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FOREWORD

This report was prepared as part of the World Energy Project of the U.S. Geological
Survey. Inthe project, the world was divided into eight regions and 937 geologic
provinces. The provinces have been ranked according to the discovered oil and gas
volumes within each (Klett and others, 1997). Then, 76 "priority" provinces (exclusive of
the U.S. and chosen for their high ranking) and 26 "boutique” provinces (exclusive of the
U.S. and chosen for their anticipated petroleum richness or special regional economic
importance) were selected for appraisal of oil and gas resources. The petroleum geology
of these priority and boutique provinces is described in this series of reports.

Asssessment results will be available later. The Po Basin Province ranks 68th in the
world, exclusive of the U.S, with respect to ultimate recoverable hydrocarbons.

The purpose of thiseffortisto aid in ng the quantities of ail, gas, and natural gas
liquids that have the potential to be added to reserves within the next 30 years. These
volumes either reside in undiscovered fields whose sizes exceed the stated minimum-
field-size cutoff value for the assessment unit (variable, but must be at least 1 million
barrels of oil equivalent) or occur as reserve growth of fields already discovered.

The total petroleum system constitutes the basic geologic unit of the oil and gas
assessment. The total petroleum system includes all genetically related petroleum
occurring in shows and accumulations (discovered and undiscovered) that has been
generated by apod or by closely related pods of mature source rock and that exists within
alimited mappable geologic space, together with the essential mappable geologic

% Porto Garibaldi Total Petroleum System (#406001) (Miocene/Pliocene/Pleistocene biogenic gas); Po
Basin Province (#4060); Europe (Region 4); Northern Italy and Northern Adriatic Sea (note that for the
guantitative resource assessment, this total petroleum systemis combined with Marnoso Arenacea);
Meride/ Riva di Solto Total Petroleum System (#406002) (Triassic thermal oil and gas); Po Basin
Province (#4060); Europe (Region 4); Northern Italy and Northern Adriatic Sea;

Marnoso Arenacea Total Petroleum System (no number assigned) (Tertiary thermal gas and ail); Po
Basin Province (#4060); Europe (Region 4); Northern Italy and Northern Adriatic Sea. Note that for the
guantitative resource assessment, this total petroleum systemisincluded with 406001.
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elements (source, reservoir, seal, and overburden rocks) that control the fundamental
processes of generation, expulsion, migration, entrapment, and preservation of
petroleum. The total petroleum system concept is modified from Magoon and Dow,
1994. The minimum petroleum system is that part of atotal petroleum system
encompassing discovered shows and accumulations, together with the geologic spacein
which the various essential elements have been proved by these discoveries.

An assessment unit is a mappable part of atotal petroleum system in which discovered
and undiscovered fields constitute a single relatively homogenous population such that
the chosen methodol ogy of resource assessment — based on estimation of the number and
sizes of undiscovered fields—is applicable. A total petroleum system might equate to a
single assessment unit. If necessary, atotal petroleum system may be subdivided into
two or more assessment units such that each assessment unit is sufficiently homogeneous
in terms of geology, exploration considerations, and risk to assessindividually.
Assessment units are considered established if they contain more than 13 fields, frontier
if they contain 1-13 fields, and hypothetical if they contain no fields.

A graphical depiction of the elements of the total petroleum system is provided in the
form of an events chart that shows the time of deposition of essential rock units; the time
processes, such as trap formation, necessary for the accumulation of hydrocarbons; the
critical moment in the total petroleum system; and the preservation time, if any.

A numeric code identifies each region, province, total petroleum system, and assessment
unit; these codes are uniform throughout the project and will identify the same item in
any of the publications. The codeis asfollows:

Example
Region, single digit 3
Province, three digits to the right of region code 3162

Total Petroleum System, two digits to the right of province code 3@0_5
Assessment unit, two digits to the right of petroleum system code 31620504
The codes for the regions and provinces are listed in Klett and others, 1997.

Oil and gas reserves quoted in this report are derived from the Petroleum Exploration and
Production database (Petroconsultants, 1996) and other area reports from
Petroconsultants, Inc., unless otherwise noted.

Figure(s) in this report that show boundaries of the total petroleum system(s), assessment
units, and pods of active source rocks were compiled using geographic information
system (GIS) software. Political boundaries and cartographic representations were taken,
with permission, from Environmental Systems Research Institute's ArcWorld 1:3 million
digital coverage (1992), have no political significance, and are displayed for genera
reference only. Oil and gasfield centerpoints, shown on this(these) figure(s), are
reproduced, with permission, from Petroconsultants, 1996.
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ABSTRACT

The Porto Garibaldi total petroleum system dominates the Po Basin Province of onshore
northern Italy and offshore Italy and Croatia in the northern Adriatic Sea. Porto Garibaldi
contains Pliocene (primarily) and Pleistocene (secondarily) biogenic gas — approximately
16 TCF (2.66 BBOE) ultimately recoverable — accumulated in co-eval siliciclastic
reservoirs. This areawas the northwestern edge of the Gondwanan (African) continental
plate in pre-Hercynian time until the assembly of Pangea, a dominantly carbonate passive
continental margin during the Mesozoic breakup of Pangea, and a Cenozoic collision
zone with siliciclastic foredeep and foreland regions surrounded by thrust belts. At least
two other petroleum systems, with Triassic (Meride/ Rivadi Solto) and Miocene
(Marnoso Arenacea) source rocks, contribute oil and thermal gas reserves (nearly 1
BBOE) to the province. The major time of hydrocarbon expulsion of the thermal systems
was L ate Neogene during the Alpine and Apennine orogenies. Local Mesozoic oil
expulsion from Triassic rocks also occurred, but those oils either were not trapped or
were leaked from faulty traps through time.

INTRODUCTION

The majority of hydrocarbons in the Po Basin Province (Figure 1) are Pliocene and
Pleistocene (with minor Miocene sourced and reservoired) biogenic/diagenetic gas.
Additional hydrocarbon contributions are from thermogenic, Mesozoic- and Miocene-
sourced and reservoired gas and oil. Two of the three total petroleum systems are
assigned numbersin order of volumetric importance (406001=biogenic Plio/Pleistocene
(Porto Garibaldi) and 406002=thermal Triassic (Meride/ Rivadi Solto)). The third small
total petroleum system (thermal Tertiary (Marnoso Arenacea) is combined with 406001
for the purposes of quantitative resource assessment. That composite total petroleum
system retains the number 406001 and the name Porto Garibaldi in the U.S. Geol ogical
Survey data base.

Within the body of this report, discussions of geology or petroleum system components
occasionally occur in an order reflecting geologic age instead of volumetric significance.
References listed in this report include a limited selection of those most recent and most
pertinent to this document. Not all are specificaly cited in thetext. The stratigraphic
equivalents chart (Figure 2) is composited from many references to approximately equate
the range of stratigraphic nomenclature in use. It is not intended to be precise with
respect to absolute geologic age. All stated reserves are derived from Petroconsultants
(1996), unless referenced otherwise, and are “ ultimate recoverable” volumes rather than
“in place” numbers.
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Figure 2. Post-Hercynian stratigraphic equivalents of the Po Basin Province.
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PROVINCE GEOLOGY

Province Boundary and Geogr aphic Setting

The 115,000-sg-km Po Basin Province of southern Europe is located between 43°-46°
north latitude and 7°-15° east longitude (Figure 1). It includes northern Italy’s Lombardy,
Po River, and Veneto plains, as well as the northern Adriatic Sea with an adjacent portion
of onshore Croatia (formerly Yugoslavia) called the Istrian Peninsula. Approximately
two-thirds of the areais onshore (98% Italy, 2% Croatia) and one-third offshore (65%
Italy, 35% Croatia). A very small portion of the Istrian offshore might technically belong
to Slovenia. The province is surrounded by thrusted terrain of the southern Alps
Mountains to the west and north, the northern Apennine Mountains to the south, and the
Dinaride Mountains to the east. The province contains limited south-verging structural
deformation on the Adriatic and Pedeal pine homoclines; significant north-verging
deformation in the Monferrato, Emilia, Ferrara, Romagna and Adriatic fold systems; and
limited west-verging deformation from the Dinaride thrust system. The small country of
San Marino isincluded in the southern part of the province.

Political Entities

Italy has favorable regulations for industry and has just recently opened its prospective
lands to leasing by public and private foreign companies. Croatia and the other former-
Y ugoslavian republics are involved in continuing disputes amongst themselves. The
most recent Croatian wells were completed in 1990 (Petroconsultants, 1996).

Geologic Setting

Prior to the Late Paleozoic Hercynian orogeny and creation of the Pangea megacontinent,
the Po Basin Province was on the northwestern edge of the Gondwana (Africa)
subcontinent (Pieri and Flores, 1996; Dercourt and others, 1993; Anelli and others, 1986;
Mattavelli and others, 1983). Deformation associated with Hercynian suturing has
resulted in pre-Hercynian, Paleozoic rocks having poor reservoir potential, and they are
referred to as “ basement.”

A post-Hercynian tensional regime affected the central Mediterranean areawith the
opening of the NeoTethyan and Mesogean oceanic basins. The Po Basin Province was
part of the Adriatic® microplate system developed between Africaand Europe. Early
Mesozoic rocks record this breakup of Pangea— as well as an overall Mesozoic rising sea
level — with pre-rift, Permo-Triassic continental siliciclastic rocks grading upward into
Triassic rift sandstones, siltstones, shales, evaporites and carbonates (Anelli and others,
1996). North-south trending, early Mesozoic shallow-water carbonate platforms were
laterally separated by extensional troughs, including the Olenus-Pindos, Sub-Pelagonian,
Lagonegro, S. Alpine, Austroal pine and Piedmont rifts, in which organic-carbon rich
sediments accumulated. The most anoxic basins with the richest organic matter were

% associated plate names are Adria, Apulia, Dinarid
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established in the Late Triassic Period. Platform and trough locations were relatively
consistent throughout the Mesozoic era.

Jurassic and Cretaceous strata contain evidence for a continuous transition to a passive
continental margin with shallow-water carbonates grading upward into generally deeper-
water limestones and cherts. Regional stress regimes changed as the central and northern
Atlantic Ocean began to open. Late Cretaceous to Cenozoic subduction of Tethys
oceanic crust and continental collision between Africa and Europe partly deformed,
rotated, overrode and consumed the Adriatic microplate, but a significant portion of that
plate was preserved as a minimally deformed foreland region under the central portion of
the Adriatic Sea and under the Po River basin. The area evolved into a degp-water basin
characterized by siliciclastic turbidite and hemipel agite deposition that was impacted by
continued compressional events and Tertiary sealevel fluctuations.

The earliest evidence for Alpine compression isin the northern Alps Mountains, where
northward thrusting is recorded in Upper Cretaceous Lombardo flysch (Mattavelli and
others, 1983). By Oligocene time, most of the intervening part of the Tethys Ocean had
been subducted, and the Adria continental microplate was being compressed from several
directions. Change in relative plate motion was causing southward thrusting in the
southern Alps and westward thrusting in the Dinarides, the latter attaining their present
location at the eastern coast of the Adriatic Sea (Figures 3a, 3b, 3c, 3d). Also beginning
in the Oligocene Epoch in westerly distal locations was an eastward compressional
stacking of carbonate platforms and their associated deeper basins to form the earliest
Apennines (Haan and Arnott, 1991). This deformation would reach the west side of this
province 10-15 m.y. later by Middle Miocene time.

A Late Miocene (Messinian) drop in sealevel, combined with the effects of continued
Euro-African collision, resulted in periodic isolation of the Mediterranean basin from
open marine circulation. Local unconformities developed, and widespread evaporites
were deposited. The Apennine orogeny peaked in Pliocene time, with the deformed zone
reaching its northeasternmost expression across much of Italy, although some
deformation continued into the Pleistocene Epoch. Substantial foredeep subsidence
resulted in the deposition of at least 6 km of Pliocene sediment (Haan and Arnott, 1991),
the subsequent filling of the foredeep, and the establishment of the Po River drainage
system. Transpressiona deformation continues, but certain foreland areas — especialy
along the Croatian Adriatic Sea and Istrian Peninsula— still remain relatively
undeformed.

Exploration History

Hydrocarbon shows in the Italian Apennines have been known since the 1700s, and some
shallow wells there were drilled as early as 1860. Thefirst exploratory wellsin the Po
Basin Province of Italy were drilled in 1890 and 1907, followed by four morein the
1920s. Generally, several to ten Italian exploratory wells were drilled annually during the
1930s and 1940s, and both exploration and devel opment operations intensified in the
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Figure 3a. Western onshore structural cross section, Po Basin Province, Northern Italy (after Anelli and others, 1996).
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Figure 3b. Eastern onshore structural cross section, Po Basin Province, Northern Italy (after Anelli and others, 1996).
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Figure 3c. Northern offshore structural cross section, Po Basin Province, northern Adriatic Sea (after Mattavelli and others, 1991).
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1950s as reflection seismic data were refined. First Italian offshore exploration beganin
1960 and first Croatian offshore exploration in 1967. From the early 1950s until the mid
1990s, AGIP SpA —the Italian state oil company — had exclusive exploration rightsin
most of the Italian Po Basin Province.

Early onshore exploration was for shallow, Tertiary-reservoired structural anticlines
identified with seismic data. Deeper Mesozoic folded and faulted reservoirs were
targeted in the 1970s and 1980s, with improved success rates achieved through the use of
3-D seismic techniques.

A total of 2,670 wells arein the Po Basin Province, 97% in Italy and 3% in Croatia
(Petroconsultants, 1996). Of Italy’swells, 42% are classified as wildcats (22% success
rate), 41% as development (78% success rate) and 17% as outposts (43% success rate).
Of Croatia swells (all offshore), 53% are wildcats (9% success rate) and 47% are
outposts (28% success rate).

PETROLEUM OCCURRENCE AND CHARACTER

There are 263 fields in the Po Basin Province (Table 1), with 3.54 BBOE (48% produced)
known, ultimately recoverable reserves (Petroconsultants, 1996) in three total petroleum
systems. Ninety-seven percent of those ultimately recoverable reserves arein Italy; 3%
arein Croatia. Onshore, 160 fieldsarein Italy and nonein Croatia. The westernmost
Italian onshore area and the Italian Veneto Plain north of the Adriatic Sea contain few
fields (Figure 1). Offshore, 100 fields are distributed with 13 in Croatiaand 87 in Italy.
(Another three Italian fields discussed in the literature are not in the Petroconsultants data
base of “fields.”) Eighty-eight percent of the total province reserves are gas (nearly 19
TCF), and 50% of the gas has been produced. Eleven percent of the total province known
or discovered reserves are oil (nearly 400 MMBOE), with 24% of the oil having been
produced. One percent of the total province reservesis condensate, and 83% of that has
been produced. Reservoir rocks range in age from Triassic to Quaternary.

Porto Garibaldi : Plio-Pleistocene (and minor Miocene) Biogenic Gas

Conditions necessary for the formation and entrapment of gas interpreted to be biogenic
include adequate total organic carbon (TOC) content, high sedimentation rates,
synsedimentary tectonics, adequate reservoir presence, and a cool thermal regime (<60°C)
where bacteria can still exist and where organic matter does not degrade significantly
(Tissot and others, 1990). Biogenic gas accumulations are commonly found in close
proximity to their organic source material, with negligible migration required. Such
conditions were met in the Po Basin Province during deposition of Neogene (especially
Pliocene) and Pleistocene siliciclastic turbidites. The optimal location was the Apennine
foredeep, northeast of and parallel with the present Apennine thrust front. Although
biogenic gas has been confirmed within the entire Po Basin Province from as far west as
Milan (Figures 4 and 5a), the best combination of factors for its entrapment isin the
eastern half of the province near the coast and offshore. Because of the cool Cenozoic
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Table 1. List of fields in the Po Basin Province and the sources for their hydrocarbons (see Figure 4 for map view).

Field Name HC Type| HC source | Confidence| Location Field Name HC Type| HC source | Confidence| Location
Ada G B OFF Leno G mixed X on
[Agnadello G B? on Linarolo 1 oG TERT on
[Agnese 1 G B OFF Longastrino 2 G B on
Aida G B OFF Luisella 1 G B? OFF
Alfonsine G B X on Maclodio G B GasAn on
(Amelia Mare G B X OFF Malossa GC Tri X on
Andreina 1 G B OFF Manara G B on
[Anemone G B X OFF Manuela 1 G B OFF
[Angela G B OFF Mariangela 1a G B OFF
Angelina G B X on Marotta G B? on
Anna Maria G B OFF Marradi 1 G TERT on
Annabella G B OFF Marzeno G mixed? on
Annalisa 1 G B X OFF Medesano G TERT X on
Antares G B GasAn OFF Melania 1 G B? OFF
Antonella G B X OFF Merlino G B? on
Antonio G B OFF Migliarino G B X on
Anzano 1 G BMio on Minerbio GC mixed GasAn on
Arabella 1 G B OFF Misano G B on
[Aragosta Mare 1 G B OFF Mondarco G B on
Arcade G BMio on Monestirolo G B GasAn on
Arianna. G B OFF Montalbano-Malalbergo G B GasAn on
Armida G B OFF Monte Cantiere G B? on
Attila G B OFF Monte delle Vigne GC TERT on
Azalea G B X OFF Montechino-Velleja oG TERT on
Azzurra 1 G B OFF Montirone G B? on
Bagnolo In Piano 3 Oil TERT X on Morena 1 G B OFF
Bagnolo Mella GC B X on Morgana 1 G B? OFF
Baldina G B on Muratori G B? on
Bando G B on Muzza 1 G B on
Barbara G B X OFF Nadia 1 G B OFF
Barbara Nord-ovest 2 G B OFF Naide G B OFF
Barigazzo G B? on Naomi 1A G B OFF
Basil G B OFF Nervesa G BMio on
Bertolani 1 G B? on Nicoletta G B OFF
Bettina G B OFF Oltolina 1 G mixed? on
Bianca 1 G B? OFF Orzinuovi G B? on
Bombiana G TERT on Orzivecchi G B GasAn on
Bonaccia G B OFF Ovanengo G B? on
Bordolano GC mixed X on Ozzano-Vizzola oG TERT on
Bottoni G B on Palazzetto 1 G TERT X on
Bova G B? on Pandino G mixed GasAn on
Brazzuto G B on Pandora 1dir G B? OFF
Brenda G B OFF Pessa G mixed? on
Brugherio G B X on Piadena Est GC B X on
Budrio Est GC mixed GasAn on Piadena Ovest GC B X on
Busseto GCO TERT X on Pietramala 0OGC TERT on
Ca Bellavista G TERT on Pobbiano Tri X
Ca Boldrini G B? on Podenzano-San Giorgio Piacentino oG TERT X on
Ca Dell'Onesta 2 G B? on Poggetto G B? on
Caleppio G B X on Poggio Castione G B? on
Calipso 1 G B? OFF Poggio Rusco G B? on
Calpurnia G B OFF Pomposa G B on
Carlo G B OFF Pontenure G B GasAn on
Carola 1 G B OFF Pontetidone G TERT X on
Casalmorano 1 G B? on Porporano 1 G TERT on
Castagno G TERT on Portile G TERT on
Casteggio G mixed X on Porto Corsini G B X on
Castel Dell Alpi OGC TERT on Porto Corsini Mare Est G B X OFF
Castellazzo G B? on Porto Corsini Mare Ovest G B X OFF
Cavalletto G BMio on Porto Ferrara G B? on
Caviaga GC mixed X on Porto Garibaldi-Agostino G B X OFF
Cavone Oil Tri X on Premenugo G TERT on
Cecilia 1 G B? OFF Priorato 1 G B? on
Cernusco GC Tri X on Quadrelli G TERT X on
Cervia Mare G B X OFF Raffaella G B OFF
Cesenatico Mare G B OFF Rallio oG TERT on
Chioggia Mare G B OFF Ramona 1d G B OFF
Cignone G B? on Ravenna GC B X on
Clara Est G B? OFF Ravenna Mare - Punta Marina G B GasAn OFF
Clara Nord 1 G B? OFF Ravenna Mare Sud G B X OFF
Clara Ovest G B? OFF Ravizza 1 Qil Tri X on
Claudia 1 G B OFF Rebecca 1 G B OFF
Collecchio G B X on Reggio Emilia G B? on
Colombarola 1 G mixed? on Regina 1d G B OFF
Comacchio Mare 1 G B? OFF Riccione Mare 3 G B? OFF
Conegliano G BMio on Riccione Mare 6 G B? OFF
Consandolo G B? on Ripalta GC mixed X on
Conterico 1 G B? on Rivalta 1 G TERT on
Cornegliano GC mixed X on Robecco 1 G B? on
Correggio GC B X on Romanengo G mixed X on
Cortemaggiore OGC TERT X on Roncitelli 1 G B on
Cotignola G B X on Rosanna G B OFF
Cremona Sud GC TERT X on Rottofreno 1 G B on
Cusano Milanino G B? on Rubiera G mixed? on
Dacia G B? OFF Sabbioncello G B X on
Daria G B OFF Salgastri G B? on
Debora G B OFF Salsomaggiore oG TERT on
Delia G B OFF San Antonio G BMio on
Demetra G B OFF San Bartolomeo GC Tri X on
Desana GC Tri? on San Costanzo G B? on
Diana G B OFF San Gervasio 1 G B on
Didone 1 G B OFF San Giacomo 1 Qil Tri X on
Donatella G B OFF San Giovanni 1 Qil Tri on
Donatella Ovest 1 G B OFF San Martino G TERT on
Dorotea G B OFF San Pietro in Casale G B X on
Dosso degli Angeli G B X on San Potito G B? on
Elettra 1 G B? OFF San Savino G B on
Emanuela G B OFF Santerno GC mixed X on
Fabiola 1 G B OFF Sara 1 G B? OFF
Fano G B? on Scandiano 1 G mixed? on
Fiorella 1 G B OFF Selva GC B X on
Fontevivo-Bellena oG TERT X on Seregna GC Tri X on
Gaggiano Oil Tri X on Serena Nord 1 G B? OFF
Gaggiola G TERT on Sergnano GC B X on
Gaia G B OFF Settala G B X on
Gallare G B X on Solignano 3 G B? on
Gallignano 2 G B? on Soncino 3 G B? on
Gandini G B X on Soresina GC mixed X on
Ghiara 1d G TERT on Spilamberto GC mixed X on
Giuditta G B? OFF Tabiano TERT X
Giulia G B? OFF Tamara 1 G B? OFF
Grecchia G B? on Torrente Baganza GC TERT on
Grignano Polesine G B? on Torrente Riglio 1 G B? on
Ida G B? OFF Travasona 1 G B on
Ika East G B? OFF Traversetolo G TERT on
Ika North G B? OFF Tre Motte 2 G B? on
Ika West G B? OFF Trecate Qil Tri on
llaria 1 G B OFF Tresigallo G B X on
Imola G mixed X on Tribiano 1 G B on
Inga 1 G B? OFF Trignano G B? on
Irina G B? OFF Valentina G B OFF
Irma G B? OFF Valle Dane G B? on
Irma 1 G B OFF Vallezza OGC TERT X on
Isabella 1 G B? OFF Vallezzetta G B on
Istra More 1 G B? OFF Vallicella G B on
Ivana G B? OFF Valparola TERT X
Jadran 21-1 G B? OFF Vetta G B? on
Koraljka G B? OFF Vigatto oG TERT X on
Kruna 1 G B? OFF Vignola 1 G B? on
Ksenija G B? OFF Villa Fortuna oG Tri X on
Lambrate G B? on Villadose G B GasAn on
Zorabini G mixed? on
EXPLANATION

HC Type: G=gas, C=condensate, O=oil

HC Source: less certainty, B = biogenic (Plio-Pleistocene), BMio = biogenic (Miocene), mixed = biogenic and thermal, TERT = thermal Tertiary, Tri = thermal Triassic

Confidence: = published*, isotopic confirmation for biogenic gas; GasAn = gas analysis reports C2+ <0.2% (probable biogenic origin). Without published compositional
data, see text for discussion of criteria by which field accumulations were assigned to particular source rocks.

Location:  OFF = offshore, on = onshore

* Anelli and others, 1996; Elliot and others, 1993, laniello and others, 1992; Mattavelli and Margarucci, 1992; Mattavelli and Novelli, 1988; Mattavelli and Novelli, 1990; Matta-
velli and others, 1983; Mattavelli and others, 1991; Nardon and others, 1991; Pieri, 1992; Pieri and Mattavelli, 1986; Rigo, 1991; Riva and others, 1986: Tissot and others, 1990

Page 12 of 35


Cheryl W Adkisson
Page 12 of 35


10°

. _ ’ 15°
Switzerland =~ > . > ALPS MTS. - Italy A
- ot L. C . . X Ve \ L
. B 7 L. Maggiore - Lomo ; \ L
AT L. Lugaho
[taly { —l) | (L. Iseor \~ . Former
= S ~——r 2N rieste .
\ ~ g0 S~ ([ Carda = Yugoslavig
Lo B
45 : g - ot
B | /7 \ s ¥ Mefw .
o - Y
- I 7 L -1
‘ = y E 3
\\\ o enova \\4 E 15
Ttaly\__~ [y
T ¢ .
France - ¢ Ligurian Sea /
< ) . ,q p
[ N
Note that fields outside the province outline &z S I tﬂly - {"“ \ —
are NOT assigned to a petroleum system. \ ) A\« X
10°

15°
Figure 4. Map of fields color-coded by petroleum system, Po Basin Province #4060 (Table 1 contains field list).
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10° 15°
Figure 5a. Porto Garibaldi total petroleum system (Plio-Pleistocene and minor Miocene biogenic gas). This petroleum

system would have one biogenic gas assessment unit equal in area to the entire petroleum system. For the quantitative
resource assessment, Porto Garibaldi is combined with the volumetrically small Marnoso Arecacea petroleum system (Fig.
5¢), still called Porto Garibaldi (406001) with one large assessment unit named Neogene Flysch Gas (40600101).
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thermal regime within the Po Basin Province, confirmed biogenic gasis present at depths
to 4,500 m (15,000 ft) (Mattavelli and others, 1983).

Italian gas of biogenic origin is distinguished from that of thermal origin by the following
geochemical criteriaincorporating carbon and hydrogen isotopes and C2+ content (Tissot
and others, 1990; Mattavelli and others, 1991):

Type of Gas Cisotopes (d*C1)  H isotopes (dD) C2+ hydrocarbons |
Biogenic -75t0 -60 9/go-180 to -210 Yo <0.2%
Mixed -60 to -50 %no-180 to -210 Yoo 0.1-5%
Thermal -50 t0 -30 %no-150 to -180 %o 0.3-10%

Based on the Petroconsultants (1996) data base of known, ultimately recoverable
reserves, nearly 85% (16 TCF) of the total gas (i.e., 75% of the total hydrocarbons) in the
Po Basin Provinceis gas of biogenic origin (Tables 1 and 2). Another 8-10% (1.8 TCF)
of the province hydrocarbon totals and gas totals is mixed biogenic and thermal gas, with
the remaining gas thermally generated. Previous reports attribute a comparable allocation
of province gas-in-place reserves to biogenic sources and thermal sources (80% biogenic,
10% thermogenic and 10% mixed; Mattavelli and Novelli, 1983).

For thisreport, al field accumulations have been classified as to a unique or combined
hydrocarbon source (Table 1). For the purposes of resource assessment, they are further
assigned into just two major petroleum systems. When published designation or
compositional information (isotopes or C1 vs. C2+ content) was lacking for afield, the
following hierarchy of criteria (data from Petroconsultants, 1996) was used to assign it to
asource-rock family:

Hydrocarbon Commaodity Field Reservoir Reservoir
Sour ce (G=gas, L ocation Depositional Age
C=condensate) Environment
Definitebiogenic G (plus2of following 3):  offshore deep Plio/Pleistocene
Probable biogenic ~ “ (plus 1 of following 3):

Definitemixed G or GC (plusall of following 3): onshore other than deep

Probable mixed “ “ “ “ Mio/Plio/Pleistocene
Tertiary thermal “ “ “ “ Tertiary
Triassic thermal GC or heavier — * “ “ mostly pre-Tertiary
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Gasin Miocene reservoirs that is interpreted to be biogenic has been discovered in six
fields on the Veneto Plain (Figure 4), but it constitutes <1% of total province reserves
compared to >70% for Plio-Pleistocene biogenic gas (Tables 2 and 3). Five of the six
fields produce from Miocene reservoir rocks and one from Pliocene reservoir rocks.

Solely biogenic gasisin 123 fields with Pliocene reservoirs — nearly 50% of the known
recoverable reservesin the province (Table 3) — extending from the Milan area (west) to
the Croatian offshore (southeast) (Figures 4 and 5a). The mgjority of Pliocene reserves
(derived from Petroconsultants (1996) data) are in Upper Pliocene rocks, hence the total
petroleum system name “ Porto Garibaldi” (Figure 2) for both the primary source rock and
the primary reservoir rock. Pleistocene biogenic gas reservoirs contain about 21.6% of
the ultimately recoverable province reservesin 74 fields, mostly offshore but also
trending intermittently westward to alocation near 10° longitude (65 km east of Milan).
A histogram of field sizesfor all biogenic gas accumulations is compared with
populations for thermogenic and mixed biogenic/thermogenic accumulationsin Figure 6.
(There were no significant distinctionsin field size distribution between Pliocene and
Pleistocenereservoirs.) Size data are derived from Petroconsultants (1996).

Mixed Biogenic and Thermal Gas

Biogenic gas probably mixed with thermal gas occursin 21 fields (Table 1), generally
where tectonism created suitable fault conduits for upward migration of thermal gas
(Mattavelli and others, 1983). Fields with potentially mixed accumulations are not
areally distinct from those with unmixed accumulations (Figure 4). Nor are size
distributions (Figure 6). Potentially mixed accumulations comprise approximately 8.5%
of the total province recoverable reserves (Table 2) and occur primarily in Miocene and
younger reservoirs. Statistically, this mixed population is combined with the dominant
biogenic gas total petroleum system of the province for the purposes of resource
assessment (Figure 5a).

M arnoso Arenacea: Thermal Miocene Gas, Oil and Condensate

Thermal Miocene hydrocarbons thus far have been discovered solely onshore, mostly in a
relatively continuous trend associated with the Apennine foredeep and fold front (Figures
1, 4 and 5¢) where the thermal gradient is highest in the province. The source rock isthe
Upper Miocene Marnoso Arenacea Formation (Figure 2). Miocene hydrocarbons are
mostly within Tertiary reservoirsin 30 fields (Table 1), hence the total petroleum system
name “Marnoso Arenacea’ for both the source and reservoir rocks. Onefield contains a
presumed-Tertiary oil of unique geochemical character within a Mesozoic carbonate
reservoir (Bagnolo in Piano field; Rivaand others, 1986). The Tertiary source rock for
that one field is postul ated to be older Miocene Gallare marls (Figure 2).

Migration occurred laterally updip from thermally mature synclinal areas and perhaps

along faults from thermally mature footwall locations. Volumetrically, thermal Miocene
hydrocarbons are mostly gas (Table 2), with C2+ content generally higher than in most
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Table 2. Reserve allocations* by hydrocarbon source for the Po Basin Province.

PETROLEUM SYSTEM Ultimate Recoverable | % of Province | % of Province | % of Province| % of URR

Reserves - MMBOE Total Reserves| Total Gas Total Oil Produced
Definite Biogenic (Plio-Pleistocene) (G) 2388.16 (14.33 TCF) 67.4 75.8*** 0 50.57
Probable Biogenic (Plio-Pleistocene) (G) 253.52 ( 1.52 TCF) 7.2 8*** 0 3.38
Biogenic Miocene (Veneto Plain) (G) 19.68 ( .12 TCF) 0.6 0.5 0 50.85
Definite Mix of Biogenic & Thermal (G&C) 286.35 ( 1.72 TCF) 8.1 9.1 0 88.19
Probable Mix of Biogenic & Thermal (G) 11.37 ( .07 TCF) 0.3 0.3 0 20.56
Thermal Tertiary (Miocene) (GC&O) 153.00 (84% gas) 4.3 4.1 6.4** 63.21
Thermal Triassic (OG&C) 426.92  (16% gas) 12.1 2.2 93.6** 30.35

*  Known ultimately recoverable reserves; data derived from Petroconsultants (1996) and Table 1.

**  Stefani and Burchell (1993) report that 70% of pre-1989 oil in northern Italy is from Triassic source rocks; Mattavelli and Novelli
(1990) assign 95% of Italian oils (all of Italy) to Triassic carbonate source rocks and 5% to Tertiary shale source rocks.

*** Mattavelli and others (1983) report 80% of Po Basin gases to be biogenic/diagenetic,10% thermal, and 10% mixed in origin.

G =gas, O = qil, C = condensate (note that condensate comprises just 1% of total province reserves.)
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Table 3. Ultimate recoverable reserve allocation and average reser-
voir properties by reservoir age for all Po Basin reserves

(data derived from Petroconsultants, 1996).

RESERVOIR % ULTIMATE| AVERAGE AVERAGE
AGE REC. RES. POROSITY | PERMEABILITY
(%) (md)
Unallocatable 8.69
Unreported 0.22
CENOZOIC - Quat 21.63 32 308
Pleistocene (74 fields)
CENOZOIC - Tert 56.58
Pliocene (123 fields) 49.52 31 759
Miocene (23 fields) 1.2 29 253
Undif. PI-M (10 fields) 4.29 31 502
Oligocene (3 fields) 0.08 2 2
Eocene (3 fields) 0.06 2 2
Undif. Tert. (18 fields) 1.43 36* 2000*
MESOZOIC 12.88
Cretaceous (9 fields) 1.52 2 2
Jurassic (2 fields) 0.44 2 2
Triassic (5 fields) 10.24 13 2
undif. (6 fields) 0.68 12 2

* data for 1 reservoir only
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10° 15°

Figure 5c. Marnoso Arenacea total petroleum system (Tertiary thermal gas and condensate). For the purposes of quantitative
resource assessment, volumetrically small Marnoso Arenacea is combined with Porto Garibaldi (Fig. 5a), and the resultant
total petroleum system is called Porto Garibaldi (406001) with one assessment unit Neogene flysch Gas (40600101).

EXPLANATION
— Rivers
— Shoreline Assessment regions (collection of polygons)
== Po Province boundary
- - Country Boundary Minimum Petroleum System regions
» Field centerpoints
Total Petroleum System regions
. ) . / . / . . Pod of active source rocks boundary
Projection: Robinson. Central meridian: O Tics indicate side of their presence
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biogenic gas (> 0.2%). Thermal Miocene hydrocarbons constitute just 4% of the total
province recoverable reserves (Table 2), and field sizes are smallest in the province
(Figure 6).

Miocene-sourced oils from Cortemaggiore field (10™-largest province field on Figure 4)
are described as napthenic, with API gravities (34° - 44°), sulfur content (maximum
0.14%), vanadium content and nickel content similar to thermal oils from Triassic source
rocks (Riva and others, 1986; Mattavelli and Novelli, 1990; Pieri, 1992). Miocene oils
are distinguished from Triassic oils by unique carbon isotope signatures, high
pristane/phytane ratios (>2), the presence of oleanane, and different sterane and hopane
distributions. For Miocene oil saturates, d—~C ranges from —22.6 to —23.1 900 and for
aromatics from

—22.810-24.4 % 0. The unique Bagnolo-in-Piano (Gallare) ail is heavy (16° API) and
high in sulfur (4.9%). It hasd 3C values comparable to Miocene Marnoso Arenacea oils
but a pristane/phytane ratio intermediate (1.5) between typical Tertiary and Triassic
sourced oils. Those parameters correlate well with Gallare source-rock extracts.

Meride/ Rivadi Solto: Thermal Triassic Oil, Gas and Condensate

Thermal Triassic-sourced hydrocarbons also have been discovered solely onshore in
several distinct areas (Figures 4 and 5b) near or projected from outcrops of organic-rich,
Middle to Upper Triassic source-rock facies deposited in anoxic depositional troughs.
Triassic hydrocarbons are mostly, but not exclusively, within Mesozoic reservoirsin 12
fields (Table 1). Onefield (Cernusco) produces known Triassic-sourced hydrocarbons
from Pliocene reservoirs. Thetotal petroleum system name reflects the hybrid of 2 major
Triassic source rocks —the Middle Triassic (Ladinian) “Meride” Limestone and the Upper
Triassic (Rhaetian) “Rivadi Solto” Shale (Figure 2). To avoid a cumbersome name
length, the largely Mesozoic carbonate reservoirs are excluded from the total petroleum
system name.

Lateral updip migration, fault migration, and vertical migration were necessary to charge
local structural highs from the areally restricted source rock centers. Volumetrically,
Triassic hydrocarbons are mostly oil, and they comprise approximately 12% of the total
province recoverable reserves (Table 2). Thisthermal Triassic petroleum system has the
widest range of field sizes and the flattest distribution (Figure 6).

Oil data have been published for three Triassic-sourced fields that represent the three
distinct productive areas — the westernmost Villafortuna-Gaggiano complex (#2 on Figure
4), Maossafield (#16 on Figure 4), and Cavone (one of the easternmost Triassic group of
four on Figure 4). The oils have distinctions regionally, particularly in terms of AP
gravity and sulfur content. Villafortuna-Gaggiano oils are overpressured and in aliquid
phase at depths of 4600 to 6200 meters (amongst the deepest oil fieldsin the world). AP
gravities range from 34°-40°, and sulfur content islow (Mattavelli and Novelli, 1990).
They are similar to Malossa Triassic oilsin carbon isotope values and in isoprenoid
distribution, but differ by vanadium/nickel ratio and the presence of dibenzothiophene.
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Figure 5b. Meride / Riva di Solto total petroleum system (Triassic thermal oil and gas). This petroleum system has
one assessment unit (40600201 ("Thermal Triassic")) equal in area to the entire petroleum system.

EXPLANATION
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Projection: Robinson. Central meridian: O Tics indicate side of their presence
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Malossa oils are also overpressured and have 47°-53° API gravities; low sulfur content (O
- 0.6%); vanadium, nickel and polar compound presence; a pristane/phytane ratio of 1-
1.2: and d13C values of —29.2 to —30.9 %/ for saturates and —28.5 to —30.3 %o for
aromatics (Riva and others, 1986; Mattavelli and Novelli, 1990; Stefani and Burchell,
1990). They contain significant quantities of diasteranes and have abundant peaks in
C27-C35 hopanes and C29-C30 moretanes (Stefani and Burchell, 1990).

Oilsfrom Cavone field have API gravities of 20°-22°; high sulfur content (to 4%);
abundant polar compounds (20-36%), C.o+ content, and biomarkers; negligible diasterane
and low TS/Tm ratios (Rivaand others, 1986; Mattavelli and Novelli, 1990).

SOURCE ROCK OCCURRENCE, CHARACTER, AND MATURATION

Porto Garibaldi: Plio-Pleistocene and minor Miocene Sour ce Rock for
Biogenic Gas

The filling of the Po Basin foredeep occurred in conjunction with the Alpine and
Apennine orogenies, resulting in as much as 8 km of Cenozoic sedimentary fill
(Mattavelli and others, 1983). As previoudly discussed, conditions for the creation,
entrapment and preservation of biogenic gas were optimal during deposition of Tertiary
and Pleistocene siliciclastic turbidite facies in the Alpine and Apennine foredeep regions,
hence the distribution of biogenic gas across nearly the entire Po Basin Province.
Thermal gradients over most of the province are presently low, ranging from 19 to 25 °
C/km (0.7 to 1.4 °F/100 ft) (Mattavelli and Novelli, 1990), but in the Apennine region
they are somewhat higher.

Continued Apennine folding until the Pleistocene Epoch resulted in the Apennine
foredeep area being agood location for anticlinal traps, especialy the region around the
coastline where subsidence was greatest and there was optimal alternation of sandstone
and shale for future reservoir and source rock (Figures 1 and 4). In contrast, the

Pedeal pine region of biogenic gas near Milan (Figures 1 and 4) did not experience such
concurrent deformation, and its traps are more stratigraphic. A limited area of Miocene
biogenic-gas source rocks from the Alpine foredeep has charged six anticlinal fieldsin
the Veneto Plain of onshore northeastern Italy (Figure 4).

Neogene and Pleistocene bathyal marine shales have total organic carbon (TOC) content
ranging from trace amounts to 1.0 wt % and kerogen composition of >80% terrigenous
material (Rivaand others, 1986; Tissot and others, 1990). These shales are thermally
immature (vitrinite reflectance < 0.5% R,) to depths exceeding 5 km in the central Po
valley. An events chart illustrates the geological recency for al the events and
components of this biogenic total petroleum system (Figure 7a).
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Province Name: Po Basin (4060)

Figure 7a. Porto Garibaldi Total Petroleum System Events Chart

Author(s): S.J.Lindquist

~~~ Local unconformities

TPS Name: Porto Garibaldi

For U.S.Geological Survey resource assessment
purposes, this total petroleum system is combined
with Marnoso Arenacea (Figure 7¢).
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M arnoso Arenacea: Miocene Source Rock for Thermal Gas, Oil and
Condensate

Miocene bathyal marine shales (and local marls) are thermally immature along the
Pedeal pine Homoacline even to depths of 6 km (Riva and others, 1986). In the Apennine
subsurface fold belt, the oil window islocally as shallow as 4 km, so Miocene thermal
hydrocarbon accumulations are largely restricted to the onshore Apennine trend (Figure
4). It iscommon for Marnoso Arenacea shales to be thermally immature on the tops of
anticlines. The formation attains thickness exceeding 3 km and has average TOC content
of 0.68 wt% and a hydrogen index (HI) of 180 mg HC/g TOC (Riva and others, 1986).
At 10th-largest Cortemaggiore field, maximum TOCs of 1.5 wt % and type |11 kerogens
characterize the 2-km thick formation, which generated hydrocarbons in Plio-Pleistocene
time (Pieri, 1992). Correlation of oils and source rock extracts (using pristane/phytane
ratios, carbon isotopes, and GC/MS data) confirm the Marnoso Arenacea sourcing of
numerous fields. An events chart shows a Late Miocene emphasis and importance for
events and components of this small Tertiary thermal petroleum system (Figure 7c).

Meride/ Rivadi Solto: Triassic Source Rock for Thermal Oil, Gasand
Condensate

There are published studies of Italian Triassic outcrops across the Southern Alpsin a
west-to-east trend from Lake Maggiore to the Slovenian border (Figure 1) (Stefani and
Burchell, 1993). Triassic shale and carbonate source rocks of variable maturity
(immature to highly overmature) crop out in the western half of the province between
Lake Lugano (west) and Lake Garda (east). They were deposited in north-south trending,
transtensional anoxic basins, several hundred meters deep, interspersed with shallow
carbonate platforms. The persistent, Mesozoic platform/graben depositional setting
resulted in variable local burial and expulsion histories for the source rock (Figures 7b
and 8). A Mesozoic overal risein sealevel resulted in the troughs becoming more
widespread through time (maximum 1000 sq km; Stefani and Burchell, 1990), such that
Rhaetian-age (uppermost Triassic) shales and marls are generally the thickest (> 2 km)
and most organic rich of the Triassic source rocks. Source rock thickness can vary by an
order of magnitude over a 10 km distance (Mattavelli and Margarucci, 1992).

Thickest and most basinal Upper Triassic source-rock outcrops are located on the west
side of Lake Iseo (Figure 4) where they are highly overmature (R, = 4%, Stefani and
Burchell, 1990). Triassic-sourced production closest to Milan (approximately 9.2° east
longitude, including 16! -largest Malossafield) is geochemically tied to Rhaetian
euxinic, basinal source rock cropping out directly north of there; whereas the four fields
around 11° east longitude are thought to be charged from organic-rich facies of a
postulated small intraplatform depression on the Rhaetian shallow-water carbonate
platform cropping out east of and at Lake Garda (Figure 4) (Stefani and Burchell, 1993).
If the latter is true, there might be potential for the presence of local Triassic source rocks
in the eastern half of the province where only platform carbonates have been identified in
outcrop.
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Figure 7c. Marnoso Arenacea Total Petroleum System Events Chart

TPS Name: Marnoso Arenacea

(Tertiary thermal gas, oil,and condensate)
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Figure 7b. Meride / Riva di Solto Total Petroleum System Events Chart

Province Name: Po Basin (4060)

Author(s): S.J.Lindquist

~~~ Local unconformities

TPS Name: Meride / Riva di Solto (406002)

(Triassic thermal oil, gas and condensate)

Date: April, 1999

N N Y —_
(0] (@) ()] (@) ul
o o (@) o o
' I ' I ' GEOLOGIC
o o
s N I ON s 4 3 A o 3 TIME
3 & 2 K g £ é a8 ~ SCALE
> ° ° = 2 PETROLEUM
R - -~ = - - _ > m SYSTEM EVENTS
- A
ROCK UNIT

SOURCE ROCK

Extensional block faults

RESERVOIR ROCK

SEAL ROCK

OVERBURDEN ROCK

TRAP FORMATION

Local limited oil generation ?
Mostly not trapped.

_ - N

PRESERVATION

CRITICAL MOMENT

Page 27 of 35


Cheryl W Adkisson
Page 27 of 35


Figure 8. Chart comparing burial histories from two different Triassic producing areas: a shallow
burial history for a Middle Triassic source rock (red) and a deeper burial history for an Upper Triassic
source rock (green) (after Mattavelli and Margarucci, 1992, and Mattavelli and Novelli, 1990). Also
shown is the biogenic gas floor of 4.5 km (black dotted line) and a schematic burial curve for the basal
Miocene foredeep (blue). Apennine foredeep source rocks are thermally mature at shallower depths
than Alpine foredeep source rocks and foreland source rocks because of a higher thermal gradient.
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Westernmost Triassic-sourced production from Trecate, Villafortuna (an largest
province field) and Gaggiano fields is associated with older, Middle Triassic Meride
argillaceous carbonate source rocks that crop out in a narrow band between Lake Lugano
and Lake Como and that have been penetrated in a Gaggiano well (Rivaand others,
1986).

Rivadi Solto source-rock extracts are characterized by abundant diasterane content, both
marine and continental kerogen types |l and 111 (13-21% amorphous, 34-59% herbaceous,
28-45% woody), and a pristane/phytane ratio near 1 (Stefani and Burchell, 1990, 1993).
Land-derived kerogen is probably over-represented in outcrop samples because of high
levels of thermal maturity in the most basinal facies. TOC ranges from 0.5 to 5 wt %.
Pyrolysis S, values from several samples range from 1-3 kg/ton, with a carbon preference
index (CPI) of 1. Rivadi Solto and Meride source rocks can be distinguished from each
other by carbon isotopes and biomarkers. Rivaand others (1986) compare the Triassic
source rocks as follows. Meride TOCs average 0.8 wt %, with a sulfur content of 4.5%
and HI of 513 mg HC/g rock; Rivadi Solto TOCs average 1.3 wt %, with a sulfur
content of 3.1% and HI of 251 mg HC/g rock.

An events chart shows the emphasis and importance for components and events ranging
from Jurassic through Neogene age for this Triassic thermal petroleum system (Figure
7b).

OVERBURDEN ROCK AND BURIAL HISTORY

Thetotal sedimentary column in the Po Basin Province ranges from a minimum of 4-5
km at its northern Alpine border to a maximum of approximately 12 km along the
Apennine thrust front (Mattavelli and others, 1983). Mesozoic rocks are dominantly
carbonates with shales. Oligocene to Recent sandstones and shales can exceed 9 kmin
thickness.

Figure 8 illustrates variability in Triassic expulsion history as related to differencesin
buria history, reflecting the presence of Mesozoic grabens (deep burial histories) and
platforms (shallow burial histories). Graben source rocks would likely be more oil prone
than source rocks from the platforms and platform margins. Mesozoic thermal gradients
during rifting were probably higher than Cenozoic thermal gradients during continental
collision. Much of the Triassic oil potentially generated from deepest grabens as early as
Early to Middle Jurassic time either was not trapped or was subsequently lost from
extensional fault-block traps during the later Alpine and Apennine orogenies. A later
major episode of hydrocarbon expulsion under cooler thermal conditions occurred from
Miocene and shallow-burial Triassic source rocks during the Alpine and Apennine
orogenies. The highest present Cenozoic thermal gradients are associated with the
Apennine mountain front. Regionally within the Po Basin Province, the top of the ail
window (approximately 0.6 % R,) ranges from about 4 km to 6 km in depth today.
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TRAPSTYLE

Mesozoic extensional block faults throughout the Po Basin Province might have served
as early traps for Mesozoic-generated Triassic oils from paleograbens. Late Tertiary
reactivation of those faults, during the Alpine and Apennine orogenies, locally
compromised those pre-existing traps and influenced the trends of later deformation.
Tertiary compression ceased in the western Alps before Pliocene time, but continued in
the eastern Alps and northern Apennines into the Quaternary Period. Less modification
of Mesozoic extensional block faults occurred in foreland regions away from the thrust
fronts. Tertiary siliciclastics are locally detached from underlying Mesozoic carbonates.

Most Mesozoic fields (Meride/ Rivadi Solto thermal total petroleum system) arein
faulted, Mesozoi c-carbonate pal eohighs that have been modified into basement-involved,
thrusted anticlines — south-verging in the southern Alps and north-verging in the northern
Apennines. Mesozoic reservoirs of thistotal petroleum system contain 12+ % of the
ultimately recoverable province reserves (Tables 2 and 3). Although some traps existed
in Mesozoic time, the Neogene Alpine and Apennine orogenies were the critical events
for trap formation/modification and for generation and migration (Figure 7b).

Tertiary (largely Miocene) reservoired fields of the thermal Marnoso Arenacea total
petroleum system are in faulted, thrusted anticlines characterized with depositional
lenses, onlaps and truncations. Faults provide necessary conduits for charging the
reservoirs with thermal hydrocarbons generated off-structure. This Tertiary thermal
hydrocarbon system contains just 4% of the province's ultimately recoverable reserves
(Table 2). Critical elements and processes for this petroleum system are Neogene in age
(Figure 7c).

Tertiary and Quaternary reservoirs of the Porto Garibaldi biogenic-gas total petroleum
system are in thrusted anticlines, simple drape structures and stratigraphic traps. Purely
stratigraphic traps are underexplored. The presence of major faults increases the
possibility that biogenic gas will be mixed with thermal hydrocarbons from below. More
than 75% of the province ultimately recoverable reserves are in traps incorporating
biogenic gas (Table 2). Critical elements and processes for this petroleum system are
Pliocene and younger in age (Figure 7a).

DISCOVERY HISTORY

The first Italian onshore field was discovered in 1890 — followed by one in 1907 and two
in the 1920s—in the Emiliafold trend of the northern Apennine Mountains. These early
discoveries were shallow Tertiary anticlines < 1 km deep and sourced with thermal
Miocene gas. Around 1940, the first field sourced from biogenic gas was discovered
onshore near the Po River delta. Cernusco, the first Triassic-sourced field, was
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discovered in 1958. Regular annual Italian onshore discoveries began in 1951. The first
Italian offshore field discovery wasin 1960. The largest province field (Porto Garibaldi —
Agostino) was discovered offshorein 1968. The first two Croatian (offshore) fields were
discovered in 1977, including the largest Croatian field to date, Ivana, which ranks 20" in
the province.

RESERVOIR ROCKS

Mesozoic reservoir rocks in the Po Basin Province are predominantly north-south
trending platform carbonates of various genesis and texture. Most Mesozoic reserves are
in Triassic rocks (Table 3). Triassic reservoirs are underexplored in the eastern half of
the province. Intertidal dolomites at 16™ largest Malossa field are characterized with
porosity ranging from 1-13% and permeability averaging in the 10s of millidarcies from
moldic, intercrystalline, fracture and vug pore systems (Mattavelli and Margarucci, 1992).
Mal ossa average net reservoir thickness is 300 m (maximum 580 m). At Cavonefield
multiple reservoirs produce, with net thicknesses ranging from approximately 10 m to >
100 m (Nardon and others, 1991). Shallow platform carbonates at Cavone field average
5% porosity and 60 md matrix permeability. Oolitic limestones have 10% intergranular
porosity and 100 md matrix permeability. Deep-marine carbonate breccias with 9%
average porosity and 10 md average matrix permeability also produce. Fractures can
increase permeability by as much as an order of magnitude in these carbonates. Mesozoic
carbonate reservoirs in the Po Basin Province contain 12+ % of the total ultimate
recoverable reserves (Table 3).

Tertiary and Quaternary siliciclastic reservoir rocks are predominantly turbidite deposits
of the Alpine and Apennine foredeeps and forelands, which cover most of the province.
Reservoir rocks range from silty, fine-grained sandstones to local conglomerates that
were commonly deposited along the long axes of syndepositional synclines. Onlaps and
truncations are common. At onshore Cortemaggiore field (thermal Marnoso Arenacea
total petroleum system and 10™ largest field in the province), the stacked Miocene
reservoirs average 25-30% porosity and 80-180 md permeability, with individual
producing zones ranging from 1.5 to 31 min thickness (Pieri, 1992). The offshore
Barbarafield (biogenic Porto Garibaldi total petroleum system and 3" largest field in the
province) produces from southeast trending stacks of Quaternary sandstones of centimeter
to meter thicknesses (lanniello and others, 1992). Best porosities are around 30%, and
permeabilities range from 5 to 1000 md. Water-free production occurs from sandstones
with 35-75 % water saturations and net-to-gross ratios ranging from 27% in the silty
sands to 95% in the coarser sands. Cenozoic siliciclastic reservoirsin the Po Basin
Province contain >78% of the total ultimate recoverable reserves (Table 3).

SEAL ROCK
Seals for Mesozoic carbonate reservoirs are at stratigraphic or fault contacts with the

uppermost carbonates in the stratigraphic section — Cretaceous-aged, impervious pelagic
marls and argillaceous limestones known as Scaglia and Marne di Bruntino (Figure 2).
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Cenozoic siliciclastic reservoirs are sealed by contiguous deep-marine shales and
impermeable sandstones, generally meters to tens of meters thick. Some biogenic gas
accumulations have shale seals < 1m thick and are presumed to be leaking even as they
are continually replenished.

ASSESSMENT UNITS

Porto Garibaldi (Biogenic*) Total Petroleum System #406001

One established, biogenic gas assessment unit is appropriate for Porto Garibaldi (Figure
5a). (Examinations of existing field size distributions by reservoir age and by geographic
and tectonic location did not distinguish unique populations for the purposes of this
resource assessment.) This biogenic-gas petroleum system has an area of approximately
89,300 sqg km. Sixty-one percent of the “biogenic gas’ assessment unit is onshore; 39%
isoffshore. Thirty percent of the offshoreisin Croatian waters, and all water depths are
<100 m. Dry methane gas (C,+ < 0.2 %) is the expected resource, and minimum field
size is expected to be 1 mmboe onshore and perhaps 2 mmboe offshore. Further
infrastructure devel opment is needed offshore. Purely stratigraphic traps are
underexplored within this petroleum system. *For the practical purposes of quantitative
resour ce assessment, Porto Garibaldi is combined with volumetrically small Marnoso
Arenacea (discussed below) — but still called Porto Garibaldi (#406001) — with one
established assessment unit named Neogene Flysch Gas (#40600101) in the U. S.
Geological Survey database. In combination, Porto Garibaldi and Marnoso Arenacea
contain approximately 18.5 TCF known, ultimately recoverable reserves (87.9 % of the
total province reserves, 97.8% of the total province gas, and 6.4% of the total province
oil).

Meride/ Rivadi Solto (Thermal Triassic) Total Petroleum System #406002

One established assessment unit (“ Thermal Triassic” #40600201) is utilized for Meride
/ Rivadi Solto (Figure 5b), even though several distinct productive areas are delineated
and several different pods of source rock of variable Triassic age are known to exist.
Meride/ Rivadi Solto has an area of approximately 31,500 sq km. The petroleum system
and assessment unit are totally onshorein Italy, but the reader should be aware that a
largely untested Triassic graben might exist offshore from the area of the Italian Po River
delta southeastward (parallel with, but southwest of, the Adriatic axis) (Grandic and
others, 1997). The expected resource for Meride / Rivadi Solto is il (possibly
overpressured) with associated gas and condensate. Because of potentially great depths,
this petroleum system is al'so underexplored. It is expected that the minimum field size
will be 2 mmboe. Meride/ Rivadi Solto’s outline includes the westernmost field
(Desana) in the province, of which little is published other than its 1954 discovery date,
its abandoned status, and the fact that it has few reserves. Desana could possibly belong
to the Marnoso Arenaceatotal petroleum system instead, so Marnoso Arenacea’s outline
isin close proximity to Desanafield (Figure 5c).
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M arnoso Arenacea (Thermal Tertiary) Total Petroleum System

For the practical purposes of quantitative resource assessment, volumetrically small
Marnoso Arenacea is combined with Porto Garibaldi (discussed above) —and called
Porto Garibaldi (#406001) — with just one established assessment unit named Neogene
Flysch Gas (#40600101) in the U.S. Geological Survey database. Marnoso Arenacea
has an area of approximately 35,400 sq km and is entirely onshorein Italy (Figure 5c).
The eastern two-thirds, east of Milan, include the Emilia, Ferrara and Romagnafold
trends of the northern Apennines Mountains and contain all known production (Figure 1).
These thrusted fold trends contain cores of Tertiary or Mesozoic rocks. The western one-
third, west of Milan, includes the Monferrato Arc and S. Piedmont Basin that have little
published information. These western folds contain allochthonous Liguride oceanic
nappe in their cores (Pieri and Flores, 1996). The western area has fewer than two dozen
exploratory wells and no shows reported in the Petroconsultants data base.
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