows. This generation process is probably due to the increased thickening 644 

of syn-rift Liassic carbonates in the hanging wall of the Gaggiano-Lacchiarella fault system, 645 

combined with high syn-rift heat flows. For both the western and central Po Valley well 646 

locations, the reduced heat flow / overpressure model shows lower maturity, all through Plio-647 

Pleistocene. In the western Po Valley, this equates to the difference between middle oil maturity 648 

(%Ro ≈ 0.8) and wet gas maturity (%Ro ≈ 1.3). 649 

Over most of the eastern Po Valley, middle Triassic source rocks attained early maturity 650 

during the Jurassic (Fig. 11c) due to thick carbonate deposition and high heat flows, with only 651 

minor increases in maturity to present day as a result of lower heat flow and/or a low 652 

sedimentary depositional rate. During the same time interval, Late Triassic source rocks 653 

remained immature to very early mature (Fig. 11c). Figure 11d shows the 1D model for part of 654 

the Trento Platform in the eastern Po Valley where sedimentation rates remained particularly 655 

low. In this location only limited generation potential isenvisaged, with the early oil window 656 

being reached by the middle Triassic source rocks in the late Miocene to Recent, whilst late 657 

Triassic source rocks are essentially immature at the present day. 658 

 659 

3D thermal model and hydrocarbon generation   660 

 661 

Results from 1D modelling (see above) and GDE maps have been integrated with the 662 

3D structural model to create a 3D thermal model of the entire Po Valley foreland basin. Using 663 
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the 1D well models as anchor points, two thermal histories were created and calibrated to best 664 

represent the thermal histories of the Middle and Late Triassic source intervals, one based on 665 

the actual geological heat flow model and one based on the reduced heat flow to replicate the 666 

effect of overpressure. In particular, the reduced heat flow associated with the overpressure 667 

model is confined to the area of the regional scale anticline at Top Triassic level that contains 668 

the overpressure cell, as shown in Fig. 2. Outside this area, the two heat flow models are equal. 669 

The progressive change in transformation ratio through time across the Po Valley for 670 

the middle and late Triassic source intervals from the Mesozoic to the end Miocene is illustrated 671 

in Figure 12. For middle Triassic source rocks early oil maturity is attained during the Jurassic 672 

to the east of the Gaggiano Lacchiarella fault system and in most of the eastern Po Valley whilst 673 

to the west maturity remains low (Fig 12a). This clearly fits the 1D modelling scenarios and 674 

confirms the results presented by Novelli et al., 1987. 675 

The maturity pattern is attributed to high syn-rift heat flows associated with Liassic 676 

rifting, combined with the deposition of a) thick sequences of basinal limestones in the 677 

hangingwall of the Gaggiano Lacchiarella fault system, b) thick shallow marine carbonate 678 

deposits in the area of the Trento Platform (Fig. 2) and c) thinner basinal sequences to the west 679 

(footwall) of the Gaggiano Lacchiarella tectonic trend. Through the Cretaceous only small 680 

increases in maturity are observed due to low sedimentation rates in a deep-water, basinal 681 

setting. During this period, heat flows returned to typical passive margin setting levels (Fig. 682 

12b) (Fantoni & Scotti, 2003). Remarkably in Jurassic and Cretaceous times, the Late Triassic 683 

source rocks remain immature, except in the vicinity of locally thick carbonate deposits, 684 

particularly in the central and north-western Po Valley (Fig.12d-e). 685 

During the early Tertiary and up to the end of the Miocene, the enhanced clastic influx 686 

from the Southern Alpine and Northern Apennines thrust belts increased burial of both Triassic 687 

source intervals with further increases in maturity. Locally, where sedimentation rates were 688 

highest, such as in portions of the Southern Alpine foredeep, this resulted in the completion of 689 

the kerogen transformation process (Fig 12c-f). Notwithstanding this, the Liassic structural 690 

grain continued to exert an influence on maturity patterns with much of the Gaggiano footwall 691 

and Trento Platform constantly exhibiting low maturities. 692 

In middle to late Miocene times, the deep carbonate aquifer in the western Po Valley 693 

became isolated and the Triassic source intervals started to experience overpressure. Figure 13 694 

compares the present-day transformation ratio distribution for the actual geological heat flow 695 

and reduced heat flow /overpressure models. The high Plio-Pleistocene sedimentation rate 696 

resulted in increased maturity throughout the Po valley, however, as expected, within the 697 
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western Po Valley overpressure cell, the increase in maturity is substantially less for the 698 

overpressure model than for the geological heat flow model (compare Figs. 13a-c to Figs. 13b-699 

d). This effect is particularly evident over the crest of the Gaggiano footwall: the area shown in 700 

blue at end Miocene for both middle and late Triassic intervals (fig. 12c & f), corresponding to 701 

a transformation ratio of less than 10%, has completely disappeared at present day for the 702 

geological heat flow model (fig 13a-c), whilst for the overpressure model narrow belts with low 703 

transformation ratio remain over the crest of the footwall region (fig 13b-d). 704 

Remarkably, both models show hydrocarbon generation occurring in two phases (Figs 705 

11, 12, 13 & 14): a Jurassic phase and an Alpine Tertiary phase, the latter starting in the 706 

Oligocene but occurring mainly during the last 5-10 million years, in agreement with earlier 707 

findings (Novelli et al., 1987; Mattavelli & Novelli, 1987; Mattavelli et al., 1993; Lindquist, 708 

1999; Bertello et al., 2010). 709 

 710 

Discussion 711 

 712 

 Overall validity of the thermo-structural modelling approach and choice of the better model  713 

3D charge modelling was carried out for a number of structures within the western Po valley 714 

overpressure cell in order to compare model predictions with observed hydrocarbon distribution 715 

and properties. Charge modelling was performed using the simple kinetic methodology 716 

described in Pepper & Corvi (1995a, 1995b) and Pepper & Todd (1995) as implemented in the 717 

Trinity Basin Modelling software. Source rock kerogen types and initial HIs and TOCs are 718 

shown in Table 2. For each structure, kitchen areas were defined as the areas of the present-day 719 

top Triassic depth map over which buoyancy forces would drain migrated hydrocarbons 720 

towards the relevant structural culmination. Those areas were then further refined by 721 

superimposing the source rock polygons from the GDE maps. Finally, the charge volumes for 722 

the various traps were then limited to those available after the critical moment, i.e., the time at 723 

which the trap formed or the seal became able to retain a hydrocarbon column (Fig. 14). The 724 

model also incorporates the effect of migration losses along the path to the trap, with considered 725 

loss of 0.075 MMbbl/km2, derived using the methodology proposed by Mackenzie & Quigley 726 

(1988) with a bed thickness of 500m and an average porosity of 1.5%. Reservoir and top-seal 727 

parameters are defined in order to allow the basin model to calculate volumes trapped in each 728 

structure. Here, a single late Triassic reservoir was modelled as a 250m thick, 100% net-to-729 

gross slab with an average porosity of 3% (see Bello & Fantoni, 2002 for comparison). Top-730 
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seal capacity was modelled as 300 pounds per square inch (psi) using simple capillary seal 731 

models for pelagic carbonates. The basin model has been re-run, and the following predicted 732 

parameters were extracted: volume of charge available from the relevant kitchen area since the 733 

critical moment, trapped hydrocarbon volume and gas/oil ratio (GOR) of the trapped fluids. 734 

These predicted parameters compare well with estimates of the initially in place 735 

hydrocarbon volume (HCIIP) at each trap and for the GOR of the fluids present in the three 736 

main discoveries in the western Po valley (Fig.15) : to a first order, both the actual geological 737 

heat flow and the reduced heat flow / overpressure models replicate accurately the overall 738 

distribution and phase of hydrocarbons and predict significant discoveries at Villafortuna-739 

Trecate and Malossa and a smaller discovery at Gaggiano. They also predict a rich petroleum 740 

system with significant volumes of hydrocarbons spilled from traps that have been breached, 741 

bypassed and/or overfilled. This is evident at Gaggiano where the two models equally calculate 742 

small trapped volumes due to the size of the trap. Indeed, being located at the crest of a regional 743 

high (see Figs.2 and 3a), the Gaggiano trap appears to be linked to an extensive kitchen area, 744 

which, since the Mid-Miocene critical moment, has generated charge volumes 25 to 50 times 745 

larger than the trapped volumes. Finally, the two models predict liquid hydrocarbons with 746 

moderate-to-low GOR at Villafortuna-Trecate and Gaggiano whilst high GOR fluids are 747 

predicted at Malossa. 748 

As a result, despite the relative simplicity of the modelling approach adopted and 749 

uncertainties regarding source rock distribution, our 3D thermo-structural modelling provides 750 

for the first time a consistent integration of the 3D structures with their thermal histories and 751 

reliably simulates the related hydrocarbon maturation/generation process across the entire Po 752 

Valley basin. 753 

In detail however, the reduced heat flow / overpressure model better matches the 754 

observed data than the actual geological heat flow model. In this respect, Figure 15a compares 755 

calculated trap HCIIP volumes with the predicted charge available from the kitchen area since 756 

the critical moment. The graph shows that predictions from the overpressure model (excluding 757 

Gaggiano) correlate better with trap HCIIP values than those from the actual geological heat 758 

flow model. Also, the overpressure model can successfully explain the failures in the inversion 759 

traps in the Lacchiarella hangingwall (Lacchiarella and San Genesio) and the deep traps east of 760 

Malossa (Chiari, Belvedere). Conversely, the actual geological heat flow model predicts 761 

significant volumes in several of these traps. Furthermore, charge volumes available to the trap 762 

are closer to HCIIP volumes for the overpressure model than for the actual geological heat flow 763 
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model. This implies that smaller volumes are spilled to shallower traps and/ or stratigraphic 764 

levels. Given little evidence for large spilled volumes in the Po Valley, the prediction of smaller 765 

excess volumes favours the overpressure model. 766 

Figure 15b shows how predicted trap volumes from the basin models compare with the 767 

calculated trap HCIIP volumes. Given that traps are generally oversupplied with hydrocarbons 768 

in both models, there is relatively little difference in the performance of the two models. 769 

However, it is of note that Malossa volumes are matched better by the overpressure model as 770 

there is a charge limitation on predicted volumes in the trap; the actual geological heat flow 771 

model predicts larger volumes with the trap being oversupplied and excess volumes spilled. 772 

Finally, Figure 15c shows that the overpressure model more successfully predicts fluid phase 773 

than the actual geological heat flow model, which predicts higher maturity fluids with higher 774 

GORs than observed for all three of the main discoveries. 775 

We therefore conclude that overpressure as simulated by a reduced heat flow is a viable 776 

and valid mechanism that has likely significantly delayed hydrocarbon maturation in the 777 

western Po valley, as proposed by earlier authors (Chiaramonte & Novelli, 1986, Carr, 1999). 778 

 779 

Uncertainties on the modelling results and sensitivity  780 

 781 

Structural model uncertainties: The Po Valley 3D structural model (Turrini et al., 2014) 782 

defines the present-day configuration and geometrical framework of the basin. Although a 783 

regional scale kinematic restoration to pre-Alpine and/or Mesozoic position has been recently 784 

attempted (Turrini et al., 2016), the chosen modelling approach applied here to the evolution of 785 

the Mesozoic petroleum system is a conventional one.  Although a 2D kinematic approach 786 

would have beena more accurate methodology for modeling  such a complex petroleum system 787 

(Gusterhuber et al., 2014; Neumaier et al., 2014), simple vertical back-stripping was carried out 788 

to describe the tectono-stratigraphic evolution of the basin. Despite this simplification, we 789 

believe the modelling results are reasonable due to the following considerations. 790 

The model has been restricted to the foreland domain, characterized by low deformation 791 

and in which vertical displacements are more significant than horizontal ones (Cassano et al., 792 

1986; Turrini et al., 2014). Locally, thrust faults can create a late tectonic over-thickening of 793 

the thrust section, particularly where a hangingwall ramp is juxtaposed with a footwall ramp. 794 

An example is provided by the Medolo Formation in the Belvedere well, where an estimated 795 

500m of tectonic thickening occurs on a Miocene thrust fault. This is incorporated into the 796 

model as stratigraphic thickening of the Medolo sediments and contributes to the high 797 
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transformation ratio in the vicinity of the Belvedere well shown at end Jurassic times (Figs 12a 798 

and d).  However, sensitivity modelling indicates that the effect is minor and local, given the 799 

relatively small scale of the thrusting involved, and does not impact the validity of the regional 800 

results presented. 801 

The vertical back-stripping approach used approximately describes the recent evolution 802 

of the system, and covers the bulk of hydrocarbons generated during the Alpine phase. The 803 

model will not adequately describe generation and expulsion of hydrocarbons during the earlier 804 

Jurassic phase as trap distribution and geometry were substantially different during this phase. 805 

However, the effective charge in both models has been limited to post-critical moment, which 806 

took place sometimes in the Miocene. Consequently, hydrocarbons generated earlier are lost to 807 

the system and deemed to have leaked to the surface. Therefore, the lack of structural restoration 808 

does not impact the results, although any possible re-migration from reactivated Mesozoic traps 809 

has not been considered. 810 

A further simplification in the model is that all surfaces other than the base Pliocene 811 

surface have been modelled as conformities. A number of erosional unconformities earlier in 812 

the Tertiary have been neglected, due to insufficient data to simulate these at the regional scale 813 

of the model. The literature on the region (Pieri & Groppi, 1981; Cassano et al., 1986; Ghielmi 814 

et al., 2012; Rossi et al., 2015) suggests that:  a) erosion of Mesozoic sediments was essentially 815 

restricted to locally uplifted areas, such as the syn-rift footwall erosion experienced over the 816 

crest of the Gaggiano footwall and b) erosion of Tertiary deposits associated with intra-Tertiary 817 

unconformities is in the order of few hundred metres. Consequently, given limited pre-Pliocene 818 

erosion and high Pliocene-Pleistocene sedimentation rates, it is likely that Mesozoic source 819 

rocks are at maximum depth of burial and peak thermal maturity at the present day across the 820 

vast majority of the basin (Ghielmi et al., 2012; Rossi et al., 2015). Given the limited and local 821 

nature of the pre-Pliocene unconformities, it is considered unlikely that their absence from the 822 

model significantly affects results, although it may result in some local errors in the maturation 823 

history. 824 

 825 

Petroleum systems uncertainties: The main uncertainty pertaining to petroleum systems 826 

consists of the source rock distribution (position and areal extent of the source polygons of Fig. 827 

8b and c) defined on the basis of the GDE maps. A second major uncertainty refers to the 828 

assigned net source thicknesses, essentially due to paucity of the available input data. Indeed, 829 
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the models mainly rely on outcrop information from the Southern Alps and it should be noted 830 

that the South Alpine Front, which separates the outcrops from the subsurface of the Po Valley, 831 

is a Tertiary feature with an estimated 50-70 km of shortening (e.g., Handy et al., 2014). In this 832 

framework, considerable uncertainty exists in correlating from the outcrop to the 833 

subsurface.Furthermore, the source rock distribution defined here includes a number of 834 

postulated source basins, particularly in the eastern Po Valley and the Adriatic offshore. 835 

Another potential issue arises in the interpretation of the unsuccessful wells in the western Po 836 

Valley.  837 

The ability to explain these failures as due to lack of access to recent charge was used 838 

as a reason for preferring the reduced heat flow / overpressure model to the actual geological 839 

heat flow model (the latter predicting the availability of significant recent charge volumes to 840 

these traps). Clearly there is a range of other potential failure mechanisms unrelated to source 841 

rock that could explain these well results. 842 

Sensitivity to thermal and burial history parameters: The basin modelling presented here 843 

derives from a long and continuous analysis of sensitivities for the many parameters which 844 

control the burial and thermal history of the Po Valley region. 845 

Heat flow based on data from the available literature (see Fig.10) was chosen as the key 846 

element to replicate the overpressure effect. Reducing the heat flow is a straightforward method 847 

to control the vitrinite maturation progression around the basin. In addition, using heat flow as 848 

a key controlling factor on hydrocarbon maturation can be used as stand-alone tool which does 849 

not directly impact the various parameters which affect the simulation process (e.g. rock 850 

properties, burial history, source distribution). Quality control (QC) on the heat flow history 851 

was concentrated on both past and present history to best match the vitrinite profile available at 852 

selected well locations in the Po Valley. In particular, in order to build the reduced heat flow / 853 

overpressure model particular attention has been paid to the reconstruction of the Miocene-Plio-854 

Pleistocene curve segment. This needed to be viable with respect to the tectono-stratigraphic 855 

history of the basin where rapid sedimentation of the clastic succession was associated with 856 

localized overpressure build-up in the Mesozoic carbonates. The radiogenic heat flow 857 

component possibly derived from mineral associations of the Tertiary sediment has also been 858 

evaluated although it was finally considered irrelevant to the basin model results. 859 

Notwithstanding the key role of the Po Valley heat flow on the study objectives, all of 860 

the basin model parameters (see Table 2) have been progressively evaluated and implemented 861 
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from the initial Genesis/Trinity software standard values. Again, the primary aim was to refine 862 

the match with the available maturity data while keeping a present-day heat flow consistent 863 

with the published one. In particular: a) lithologies have been refined on the basis of a careful 864 

analysis of the well logs; b) matrix thermal conductivity of the sediments, especially for shales 865 

and sandstones, have been reviewed in the light of the available literature; c) for specific rock 866 

types such as silts and conglomerates, surface porosity, compaction coefficient, porosity and 867 

bulk density have been adjusted using literature data while iteratively validating the model 868 

constraints (i.e. well temperatures and vitrinite profiles); d) porosity in the Mesozoic carbonates 869 

was also validated against the field values as it was considered the main variable in the 870 

computation of migration losses in the model versus observed hydrocarbon production analysis. 871 

Further sensitivity tests were performed on progressive sea level paleodepth variations, 872 

an important factor on sea level temperature at the different stages of the burial-thermal history. 873 

Indeed, almost all of the decrease in water-sediment interface temperature occurs in the first 874 

hundred metresso that anomalously shallow paleodepth estimates can cause 10°C excess 875 

temperature at the source rock level through part of the geological burial history. This would 876 

then require an unrealistic reduction in the heat flow in order to match the vitrinite data 877 

constraining the basin model.  878 

Finally, the properties and parameters which have been used and progressively 879 

implemented during the model building are strictly interrelated. Sensitivity analyses 880 

demonstrated how changing one parameter often results in a compensatory change to another 881 

parameter. Their implementation, coupled with heat flow adjustment had a significant impact 882 

on the final model results.  883 

Implications for the thermo-structural evolution of the Po basin and hydrocarbon generation 884 

and prospectivity  885 

The 3D basin model of the Po Valley presented in this paper provides important insights 886 

into the geometry and structural evolution of hydrocarbon-bearing traps, and into the generation 887 

and migration of hydrocarbons into these traps. 888 

The model confirms earlier studies (Novelli et al., 1987; Mattavelli & Novelli, 1987; 889 

Mattavelli et al., 1993; Lindquist, 1999; Bertello et al., 2010) and shows that hydrocarbon 890 

generation likely occurred in two phases: a Jurassic phase and an Alpine Tertiary phase, the 891 

latter occurring mainly during the last 5-10 million years. Our results emphasize the impact that 892 
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Mesozoic and Tertiary Alpine tectonics had on the development of a successful petroleum 893 

system in the Po valley. The Mesozoic extensional phase controlled reservoir and source 894 

distribution, trap formation (e.g. Gaggiano oil field) and the early phases of hydrocarbon 895 

maturation in subsiding half grabens associated with high heat flows and substantial syn-to 896 

early-post-rift sediment accumulation. The Tertiary compressional phase controlled trap 897 

formation, either by generating new traps (Cavone oil field) or by reactivating older ones 898 

inherited from the Mesozoic extensional phase (Villafortuna-Trecate, Malossa oil fields). 899 

Clearly, regional hydrocarbon maturation and expulsion/migration are related to rapid foredeep 900 

burial ahead of the evolving southern Alpine and northern Apenninic thrust belts.  901 

From a hydrocarbon exploration point of view, the timing of hydrocarbon maturation is 902 

favourable for exploration in the western Po Valley. Trap formation is likely to have occurred 903 

during the Oligocene to late Miocene, along with significant post-Miocene hydrocarbon 904 

generation and expulsion (migration?). In contrast, in the eastern Po Valley, timing is less 905 

favourable as traps - Plio-Pleistocene in age - tend to either post-date the main hydrocarbon 906 

generation phase, or they formed when generation was not advanced enough for migration to 907 

occur, or for traps to be filled. 908 

 909 

Conclusions  910 

Using the recent Po Valley 3D structural model as an input for basin modelling, the 911 

approach presentedin this contribution provides for the first time a unique integration of the 3D 912 

structures with their thermal history and the related hydrocarbon maturation/generation process 913 

across the entire Po Valley basin. 914 

When compared with the observed distribution of hydrocarbons, our basin modelling 915 

results suggest that, at the regional scale, both maturity models (actual geological heat flow 916 

model and reduced heat flow-overpressure model designed to simulate the delaying effect of 917 

overpressure on hydrocarbon generation) appear consistent with the observed hydrocarbon 918 

distribution. In detail however, the overpressure model a) provides an improved match to 919 

observed maturity data, b) provides a better fit between calculated trap HCIIP volumes and 920 

predicted charge available from the kitchen area since the critical moment and c) predicts 921 

hydrocarbon phase (as measured by GOR) more accurately than the geological heat flow model. 922 

However caution should be applied to the different variables and uncertainties which pertain to 923 

the accumulation process (i.e. source rock net pay, expelled versus un-movable hydrocarbons, 924 

heterogeneity in the TOC content of the source intervals, reservoir net volume and associated 925 
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heterogeneity, and quantitative estimates of migration losses).  The modelling results confirm 926 

that the delaying effect of overpressure is an important factor to be taken into account in 927 

predictions of hydrocarbon maturation and generation. 928 

The study also confirms the impact that Mesozoic and Tertiary Alpine tectonics had on 929 

the development of a successful petroleum system in the Po valley. The Mesozoic extensional 930 

phase controlled reservoir and source distribution, trap formation and the early phases of 931 

hydrocarbon maturation in subsiding half grabens associated with high heat flows and 932 

substantial syn-to early-post-rift sediment accumulation. The Tertiary compressional phase 933 

controlled trap formation, either by generating new traps or by reactivating older ones inherited 934 

from the Mesozoic extension.  935 

This study demonstrates the utility and applicability of a consistent integrated 3D model 936 

of the thermo-structural history of sedimentary basins to constrain the geometry and structural 937 

evolution of hydrocarbon-bearing traps as well as the generation and migration of hydrocarbons 938 

into these traps. 939 
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 1245 

Figure Captions & Tables 1246 

Fig.1 – Regional setting, tectono-stratigraphic framework and petroleum system of the Po 1247 

Valley basin: a) location map of the study area , major oil fields at Mesozoic level and major 1248 

cities (Mi = Milano, To = Torino, Ge = Genova, Ve = Venezia); a=Milan tectonic arc, b=Monferrato 1249 

arc, c= Emilia arc, d=Ferrara arc; 1 = Insubric line, 2=Giudicarie line, 3=Schio-Vicenza line, 1250 

4=Sestri-Voltaggio line; b) Structural cross section (red dashed line in “a”) through study area 1251 

showing present day geometries of main structural elements and hydrocarbon distribution; c) 1252 

major stratigraphic units, stratigraphy and hydrocarbon distribution: yellow circle is mainly 1253 

biogenic gas; red circle is thermogenic oil in Tertiary successions; green circle is thermogenic 1254 

oil & condensate in Triassic carbonates 1255 

 1256 

Fig.2 – Grid showing depth to Top Mesozoic Carbonates (referenced to mean sea level, 1257 

contouring every 500 m; bold black lines are major faults at the top of the Mesozoic carbonates); 1258 

Purple lines “a” and “b” show the location of the cross-sections in Figure 3. GFz = Giudicarie 1259 

Fault zone trend line (thick stippled line) separating the eastern domain from the western 1260 

domain; thin stippled white line marks the area covered by the basin modelling study described 1261 

in this paper; bold red line represents overpressure cell suggested by Chiaramonte & Novelli 1262 

(1986); Major cities: Mi = Milano, To = Torino, Ge = Genova, Ve = Venezia. 1263 

 1264 

Fig.3 – a, b = regional cross-sections through the 3D Po Valley structural model and main 1265 

tectonic units; c = cross-section location map at top Mesozoic Carbonate level (see Fig.2 for 1266 

larger view). 1267 

 1268 

 1269 
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Fig.4 – The Villafortuna oil-field structure (see location in Figs.1 and 2): a) top Mesozoic depth 1270 

grid; RF = Romentino thrust front; b) 3D structural model of the field structure, c) and d) cross-1271 

sections through the 3D model. R/Sr = Reservoir and Source; Sl = Seal; RF = Romentino thrust 1272 

front. Note: the Romentino unit geometry within the Oligo-Miocene section in Fig.4c & 4d is 1273 

sketched from Pieri & Groppi, 1981, Cassano et al., 1986, Bello &Fantoni, 2002.  1274 

 1275 

Fig.5 – The Gaggiano oil-field and the Lacchiarella structure (see location in Figs.1 and 2): a) 1276 

top Mesozoic depth grid, b) 3D structural model of the field and the surrounding structures, c), 1277 

d) and e) cross-sections through the 3D model. R/Sr = Reservoir and Source; Sl = Seal. Note: 1278 

the extensional terraces in the footwall of the Lacchiarella inverted fault (dotted-lines) are 1279 

sketched based on Cassano et al., 1986, Bongiorni, 1987, Fantoni et al.2004. 1280 

 1281 

Fig.6 – The Malossa oil-field region (see location in Figs.1 and 2): a) top Mesozoic depth grid, 1282 

b) 3D structural model of the field and the surrounding structures, c), d) and e) cross-sections 1283 

through the 3D model. R/Sr = Reservoir and Source; Sl = Seal. Belvedere well is projected onto 1284 

section. 1285 

Fig. 7 – The Cavone oil-field structure (see location in Figs.1 and 2): a) top Mesozoic depth 1286 

grid, b) 3D structural model of the field and the surrounding structures, c), d) and e) cross-1287 

sections through the 3D model. R/Sr = Reservoir and Source; Sl = Seal. Note: the stippled 1288 

segments inside the Cavone thrust-related stack are cross-faults sketched from Nardon et al., 1289 

1991. 1290 

 1291 

Fig.8 – Lithostratigraphy and sediment distribution: a) Triassic-Liassic chrono-stratigraphy of 1292 

the Po Valley region highlighting the main source rock intervals; b) Gross depositional 1293 

environment (GDE) map of the Anisian to late Carnian sediments; c) Gross depositional 1294 

environment map of the late Carnian-early Liassic sediments. Data source : Gortani & Desio, 1295 

1925; Mattirolo et al., 1927; Castiglioni et al., 1940 and 1941; Dal Piaz et al., 1946; Desio & 1296 

Venzo, 1954; Andreatta et al., 1957; Passeri et al., 1967; Braga et al., 1968; Gatto et al., 1968 1297 

and 1969; Lipparini et al., 1969; Casati et al., 1970; Nardin et al., 1970; Sassi et al., 1970 ; 1298 

Cantelli et al., 1971; Castellarin & Vai, 1982; Jadoul, 1986; Cati et al., 1987; Ciarapica et al., 1299 

1986; Doglioni & Bosellini, 1987;  Jadoul et al., 1992; Shonborn, 1992, 1999; Bertotti et al., 1300 

1993; Zappaterra, 1994; Greber et al., 1997; De Zanche et al., 2000; Franciosi & Vignolo, 2002; 1301 

Jadoul et al., 2002; Fantoni & Scotti, 2003; Fantoni et al., 2003, 2004; Berra et al., 2009; 1302 
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Bertello et al., 2010; Fantoni & Franciosi, 2010; Ponton, 2010; Gianolla et al.,2012, Masetti et 1303 

al., 2012; Handy et al., 2014; Pfiffner, 2014. 1304 

 1305 

 1306 

Fig.9 – Synthetic well logs for the Belvedere 1 well (depth is in metres): (a) Chrono- & Litho-1307 

stratigraphy; (b) Formation pressure model showing the significant increase in overpressure 1308 

below 2000m through the Tertiary foredeep clastics and basinal carbonates into the highly 1309 

overpressured deep carbonate aquifer consisting of Liassic and Triassic platform limestones 1310 

and dolomites; (c) temperature model showing good correspondence between corrected well 1311 

temperature measurements and the prediction from the basin model. The average temperature-1312 

depth trend for the Western Po Valley from Pasquale et al (2012) together with the observed 1313 

range is also shown; and (d) thermal maturity model showing match of various models to the 1314 

dataset from Chiaramonte & Novelli (1986). 1315 

 1316 

 1317 

Fig.10 - Heat flow histories of the Po Valley and surrounding regions (see text for explanations). 1318 

 1319 

Fig.11 - 1D Transformation Ratio (TR) maturity histories for four wells from the Po Valley 1320 

based on initial source rock parameters outlined in Table 1 (TR scale is 0-100): (a) Cerano-1 1321 

from the western Po Valley; (b) Belvedere-1 from the central Po Valley; (c) a pseudo-well from 1322 

the east-central Po Valley; and (d) Ballan-1 from the eastern Po Valley (see Fig. 2 for well 1323 

locations). Vitrinite reflectance maturities are shown as blue lines (note that for wells in (a) and 1324 

(b), two histories are shown for the last 10Ma: one based on the geological heat flow and one 1325 

based on reduced heat flow from end Miocene times to replicate the effect of overpressure; 1326 

wells in (c) and (d) lie outside of the overpressure cell; see text for explanations). 1327 

 1328 

Fig.12 - Transformation ratio (TR) maturity maps (TR scale is 0-1) for the middle Triassic (a-1329 

c) and the Late Triassic (d-f) source intervals, for end Jurassic (a, d), end-Cretaceous (b, e) and 1330 

end Miocene (c, f) times. As the onset of overpressure within the carbonate sequences is 1331 

interpreted to occur at end Miocene, there is no difference between the maturity levels 1332 

associated with the geological heat flow and the overpressure models for this time interval. 1333 

 1334 

Fig.13 – Present day transformation ratio (TR) maturity maps (TR scale is 0-1) for the middle 1335 

Triassic (a and b) and the Late Triassic (c and d) source intervals; (a) and (c) show the results 1336 
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of geological heat flow model with (b) and (d) showing the results for the overpressure model, 1337 

based on the application of reduced Plio-Pleistocene heat flow as described in the text.  1338 

 1339 

Fig.14 – Charge timing versus trap formation in the Western Po Valley based on preferred 1340 

Overpressure Model (see text for discussion). Vertical orange arrows indicate the presumed 1341 

critical moment for each of the traps, i.e., the time at which the trap formed or the seal became 1342 

able to retain a hydrocarbon column. 1343 

 1344 

Fig.15 – Model evaluation: (a) cross plot of observed in place volumes for main traps versus 1345 

available charge from kitchen area since the critical moment predicted by the models; (b) cross 1346 

plot of observed volumes in-place for main traps versus predicted trapped volumes from the 1347 

models; (c) cross plot of observed-GOR versus predicted-GOR from the models. Red data 1348 

points and regression lines are for the geological heat flow model, blue data points and 1349 

regression lines are for the overpressure model. For plot (b) regression lines have been fitted to 1350 

the dataset excluding the Gaggiano outlier. In all plots the black line corresponds to a perfect 1351 

match between observation and model. 1352 

 1353 

Table 1 – Po Valley 3D basin modelling workflow and associated working phases. 1354 

 1355 

Table 2 - Table of source rock parameters used in thermal modelling of the Po Valley. 1356 

Parameters are from published data on the Po Valley Triassic source intervals as reported for 1357 

the Villafortuna-Trecate and Malossa fields, as well as outcrop analogues. Colours correspond 1358 

to Gross depositional environments in Fig.8. Kerogen Types A (“Aquatic, marine, siliceous or 1359 

carbonate/ evaporitic”) & F (“Terrigenous, non-marine, wax-poor”) are as defined by Pepper 1360 

& Corvi (1995 a, b). These are analogous to Kerogen Type IIS and Kerogen Type III/Type IV, 1361 

respectively, as by Tissot & Welte (1984). 1362 

 1363 

 1364 

Table 3 - Table of rock properties used in basin modelling of the Po Valley. Where available, 1365 

local rock properties are used (Berra & Carminati, 2010; Pasquale et al, 2011; Pasquale et al, 1366 

2012). Other values are from global averages (Gretner, 1981; Waples & Waples, 2004; 1367 

Middleton, 1993). 1368 
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