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PETROLEUM SYSTEMS OF THE WEST IBERIAN
MARGIN: A REVIEW OF THE LUSITANIAN BASIN
AND THE DEEP OFFSHORE PENICHE BASIN

N. Pimentel'" and R. Pena dos Reis?

The relatively well-studied Lusitanian Basin in coastal west-central Portugal can be used as
an analogue for the less well-known Peniche Basin in the deep offshore. In this paper the
Lusitanian Basin is reviewed in terms of stratigraphy, sedimentology, evolution and petroleum
systems. Data comes from published papers and technical reports as well as original
research and field observations.The integration and interpretation of these data is used to
build up an updated petroleum systems analysis of the basin. Petroleum systems elements
include Palaeozoic and Mesozoic source rocks, siliciclastic and carbonate reservoir rocks,
and Mesozoic and Tertiary seals. Traps are in general controlled by diapiric movement of
Hettangian clays and evaporites during the Late Jurassic, Late Cretaceous and Late Miocene.
Organic matter maturation, mainly due to Late Jurassic rift-related subsidence and burial, is
described together with hydrocarbon migration and trapping.Three main petroleum systems
may be defined, sourced respectively by Palaeozoic shales, Early Jurassic marly shales and
Late Jurassic marls.These elements and systems can tentatively be extrapolated offshore into
the deep-water Peniche Basin, where no exploration wells have so far been drilled.There are
both similarities and differences between the Lusitanian and Peniche Basins, the differences
being mainly related to the more distal position of the Peniche Basin and the later onset
of the main rift phase which was accompanied by Early Cretaceous subsidence and burial.
The main exploration risks are related to overburden and maturation timing versus trap
formation associated both with diapiric movement of Hettangian salt and Cenozoic inversion.
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INTRODUCTION

The West Iberian margin is one of the least explored
of the North Atlantic margins. A number of on- and
offshore basins are present in West Iberia including
the mainly onshore Lusitanian Basin and the deep
offshore Peniche Basin (Fig. 1). Counterparts in the
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conjugate margin of eastern Canada are the Jeanne
d’Arc and Whale Basins (cf. Wilson et al., 1989;
Pinheiro et al., 1996; Peron-Pinvidic and Manatschal,
2009) where major oil and gas fields include Hibernia
(1016 MM brls) and Terra Nova (170 MM brls) in
Newfoundland, and Sable (2.7 TCF) and Deep Panuke
(659 BCF) in Nova Scotia (CNSOPB, 2013). However
no comparable discoveries have so far been made in
the West Iberian margin.

Exploration of the West Iberian margin began in
the 1930s. Seismic data was acquired over the next
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Fig. . Location map of the West Iberian margin of Portugal with the mainly onshore Lusitanian Basin and
deeper-water offshore basins including the Peniche Basin. Bb, Berlengas Block. Red lines show the conjugate
NNW-SSE and NE-SW fault system. Inset shows the Palaeozoic Iberian basement zones (Ribeiro et al., 1990).

Boxes mark the areas of Figs 2 and 3.

40 years and 78 wells were drilled with oil shows
and sub-commercial discoveries recorded (UPEP,
2016). Increased seismic acquisition took place in
the 1970s with the drilling of 22 offshore wells (Fig.
2). The margin was further explored between 1978
and 2004 (particularly the Porto Basin: Fig. 1), and
an additional 28 wells were drilled with a few oil
shows (Fig. 2). The deeper offshore has been covered
by a seismic campaign (TGS-NOPEC 99-02; UPEP,
2016) (Fig. 2), and concessions in 2007 included
three blocks in the Alentejo Basin (ENI (operator) and
GALP) and four blocks in the Peniche Basin (Repsol

(operator), Kosmos, GALP and Partex). Meanwhile,
the Lusitanian Basin (onshore and shallow offshore)
was explored by Mohave Oil & Gas from 1998 to
2014, with 2D and 3D seismic acquisition, nine wells
and significant oil and gas shows recorded.

Recent exploration activity in the West Iberian
margin has focused on the deep offshore with new 2D
and 3D seismic campaigns, as well as aerial gravimetric
surveys of both onshore and offshore areas (UPEP,
2016). Little direct information about the sedimentary
infill of the deep offshore basins is available due to the
absence of wells in water depths greater than 200m



N. Pimentel and R. Pena dos Reis 307

North |

AN

Distal
Peniche

—40°N|

P

Basir*

|

[12A]

B
*39°N*——<T‘> A . 7.

LEGEND
Profiles of seismic

Wells with
oil shows ...

ﬂ
r>PO@CHIOD

—39°N-

Offshore wells_________.

ODPsites.__._._.._....

[| Modelled wells
(Fig9Q) ..

Bathymetry

ﬂ— 38N
60 90 120km.

1

8°W

Fig. 2. Regional map of the Portuguese margin showing the location of the main TGS-NOPEC seismic lines
(red), offshore wells, wells with oil shows, and locations of oil seeps (after UPEP, 2016). Purple lines show the
profiles of seismic sections reproduced in Figs 4, 5,8 and 12. Crosses mark the locations of modelled wells SB-1

and PW-4 (Fig. 9). Box marks the area of Fig. 3.

(Fig. 2). However the sedimentary fill in the deep
offshore may be extrapolated from the outcrop geology
of the onshore areas which has been well documented
(e.g. Alvesetal.,2003,2006,2009; Pereira et al., 2011,
2012; Pena dos Reis et al., 2011).

In this paper we present an overview of the
Lusitanian Basin and of the related petroleum systems
and elements, and discuss possible correlations with
the deep offshore Peniche Basin. The paper integrates
outcrop and subsurface data from the onshore with
recently-acquired seismic data from the offshore.

Available data

Overviews of the geology and evolution of the
Lusitanian Basin include Witt (1977), Ribeiro et al.
(1979), Wilson (1988), Wilson et al. (1989), Rasmussen
etal. (1998), Azerédo et al. (2003), Dinis et al. (2008),
Pena dos Reis et a/.(2000, 2011) and Kullberg et al.
(2013). To complement this published information, the
fill of the Lusitanian Basin was studied at 38 outcrop
locations in terms of stratigraphy, sedimentology and
lithofacies variations (Atlantis, 2010). In addition
to these outcrop studies, more than 50 well reports
were studied for different stratigraphic intervals.
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Finally, published regional and local 2D seismic
lines (vd. Rasmussen et al.,, 1998; Kullberg, 2000)
and a comprehensive seismic interpretation report
(Lombholt et al., 1996) were used to investigate basin
structure and tectono-sedimentary evolution. Based on
these studies, petroleum systems and elements in the
Lusitanian Basin were reviewed. Previous petroleum
systems studies include that produced by the National
Oil Agency (GPEP, 1986), and the reviews prepared
by Pena dos Reis and Pimentel (2010a, 2010b) and
Spigolon et al. (2011) which are updated in this paper.

Fig. 3. Map showing structural and tectonic
elements of the Lusitanian Basin, west-central
Portugal. Mesozoic geology based on LNEG,
2010; Palaeozoic basement based on Pena
dos Reis et al. (2012). Palaeozoic terranes:
CIZ - Central Iberian Zone; SPZ - Southern
Portuguese Zone; OMZ - Ossa Morena

Zone. Outcropping diapirs with Hettangian
evaporites are marked by pink polygons.
White dashed line shows the profile line of the
seismic section in Fig. 10a.

For the Peniche Basin, no direct data are available
except for some recent piston-core studies of the
seabed, so the basin is known mainly from seismic data
(e.g. Alves et al., 2003, 2006, 2009). The correlation
between the Lusitanian and Peniche Basins is based
on the identification of similar unconformities and
sedimentary infill packages, although differences
are due to the basins’ differing palaco-geographical
locations during the opening of the Northeast Atlantic.
In addition to the published data, a group of 28 seismic
profiles (courtesy of Petrobras) were analysed, and
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Fig 4. Schematic geological cross-sections based on interpreted seismic lines. (A) Composite east-west

section across the Lusitanian and Peniche Basins based on the interpretation of two offshore lines (courtesy of
Petrobras). (B) Adapted from an interpreted NW-SE section across the Lusitanian basin and adjacent offshore
published by Uphoff et al. (1997). Section profiles are marked on the inset map and in Fig. 2.

based on these studies 14 pseudo-wells were modelled
to investigate the basin’s subsidence and thermal
history (Sagres, 2013; Cardoso et al., 2014).

REGIONAL FRAMEWORK

The evolution of the West Iberian margin is dominated
by the episodes of Mesozoic rifting which accompanied
opening of the North Atlantic. Rifting was accompanied
by the development of a number of sedimentary
basins, some of which continued to evolve during the
Cenozoic while others underwent inversion due to
Alpine deformation (Ribeiro et al., 1980; Wilson et
al., 1989). The Mesozoic-Cenozoic Lusitanian Basin
extends for about 250 km north-south in west-central
Portugal and 100 km east-west (Figs 1, 2). The Algarve
Basin to the south measures about 130 km east-west
and 30 km north-south, and the Alentejo Basin in the
SW covers a smaller area (20 x 20 km). These three
onshore basins represent the proximal elements of a
much larger Mesozoic-Cenozoic basin system which
extends offshore into the Porto and Galicia Basins to
the north, the Gulf of Cadiz Basin to the south and the
Peniche Basin to the west (Fig. 1). The Peniche Basin
has a more proximal segment, originally named and

defined by Alves et al. (2006), and a more distal one,
extending westwards for several hundred km into the
Iberia Abyssal Plain (Wilson et al., 2001; Alves et al.,
2006) referred to here as the “distal Peniche Basin”
(Figs 1 and 2; see below and Fig. 12).

The stratigraphy of the Lusitanian Basin ranges
from Upper Triassic to Cenozoic and is up to 5 km
thick, most of it Upper Jurassic. Along the eastern
margin of the basin, the basin fill is overthrusted by
Palacozoic basement rocks which are exposed in
central and eastern Portugal (Fig. 3). The western
margin is likewise characterised by a tectonic contact,
and the Palacozoic Berlengas Block (BDb, Figs 1, 2)
separates the Lusitanian and Peniche Basins. The
NW-SE elongated Berlengas Block measures a few
hundred km long by tens of km wide (Alves et al.,
2006) and is exposed in islands located about 10 km
off the town of Peniche (Fig. 3). The block was the
source of sediments transported into the Lusitanian
Basin during rifting in the Early Jurassic (Wright and
Wilson, 1984), Late Jurassic (Pena dos Reis et al.,
2000) and Early Cretaceous (Dinis et al., 2008). Coeval
sediment input into the Peniche Basin to the west
may also have occurred, although there is no direct
evidence for it. The Berlengas Block was covered by
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Fig. 5. Interpreted seismic lines from the offshore Lusitanian and Peniche Basins, showing the main
unconformities recognized in both basins. (A) Seismic line across the offshore Lusitanian Basin, courtesy of
Petrobras (authors’ interpretation: the line was also interpreted by Alves et al., 2006). (B) Seismic line S84-23
across the Peniche Basin interpreted by Rasmussen et al. (1998). Section profiles are marked on the inset map
and Fig. 2. Numbers |-7 refer to seismic-stratigraphic units discussed in the text.

a Late Cretaceous marine transgression and subsided
throughout the Tertiary, allowing an open-marine
connection between the Lusitanian and Peniche Basins
to become established (Alves et al., 2006).

Interpretations of seismic profiles across the
Lusitanian and Peniche Basins (Figs 4, 5) show the
presence of similar seismic-stratigraphic surfaces within
the Mesozoic succession. Prominent unconformities in
both basins are interpreted to correspond to erosional
episodes in the Callovian and Late Aptian (Fig. 5)
which resulted in the progradation of thick clastic
wedges. Also, asymmetric rift-phase infills and
overlying sag-phase successions can tentatively be
correlated in both basins (Fig. 5).

However, the seismic stratigraphy of the Peniche
Basin cannot be directly tied to any wells. The closest
well with a well-studied Mesozoic succession (DSDP
well Site 398) is located more than 70 km NW of the
basin (Fig. 2), at the distal margin, giving a relatively
poor stratigraphic control (Réhault and Mauffret,
1979; Groupe Galice, 1979). Therefore, the seismo-
stratigraphic interpretation of the Upper Triassic to
Upper Cretaceous infill of the Peniche Basin is based
on correlations with the Lusitanian Basin (Alves et al.,
2006; Sagres, 2013; Cardoso et al., 2014).

STRATIGRAPHY OF THE
LUSITANIAN BASIN

As a result of late-stage Alpine inversion and uplift
of the Lusitanian Basin, the stratigraphic successions
deposited during pre-rift, rift and drift phases can be
studied at outcrop and include a variety of lithofacies
ranging from continental proximal deposits to distal
deep-marine facies. In addition, the structural style and

the importance of basement and diapiric structures can
readily be investigated in surface exposures.

Palaeozoic basement

The Lusitanian Basin formed as a result of initial
extension of Pangean continental crust in Late Triassic
times, followed by two phases of rifting in the Jurassic
and later seafloor spreading and opening of the North
Atlantic in the Early Cretaceous (Wilson, 1988).

The basin is located on Palacozoic basement which
resulted from the amalgamation of various pre-existing
terranes (Central Iberian Zone, CIZ; Ossa Morena
Zone, OMZ; and Southern Portuguese Zone, SPZ;
Figs 1 and 3) (Ribeiro et al., 1979, 1990, 2007; Matte,
1991). Metamorphism and deformation of basement
rocks occurred during the Late Palacozoic Variscan
orogeny and resulted in moderate to intense thermal
maturation of organic-rich intervals.

In the Central Iberian Zone, the Palacozoic
succession contains a number of fine-grained organic
matter-rich units up to several hundred metres thick.
Gas shows in pre-salt reservoirs (Upper Triassic) in
Central Portugal are considered to have been sourced
by Early Palacozoic black shales (Uphoft, 2005). The
Ossa Morena Zone includes organic-rich intervals with
good source-rock potential, and outcropping Silurian
graptolitic black shales show variable R %, values
ranging from late oil window to gas window, probably
controlled by the proximity to major fault zones
(Uphoff, 2005; Machado et al., 2011). The Southern
Portuguese Zone includes Carboniferous black shales
with source-rock potential in the Baixo Alentejo Flysch
Group (Oliveira, 1983) (Fig. 6a), with maturities up to
the gas window (McCormack et al., 2007; Fernandes
et al., 2012; Barberes, 2013) or above.
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Fig. 6. Field photographs from the Lusitanian Basin. See text for discussion.

(a) Upper Carboniferous organic-rich turbidites in SW Portugal (Amoreira beach at Aljezur, 150 km south of
Lisbon); similar lithologies may occur as basement in the Lusitanian and Peniche Basins.

(b) Upper Sinemurian organic-rich thin-bedded black shales and marls in the Agua de Madeiros Formation
(Polvoeira Member; Duarte and Soares, 2002). Polvoeira, 1.5 km south of Sdao Pedro de Muel (location in Fig. 3).
(c) Lower Pliensbachian deep-marine marls and limestones in the Vale das Fontes Formation (Duarte and
Soares, 2002) at Peniche (location in Fig. 3). Organic-rich intervals may have source rock potential with TOCs of

up to 15% (Oliveira et al., 2006).

(d) Deformed Hettangian evaporites and clays at the Santa Cruz diapiric structure.

Following the Variscan orogeny (Late Carboniferous
— Permian), gradual uplift and erosion brought
basement rocks to the surface. Associated brittle
deformation referred to as late-Variscan faulting
(Ribeiro et al., 1990) resulted in the development of
conjugate faults with NNE-SSW sinistral and NNW-
SSE dextral orientations (Fig. 1) which controlled
patterns of Mesozoic-Cenozoic sedimentation.

Late Triassic to Early Jurassic
Late Triassic to Early Jurassic evolution of the
Lusitanian Basin is interpreted to result from
intra-continental rifting related to intense crustal
stretching (Wilson, 1988; Rasmussen et al., 1998;
Kullberg et al., 2012). A series of NNE-SSW trending
asymmetric grabens developed in West Iberia in the
Late Triassic. They were rapidly filled by alluvial-fan
deposits including coarse-grained red beds (Silves
Group: Palain, 1975) including two fining-upward
megasequences (Fig. 7) with a total thickness of up to
400 m. Upper Triassic red beds have reservoir potential
(Uphoff, 2005) and a recent exploration well (Porto
Energy/Galp Energia; ALC-1, 10 km SE of Nazaré,
Fig. 3) produced non-commercial hydrocarbons from
this succession.

The Late Triassic grabens gradually filled as
sabkha-like conditions developed in the Hettangian,
with the deposition of thick clays and evaporites in

internal parts of the basin (Dagorda Formation), while
fine-grained sands and dolomites accumulated in
peripheral areas (Pereiros Formation) (Soares ef al.,
1996). The Dagorda Formation evaporites and clays
(Fig. 6d) were highly deformed during later tectonic
phases and now form diapirs which reach the surface
in many parts of the Lusitanian Basin (Figs 3 and 10).
A regional structural control may be inferred from
the location and geometry of the diapiric structures.
Prominent diapirs are located along NNE-SSW faults
such as the Lousa-Caldas and Porto de Mos faults
(Fig. 3) which are related to Late Variscan fractures
in the basement. Diapiric growth is considered to
have taken place mainly in the Late Jurassic (Wilson,
1988; Leinfelder and Wilson, 1989). However, local
sub-aerial extrusion is documented only since the Late
Cretaceous (Pena dos Reis, 2000).

Early and Middle Jurassic

Sinemurian open-marine carbonates (Coimbra
Formation: Soares et al., 2007) (Fig. 7), around
200 m thick, contain the first ammonites recorded
in the Lusitanian Basin (Soares et al., 1996) and
were deposited on a broad ramp which onlapped the
basement to the east and deepened to the NW (Duarte
etal.,2010; Duarte ef al., 2013). Dolomitic limestones
(Sao Miguel Formation) are present in the north and
east of the basin, whereas marly limestones are present
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Fig. 6. Field photographs from the Lusitanian Basin (cont.).

(e) Oxfordian lagoonal carbonates of the Cabacos Formation at Pedrogao (location in Fig. 3). Organic-rich
layers may have TOC of 3-5% (Silva et al., 2014); laminated microbial carbonates have good reservoir potential.
(f) Upper Jurassic incised canyon filled with conglomerates (potential reservoir) eroding into Kimmeridgian
fine-grained turbidites with source rock potential (Abadia Formation). Santa Cruz beach (location in Fig. 3).
(g) Coarse-grained late Aptian fluvial sandstones (Figueira da Foz Formation) with reservoir potential. Praia

d’El Rey, 10 km NE of Peniche.

(h) Seepage oil in Oxfordian carbonates of the Montejunto Formation at the Torres Vedras quarry (location in

Fig. 3).

(i) Seepage oil in Cenomanian brecciated carbonates at the Vale Furado beach (location in Fig. 3).

in central and western areas (Agua de Madeiros
Formation) (Azerédo et al., 2003), and include thin
intervals with high TOC contents (Polvoeira Member:
Duarte et al., 2004, 2010, 2012) (Fig. 6b).

In Pliensbachian times, deep-marine marly
limestones were deposited on a homoclinal ramp which
extended over most of the Lusitanian Basin (Brenha
Group; Witt, 1977). Sediments include some 100 m of
alternating cm-thick marls and limestones (Vale das
Fontes Formation: Rocha et al., 1996; Azerédo et al.,
2003) with source rock potential in OM-rich intervals
(Oliveira et al., 2006; Silva et al., 2007: Duarte et al.,
2010, 2013; Spigolon et al., 2010, 2011) (Fig. 6¢).

During the rest of the Early and Middle Jurassic,
open-marine marls were gradually replaced by
limestones to both north (Cabo Mondego Formation:
Azerédo et al., 2003) and south (Candeeiros Group:
Witt, 1977). Marine regression led to shallower-water
sedimentation (Azerédo et al., 2014), then to sub-aerial
emergence and a corresponding depositional hiatus on
the eastern margin of the basin in the Callovian (Fig.
7) (Wilson, 1988; Pena dos Reis et al., 2000).

Late Jurassic
Following Callovian regression and a brief phase of
emergence, sedimentation resumed in mid-Oxfordian

times (Azerédo et al., 2002) (Fig. 7), but with a
re-organization of sedimentation in the basin. Thus
the Early to Middle Jurassic carbonate ramps which
deepened to the NW were replaced in the Late Jurassic
by a NNE-SSW elongated depositional trough which
deepened to the SSW. Basal-Oxfordian sediments
correspond to laminated marly limestones a few
hundred metres thick (Cabagos Formation: Azerédo
et al., 2002) deposited in coastal to transitional
environments (Fig. 6¢). Organic-rich intervals have
good source rock potential (Spigolon ef al., 2011;
Duarte et al., 2012; Silva et al., 2013). The formation
is overlain by a few hundred metres of grey, fully-
marine marly limestones (Montejunto Formation;
Atrops and Marques, 1988) deposited during a rapid
marine transgression.

In the Kimmeridgian, marine carbonate
sedimentation was interrupted by the input of coarse
basement-derived siliciclastics throughout the basin,
including fluvial siliciclastics derived from the north
(Boa Viagem Formation), transitional sandy and marly
limestones (Alcobaca Formation) and marine turbidite
sands and marls in the central southern sectors of the
basin (Abadia Formation) (Fig. 6f).

The Abadia Formation is more than 2000 m thick
and was deposited with very high sedimentation rates
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Fig. 8. Interpreted NW-SE seismic line from the central sector of the Lusitanian Basin (line AR9-80;
interpretation and numbered horizons adapted from Rasmussen et al., 1998). Profile location in Fig. 2.

(Pena dos Reis et al., 2000), particularly in sub-basins
around the Torres Vedras region (Leinfelder and
Wilson, 1989) (Fig. 7). This formation has been a target
for oil exploration in the Lusitanian Basin throughout
the 20th century (UPEP, 2016). It is overlain by the
late-rift carbonates of the Amaral Formation, around
100 m thick, which form an important seismic-
stratigraphic marker both on- and offshore (Alves et
al., 2006) (Fig. 8).

Deposition of prograding continental siliciclastics
continued during the Tithonian with the accumulation
of almost 1 km of fluvio-deltaic sandstones and clays
(Lourinha Formation: Hill, 1988).

Early Cretaceous

The Cretaceous evolution of the Lusitanian Basin is
closely related to the opening of the North Atlantic,
which occurred in three stages clearly marked in
the stratigraphic record by break-up unconformities
(Dinis et al., 2008). Lower Cretaceous sediments are
known only from the southern and central parts of the
basin, suggesting that the north was uplifted during
the corresponding time interval (Fig. 7). The boundary
between the sectors is marked by the Lousa-Caldas
Fault Zone (Fig. 3) which is considered to represent a
major transfer-fault system.

The Early Cretaceous sedimentary succession is
composed of fluvial to coastal fine-grained siliciclastics
and sandy limestones which can be grouped into
two second-order cycles separated by break-up
unconformities (Dinis et al., 2008) (Fig. 7) associated
with the opening of the Tagus segment of the Iberian-
Newfoundland rift, and later with the Iberian segment
(Dinis et al., 2008; Alves et al., 2009). An abrupt input
of coarse siliciclastics (Figueira da Foz Group) marks
an Aptian unconformity which is associated with the

final opening of the North Atlantic and with seafloor
spreading in the Galicia segment of the margin. The
unit is present throughout the basin and is an excellent
seismic-stratigraphic marker both on- and offshore
(e.g. Alves et al., 2006, 2009).

Late Cretaceous and Tertiary

Late Cretaceous evolution of the Lusitanian Basin
corresponds to the development of a passive margin
controlled both by uplift of adjoining continental areas
and by eustatic sea-level variations. During the Albian
and Cenomanian, a marine invasion occurred over
most of the basin with the gradual development of a
carbonate platform (Cacém Group) which persisted
until the Turonian. This carbonate unit is present
on both sides of (and may cover) the Palacozoic
Berlengas block, as there are no indications at outcrop
of'siliciclastics being transported subsequnetly into the
Lusitanian Basin.

The passive margin underwent initial inversion in
the Late Turonian (Fig. 7) and prograding siliciclastics
were deposited in the north of the basin while the
south was emergent. A series of magmatic intrusions
of this age are known in the Lisbon area including a
hypabyssal intrusion (Sintra Massif), dykes (Mafra
Complex) and subaerial volcanics (Lisbon Volcanic
Complex). This magmatic activity is interpreted to be
related to crustal instability associated with the opening
of the Bay of Biscay (Martins et al., 2010).

During the Tertiary, the Lusitanian Basin underwent
inversion along a NE-SW axis which was the axis of
the Late Jurassic depocentre. Tertiary basins developed
on either side of this uplifted axis: the Mondego Basin
to the NW and the Tejo Basin to the SE (Fig. 3).
Tertiary units may provide reservoir rocks and seals
for Mesozoic-derived hydrocarbons.
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PETROLEUM SYSTEMS OF THE
LUSITANIAN BASIN

Source rocks

Potential Palacozoic source rocks in the Lusitanian
Basin include Silurian and Carboniferous units
(Uphoff, 2005; Pena dos Reis and Pimentel, 2010a,
2010b). Silurian graptolitic black shales are present in
the Ossa Morena Zone of central and northern Portugal
(Fig. 3), and have TOC values up to 8% (BEICIP,
1996; Uphoff, 2005). Carboniferous turbidites are
present in the Southern Portuguese Zone (Fig. 3) with
TOC contents of up to 2% (Fernandes et al., 2012;
McCormack et al., 2007; Barberes, 2013).

Lower Jurassic source rocks are composed of open-
marine, marly black shales about 100 m thick within
which two organic-rich intervals are recognised (e.g.
Duarte and Soares, 2002; Duarte et al., 2010, 2012;
Silva et al., 2010a, 2010b, 2011). TOC values are
variable and kerogen is mainly Type II and III with
some Type I (Duarte et al., 2010; 2012; Spigolon et
al, 2010). Organic contents are highest close to the
maximum flooding surfaces of two second-order
sequences (Duarte et al., 2010, 2012; Silva et al.,
2010b, 2011; Pogas Ribeiro et al., 2013).The lower
organic-rich unit is the upper Sinemurian to lower
Pliensbachian Agua de Madeiros Formation, around
40 m thick (Fig. 6b), with TOC values mostly over 5
% and up to 22.5 % (Duarte et al., 2012). The upper
organic-rich unit is the Pliensbachian Vale das Fontes
Formation (Fig. 6¢) whose upper member, around 30
m thick (Duarte et al., 2010), has TOC values up to
15 % (Oliveira et al., 2006). Organic-rich distal facies
may occur in the NW of the basin (e.g. Pena dos Reis ef
al.,2011; Duarte et al., 2012; McWhorter et al., 2014).

The main Upper Jurassic source rock is the mid-
Oxfordian Cabagos Formation, composed of marly
limestones deposited in lacustrine to lagoonal and
coastal settings (Spigolon et al., 2011; Silva et al.
2013). The unit is in general around 200 m thick
and TOC values range from 2 to 5 % (up to 30%),
with a dominance of Type III but also Types I and IV
kerogen (Spigolon et al., 2011). The formation rests
on a regional Callovian unconformity corresponding
to uplift and exposure of parts of the basin, a phase
which was followed by gradual marine invasion
during the Oxfordian. Organic matter accumulation
and preservation took place in restricted settings, in
coastal regions with continental input and ephemeral
marine incursions (Fig. 6e). Regional variations
point to an input of terrestrial higher-plant debris in
northern parts of the basin, and to the development
of widespread algal mats in the south (Spigolon et
al., 2011), but the heterogeneity of the deposits may
ultimately suggest a more complex pattern (Silva et
al., 2014). Although the organic-richest layers are

probably not contemporaneous, depending on local
highs and lows which controlled marine incursions,
this source rock in general extends throughout the basin
(Silva et al., 2014). Other Upper Jurassic source rocks
identified in previous studies (BEICIP, 1996) include
the Kimmeridgian Abadia Formation fine-grained
turbidites which are up to 2 km thick (Pena dos Reis
etal.,2000) but have TOC values of ~1 % with mainly
Types HI-1V kerogen (BEICIP, 1996; Spigolon et al.,
2011).

Maturation

Both Lower and Upper Jurassic source rock units in
the Lusitanian Basin have reached the hydrocarbon
generation window, but maturities are variable
as a result of regional variations in subsidence
and overburden. These source rocks have been
characterized as immature at a number of outcrop
locations (e.g. Peniche and east of Torres Vedras;
Oliveira et al., 2006; Silva et al., 2010b; Spigolon et
al.,2011; Duarte et al., 2012). In nearby wells (e.g. SB-
1, Pw-4, Fx-1 and CP-1; see Fig. 3 for locations), the
presence of oil shows together with thermal modelling
indicate oil-window maturities (Teixeira et al., 2012)
(Fig. 9).

In general, vitrinite reflectance data (BEICIP, 1996)
and thermal modelling studies (Teixeira et al., 2012)
suggest that the Lower Jurassic source rocks are mature
for oil in the north of the Lusitanian Basin and mature
for gas in the centre; whereas Upper Jurassic source
rocks are mostly mature in the centre but not in the
north. This difference is due to the influence of the
thick, Late Jurassic synrift siliciclastics in depocentres
in the central part of the basin (Teixeira ef al., 2012).
However, the Lower Jurassic source rocks may locally
be mature in depocentres to the north, for example
around Sao Pedro de Muel (McWhorter et al., 2014).
The Lower Jurassic source rock is modelled to have
begun to generate oil around 150-140 Ma (Tithonian to
Berriasian), and the Upper Jurassic around 130-120 Ma
(Barremian to Aptian) (Teixeira et al., 2012). In both
cases, thermal maturation was associated with high
rift-related heat flows during the Late Jurassic (Fig. 9).

The Lower and Upper Jurassic source rocks
produce geochemically distinct types of hydrocarbons,
as indicated by detailed organic geochemical studies
including biomarkers and carbon stable isotope ratios
(Spigolon et al., 2010; Spigolon et al., 2011). Oils at
surface seeps can therefore be related to specific source
rocks. Thus, seepage oils in Cretaceous sandstones near
the Vale Furado and Caldas da Rainha salt diapirs (Fig.
10) are interpreted to be derived from Lower Jurassic
source rocks; whereas the oils occurring in Upper
Jurassic limestones and turbidites, such as at Torres
Vedras (Fig. 6h) appear to be derived from Upper
Jurassic source rocks (Spigolon et al., 2010).
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Fig. 9. Thermal and maturation modelling (with PetroMod) of Jurassic source rocks at the onshore well SB-1
and the deep offshore pseudo-well PW-4 (based on Teixeira et al., 2012; Sagres, 2013) (see Fig. 2 and Fig. 12 for
locations). Modelling of the SB-1 well shows significant Late Cretacous and Late Miocene upliift (700 m and 200
m, respectively); no uplift due to Alpine inversion was recorded at the PW-4 location.

Reservoir Rocks

Potential reservoir rocks in the Lusitanian Basin
include a range of siliciclastic, carbonate and mixed
deposits of ages varying from Late Triassic to Late
Cetaceous (Pena dos Reis and Pimentel, 2010a, 2010b;
UPEP, 2016).

Late Triassic alluvial fan deposits of the Silves
Group have intergranular porosity partly filled by
calcite cements and clays (Atlantis, 2010). Average
porosities are around 16% and may reach 23%, locally
with up to 70% saturation by hydrocarbons (Uphoff,
2005).

The Lower Jurassic includes thick dolomitized
carbonates which are exposed near the eastern
margins of the basin between Coimbra and Tomar
(Fig. 3). The Hettangian Dagorda Formation (Fig. 7)
includes dolomites with up to 20% primary porosity
(Uphoft, 2005). In the Sinemurian Coimbra Formation
open-marine carbonates, intercrystalline and vuggy
porosity is related to early meteoric diagenesis, but
no petrophysical data are available. The limestones
and marls of the Early Jurassic Brenha Group have

little reservoir potential although some fracture-related
porosity may occur.

The Middle Jurassic Candeeiros Formation (Fig. 7)
includes shallow-marine carbonates with high energy
textures and some reefal build-ups with good reservoir
potential (Uphoff et al.,2010). These carbonates have
inter-particle and vuggy porosity and may also be
fractured.

Porosity in the Upper Jurassic limestones of the
Montejunto Formation (Figs 6h, 7) (Uphoff et al.,
2010) may be improved by fracturing due to diapir-
related deformation. The potential of the formation to
serve as a reservoir is enhanced by its stratigraphic and
geometric proximity to source rocks in the underlying
basal-Oxfordian Cabagos Formation (Spigolon et al.,
2010; Pimentel and Pena dos Reis, 2011).

The overlying Oxfordian Abadia Formation
includes fine- to coarse-grained turbidite sandstones
with reservoir potential in coarser-grained facies (Fig.
6f), although intergranular pores may be occluded by
caclcite cements (Garcia ef al., 2010). The formation
is overlain by a prograding fluvio-deltaic sequence
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Fig. 10. (A) Interpreted west-east seismic line UTP 81-3, east of Nazaré (see Fig. 3 for location), from Carvalho
(2013). (B) Schematic geological section based on line UTP 81-3, showing oil migration from Lower Jurassic
source rocks to Lower Cretaceous reservoir rocks along the flanks of a diapir cored by Hettangian evaporites.
This geometry is interpreted to occur at the Vale Furado coastal cliff, close to a piercing diapir, where seepage

oils occur in Cretaceous sandstones (see Fig. 6i).

(Lourinha Formation) with inter- and intragranular
primary porosity averaging 5% and up to 15% (Garcia
et al., 2010; Atlantis, 2010). Between the Abadia
Formation turbidites and the Lourinha Formation, a
decametric-thick oolitic carbonate of regional extent
(Amaral Formation; Leinfelder and Wilson, 1989) may
contain significant depositional porosity although no
petrophysical data is available.

Overlying Lower Cretaceous fluvial and transitional
to coastal deposits have relatively high compositional
and textural maturity. Primary porosity (average about
9 %) is reduced by the presence of infiltrated clays and
irregular carbonate cements (Atlantis, 2010). Lower
Cretaceous deposits include siliciclastics in proximal
areas (Fig. 6g) and sandy to marly limestones in more
distal areas. Nearshore high energy or biohermal
carbonates may have significant primary porosity
(Dinis et al., 2008). Cenomanian shallow-marine
and reefal carbonates may also have good reservoir
properties (Dinis ef al., 2008).

Traps

Potential stratigraphic traps in the Lusitanian Basin
include Upper Triassic sandstones overlain and sealed
by Hettangian clays and evaporites, which may contain
hydrocarbons derived both from Palaeozoic and
Jurassic source rocks. Biohermal carbonate build-
ups in the Middle Jurassic Montejunto Formation

may also form stratigraphic traps for hydrocarbons;
an example of such a build-up is recorded at the
Pataias cement quarry, 10 km NE of Nazaré. The
Upper Jurassic Amaral Formation together with Late
Cretaceous (Cenomanian) successions may contain
potential stratigraphic traps including oolitic and
reefal carbonates, which are sealed by fine-grained
siliciclastics. Maastrichtian clays of the Taveiro
Formation unconformably cover and seal Late
Cretaceous (Turonian-Campanian) sandstones in the
Gres Grosseiro Superior Formation (Fig. 7), which
may have reservoir potential (Cunha and Pena dos
Reis, 1995; Pena dos Reis, 2000).

Structural traps in the Lusitanian Basin developed
as aresult of Mesozoic rifting and Alpine compression
and inversion (Wilson, 1988; Ribeiro et al., 1980).
Diapiric structures related to Jurassic extension and
subsidence are associated with oil shows (UPEP,
2016) and surface seeps (Spigolon et al, 2010, 2011;
Pimentel et al., 2011), such as the Caldas da Rainha
diapir, east of Peniche (Fig. 10; location in Fig. 3). Here
hydrocarbons may have migrated sub-vertically to the
surface along diapir-related faults or along salt walls.

Alpine inversion led to the widespread development
of compression features, such as anticlines and thrusts.
However, coeval fracturing may have destroyed trap
integrity and allowed leakage and loss of reservoired
hydrocarbons.
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The Hettangian Dagorda Formation is a potential
regional seal in the Lusitanian Basin, and comprises
claystones with variable contents of gypsum and halite
with thicknesses up to several hundreds of metres.
Other shale-rich units e.g. in the Upper Jurassic and
Lower Cretaceous may also act as seals, although
their sealing capacity is reduced due to intercalation
with sandstone intervals. Upper Cretaceous and
Tertiary shale-rich units may act as important seals
particularly in distal (western) parts of the basin.
Carbonates in the Lower-Middle Jurassic and Upper
Cretaceous successions have seal potential provided
they have not been affected by brittle deformation,
for example associated with diapiric structures. Clay-
rich units which may act as regional seals include
the Kimmeridgian Lourinhd Formation, Albian-
Cenomanian distal estuarine deposits of the Figueira
da Foz Formation, Maastrichtian fluvio-deltaic clays
of the Taveiro Formation and Miocene estuarine clays
of the Amor / Alcoentre Formations (Fig. 7).

Petroleum systems

Three possible petroleum systems have been identified
in the Lusitanian Basin (Pena dos Reis and Pimentel,
2010a, 2010b) (Fig. 11): pre-salt; Lower Jurassic; and
Upper Jurassic.

A pre-salt petroleum system may be sourced by
Silurian black shales supplying Upper Triassic Silves
Group sandstones sealed by Hettangian evaporite-rich
shales (Uphoft, 2005). The black shales reached the
oil and gas window in the Late Palaecozoic before late-
Variscan uplift, but may have preserved some potential
for further gas expulsion during Mesozoic reburial
(Uphoff, 2005). This play has recently been targeted
at the ALC-1 well which recorded non-commercial
volumes of gas in Upper Triassic red-beds derived
from Palaeozoic source rocks and sealed by Hettangian
evaporites and clays. Other Palaeozoic units with
source-rock potential include Carboniferous turbidites
in the Southern Portuguese Zone (Fernandes et al.,
2012; McCormack et al., 2007; Barberes, 2013). The

(over) maturation of the possible Lower and Upper
Palaeozoic source rocks. Variable maturities have
been reported from outcrops only a few metres apart
(Uphoft, 2005; McCormack et al., 2007) due to late-
Variscan thrusting which has juxtaposed units from
different depths and structural settings.

A second petroleum system is related to Sinemurian
and Pliensbachian organic-rich marls in the Agua
de Madeiros and Vale das Fontes Formations. The
marls’ geochemical characteristics point to good
oil generation potential (Duarte et al., 2010, 2012;
Spigolon et al., 2011), and the succession has probably
reached the oil window and locally even the gas
window (Teixeira et al., 2012; McWhorter et al.,
2014). These Lower Jurassic source rocks may have
generated hydrocarbons which have migrated laterally
and vertically to Jurassic and Cretaceous siliciclastics
and carbonates, and also to Upper Triassic siliciclastics
(Fig. 10A). Vertical migration has taken place along
fault planes and diapir walls, for example at the Vale
Furado surface seep (Fig. 10B) (Atlantis, 2010).

A third petroleum system involves oil generation
by the transitional to shallow-marine marls of the
Callovian Cabagos Formation, which are buried
under a thick Oxfordian and Kimmeridgian rift-
related siliciclastic succession (Abadia and Lourinha
Formations). Source rocks are modelled to have entered
the oil window in the Early Cretaceous (Teixeira et al.,
2012). Oil may have migrated over short distances to
the overlying Montejunto Formation limestones and
the Abadia Formation turbidites (Spigolon et al., 2010;
Uphoffetal.,2010; Pena dos Reis and Pimentel, 2011).
A seal may be provided by Cretaceous and/or Tertiary
clays and siltstones.

A speculative fourth petroleum system is related
to the Tertiary cover of the Lusitanian Basin, which
may contain various different reservoirs and seals for
Mesozoic hydrocarbons. The Tertiary cover in the
onshore Lusitanian Basin is relatively thin as a result
of basin-scale inversion, with a maximum thickness
of 800 m south of Lisbon (Ribeiro et al., 1979).
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However, this potential system may be more important
in offshore areas, where prograding Tertiary units reach
greater thicknesses.

THE PENICHE BASIN

As noted above, understanding of the Peniche Basin
is necessarily limited due to a lack of direct data and
is therefore restricted to the interpretation of seismic
lines. Seven seismic-stratigraphic units have been
identified (Alves et al., 2006, 2009) (Fig. SA) based
both on intrinsic characteristics (including reflection
patterns and internal surfaces, on- and offlaps) and on
correlation with coeval units in onshore seismic lines
(Fig. 5B) and with outcrops in the Lusitanian Basin
(Sagres, 2013; Cardoso et al., 2014).

An initial rift phase in the Peniche Basin is
recognised with rotated fault blocks and an asymmetric
siliciclastic infill covered by evaporitic units which

form the cores of diapiric structures (Unit 1, Fig.
5A). Top-salt is a clear marker (Figs 5A, 12), and is
followed by a sag infill probably corresponding to a
Late Triassic to Middle Jurassic sequence up to 4 km
thick (Alves et al., 2006) (Unit 2, Fig. SA) which is
overlain by the Callovian unconformity (Fig. 12). This
is followed by a section up to 3 km thick probably
consisting of Late Jurassic to Early Cretaceous
carbonates and siliciclastics (Alves et al., 2006) (Unit
3, Fig. 5A), topped by the Late Aptian unconformity
(Fig. 12). The overlying seismic packages up to 3 km
thick probably consist of alternating coarse and fine-
grained siliciclastics, considered to be related to Lower
Cretaceous rift to post-rift successions (Alves et al.,
2006) (Unit 4, Fig. 5A), and overlain by a Campanian
unconformity (Fig. 12). Overlying units show blanket-
like geometries with a thickness of up to 3 km and
include deep-water sediments corresponding to the
prograding Late Cretaceous drift succession (Unit 5,
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Fig. 5A) and Tertiary inversion-related units (Alves et
al., 2006) (Units 6 and 7, Fig. 5A).

In this context, potential source rocks, reservoirs
and seals are speculative and may only be confirmed by
drilling which is expected to take place in the near future.

Basement

The Peniche Basin is located on stretched continental
crust on the westernmost sector of the Iberian margin,
with significant block rotations and thinning close to
the ocean-continent transition (Peron-Pinvidic and
Manatschal, 2009). The nature of the Palacozoic
basement here remains uncertain, but probably
corresponds to the basement terranes which are known
onshore (e.g. Capdevilla and Mougenot, 1988) (Fig.
3). Geodynamic reconstructions based on gravimetric
and well data (Pena dos Reis ef al., 2012) from the
Lusitanian Basin suggest that both Silurian and
Carboniferous source rocks may be present at depth in
the Peniche Basin, and may be mature for hydrocarbon
generation in local kitchens.

In the Lusitanian Basin, late Variscan faults
controlled the location and evolution of depocentres
(Pena dos Reis et al., 2011), and basement faults may
have had a similar influence on potential Mesozoic
kitchens in offshore areas. Basement-rooted Mesozoic
extensional faults are frequently observed both onshore
(Kullberg, 2000) and offshore (Pereira et al., 2012), and
are inverted into compressional thrust-faults and folds
forming anticlinal traps and seismic-scale closures.
However, this tectonism may have generated fractures
in potential seals.

Basement structures also controlled the location
of diapirs and salt-walls. Onshore in the Lusitanian
Basin, diapirs cored by Hettangian evaporites and
clays are related to long-lived reactivation of NNE-
SSW basement fractures (Rasmussen et al., 1998;
Kullberg, 2000). Surface oil shows related to these
structures occur at a number of locations (see above)
and similar diapir-associated traps may also be present
in the Peniche Basin.

Source rocks

Two main source rocks have been reported in the
Lusitanian Basin: Lower Jurassic marls, and Upper
Jurassic marly limestones (see above). Cenomanian-
Turonian black shales may also have source rock
potential.

Palacogeographic reconstructions of the Lusitanian
Basin for the Early Jurassic indicate the presence of an
open-marine ramp deepening to the NW (Duarte et al.,
2010; Pena dos Reis et al., 2011). The Early Jurassic
palacogeographic configuration of the Peniche Basin
is speculative, but symmetrical infill geometries and
thickening towards rotated blocks and rift shoulders
suggest the possibility of deeper-water conditions

towards the east, and the source-rock potential of the
Lower Jurassic succession therefore probably increases
in this direction.

Palaeogeographic reconstructions for the Late
Jurassic (Pena dos Reis et al., 2011) indicate
shallow-water coastal and transitional environments
in the Lusitanian Basin, in which organic matter
accumulation occurred in lagoonal settings (Spigolon
et al.,2010). Similar conditions may have occurred in
the Peniche Basin with possibly similar source-rock
distribution. The main risk in this case would be based
on local TOC and thickness variations.

A widespread carbonate platform developed in the
Lusitanian Basin during the Cenomanian-Turonian and
includes shallow-marine facies including reefs and
bioherms (Cacém Group) deepening westwards with a
possible connection to the Peniche Basin (Alves et al.,
2006). Open-marine facies may therefore occur in the
Peniche Basin including carbonates deposited during
the Turonian highstand and anoxic event (cf. Jarvis et
al.,2011). Offshore DSDP well 398 (Fig. 2) records the
presence of chalks and organic-rich shales which may
have some source rock potential (Réhault and Mauffret,
1979). However, seismic data from the Peniche Basin
(Alves et al., 2006) and maturation modelling in both
the proximal and distal parts of the basin (Sagres,
2013) suggest that this unit has barely reached the
early oil window. This is due both to the insufficient
post-Turonian overburden which does not exceed 2 km
(Alves et al., 2006), and to the low heat-flow values
related with the drift phase. Therefore maturation will
have been sufficient to generate hydrocarbons only
where the source rock is very deeply buried.

Maturation and Migration

In the Lusitanian Basin, preliminary modelling studies
show that the Lower Jurassic source rocks are mature
for oil in the north of the basin and mature for gas in
the centre; and that Upper Jurassic source rocks are
mature in the centre (see above).

In the Peniche Basin, preliminary modelling studies
of 14 pseudo-wells in both the proximal Peniche Basin
(sensu Alves et al., 2006) and the distal Peniche Basin
(as defined in this paper) suggests that Lower Jurassic
source rocks are mature for oil generation throughout
the basin, and that the Upper Jurassic is mature for oil
generation over about one-half of the basin area (Fig.
13) (Sagres, 2013; Cardoso et al.,2014). The potential
Lower and Upper Jurassic source rocks probably
entered the oil window around 140 Ma (Valanginian)
and 100 Ma (Cenomanian), respectively. Considering
the modelled maturation ages for the Lusitanian Basin
(around 150-140 and 130-120 Ma, respectively),
maturation in the Peniche Basin is likely to be more
recent (Table 1). This difference in age could be
explained by the Early Cretaceous rifting in the Peniche
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Fig. 13. Present-day maturities of Lower and Upper Jurassic source rocks based on thermal history modelling
(with PetroMod) of 14 pseudo-wells in the Peniche Basin and nine wells in the Lusitanian Basin (from Sagres,
2013; and Cardoso et al., 2014). (A) Lower Jurassic source rocks; (B) Upper Jurassic source rocks. The four
irregular polygons mark the present-day offshore concession blocks (UPEP, 2016)

Basin (Alves et al., 2006, 2009) which provided the
necessary overburden for maturation of the Upper
Jurassic source rock.

Tertiary subsidence and siliciclastic input was also
important in the Peniche Basin, where sediments are
over 2 km thick (Alves et al., 2006) (Fig. 12). Jurassic
potential source rocks were already mature by the
beginning of the Tertiary. In some areas, the Lower
Jurassic source rock may even have reached the gas
window during the Neogene (Sagres, 2013; Cardoso
etal.,2014).

However the Tertiary overburden seems to have
been insufficient for potential Late Cretaceous source
rocks to have entered the oil window (Sagres, 2013;
Cardoso et al., 2014). As in the Lusitanian Basin (Fig.
10), Lower Jurassic —sourced oil may have migrated
into Lower Cretaceous sandstones deformed by diapiric
structures. Migration may have begun at the beginning
of the Early Cretaceous when diapir development
and upward growth was taking place, deforming the
Jurassic succession, and probably increased with Late
Cretaceous and Cenozoic inversion. Upper Jurassic
—sourced oil, generated since the Cenomanian, may
likewise charge inversion-related structures. The
seal intgergrity of these structures is crucial for trap
efficiency in the Peniche Basin.

Reservoir Rocks

Reservoir rocks in the Lusitanian Basin include Upper
Triassic red-beds, Lower Jurassic limestones, Upper
Jurassic turbidites and Lower Cretaceous sandstones
(UPEP, 2016). However the relationship between
these units and their offshore equivalents is uncertain.
Palacogeographic connections between the two basins
are not well constrained, and the basins were probably
separate until the Cenomanian although some by-pass
corridors may periodically have been present. After
the Cenomanian, inversion probably maintained some
uplifted blocks, whereas by-pass corridors in other
areas allowed the input of Tertiary siliciclastics.

In the Peniche Basin, uncertainties about Upper
Triassic red-beds are related in general to the
configuration of the half-grabens and to drainage
patterns, as well as to the influence of diagenesis
and cementation on porosity and net-to-gross values.
Upper Jurassic rift-related siliciclastics are probably
not as important a reservoir as in the Lusitanian
Basin (Abadia Formation turbidites) because the Late
Jurassic was not a synrift phase in the Peniche Basin.
However, in the Peniche Basin, Lower Cretaceous
synrift turbidites (Réhault and Mauffret, 1979; Alves
et al., 2006) may have similar reservoir properties
to the synrift Abadia Formation in onshore areas. In
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Table |I. Comparison of petroleum systems elements and processes in the Lusitanian and Peniche Basins.

Petroleum System
Elements an PENICHE BASIN LUSITANIAN BASIN
Processes
4. Interbedded Tertiary marine clays
SEALS 3. Upper Cretaceous marine clays 3. Upper Cretaceous and Tertiary continental clays
2. Upper Jurassic distal turbidites 2. Interbedded Lower Cretaceous marls
1. Hettangian evaporitic clays 1. Hettangian evaporitic clays
MAIN 4. Tertiary marine siliciclastics
3. Lower Cretaceous syn-rift turbidites? 3. Lower Cretaceous fluvials
RESERVOIRS 2. Upper Jurassic proximal turbidites ? 2. Upper Jurassic syn-rift turbidites
1. Upper Triassic redbeds 1. Upper Triassic redbeds
MIGRATION | Extensional faults Extensional faults
PATHS Compressional faults Compressional faults
Diapirs and Salt walls Diapirs and Salt walls
MATURATION | C) Barremian-Aptian (130-120 My) C) Cenomanian (100 My)
B) Tithonian-Berriasian (150-140 My) B) Berriasian (140 My)
A) Late Carboniferous (c. 300 My) A) Late Carboniferous (c. 300 My)
SOURCE C) Upper Jurassic: Cabagos equivalent ? C) Upper Jurassic: Cabagos Formation
ROCKS B) Lower Jurassic: Vale das Fontes equivalent ? B) Lower Jurassic: Vale das Fontes Formation
A) Paleozoic: Silurian black-shales (OMZ) and A) Paleozoic: Silurian black-shales (OMZ) and
Carboniferous fine turbidites (SPZ) Carboniferous fine turbidites (SPZ)

addition, deep-sea fan geometries with channelized
and overbank deposits together with contourites are
likely be present and may have good reservoir potential
(Alves et al., 20006).

Although Late Cretaceous and Early Tertiary
deposits onshore do not act as reservoir rocks due to
lack of seal, they may be important reservoir units
offshore provided an efficient seal is present (Table
1). Campanian incised channels identified onshore
(Pena dos Reis, 2000) suggest the input of sand to
the deep offshore where sandbodies may be sealed by
Maastrichtian clays.

In terms of carbonate reservoir rocks, the poor
quality of Lower and Middle Jurassic limestones,
onshore and probably also offshore, make them
unlikely to contain Lower Jurassic oil. However, in the
Peniche Basin, Upper Jurassic oil accumulations may
be present in Montejunto-equivalent limestones which
may be fractured due to inversion tectonics. Oil may
also be present in porous carbonate bioherms similar
to those drilled onshore.

Seals

In the Lusitanian Basin, Hettangian evaporitic
marls seal Upper Triassic red beds, Middle Jurassic
limestones seal Bathonian carbonates (Uphoff et
al., 2010), and Tithonian marls seal Kimmeridgian
turbidites (Reis et al., 2000). The same reservoir-
seal pairs may occur in the Peniche Basin, although
lateral facies variations may introduce differences.
In addition, Cretaceous and Tertiary shallow- to
deep-marine carbonates and shales may have sealing
capacity (Table 1). Effective seals may be provided
by paralic to deep-marine Maastrichtian fine-grained
sediments, which are observd to overlie salt-related

structures in onshore outcrops and which are also
recoded in offshore seismic lines.

On the continental shelf, Tertiary deposits may be
more than 1 km thick (decreasing northwards) and rest
uncomfortably on the eroded Mesozoic succession
(Alves et al., 2003). This unconformity is related to
Alpine inversion during the Campanian and Paleogene
(Cunha and Pena dos Reis, 1995; Dinis et al., 2008;
Alves et al., 2003), and is overlain by Neogene
sandstones or, further west, by silts and clays with
sealing capacity. In deeper-water areas west of the
continental slope, thicknesses may be greater (Fig.
12) and facies finer-grained in overbank areas away
from slope gullies and fan-lobes (Alves et al., 2003).

However, Alpine inversion may have fractured
both Mesozoic and Tertiary seals. The presence of a
significant Plio-Quaternary cover, related to extensional
collapse of the margin (Alves et al., 2003), may lower
but not eliminate this risk. Inversion structures and
their geometries are therefore an important control on
potential traps and seals in the Peniche Basin.

CONCLUSIONS

The main conclusions from this review of the
Lusitanian Basin and the deep offshore Peniche Basin
are as follows:

1. A number of plays identified in the Lusitanian
Basin may also be valid for the Peniche Basin. These
include:

(1) a pre-salt play sourced by Silurian and/or
Carboniferous black shales supplying Upper Triassic
red beds and sealed by Hettangian evaporites and clays;
(i1) a diapir-related play sourced by Lower Jurassic
deep-marine shales and marls, supplying Cretaceous
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fluvial sandstones and sealed by Upper Cretaceous
marls; (ii1) a turbidite play sourced by Upper Jurassic
marls which in the Lusitanian Basin locally supply
hydrocarbons to Upper Jurassic turbidite sandstones
and fractured limestones; in the Peniche Basin, Upper
Jurassic source rocks may supply equivalent rift-related
deposits of Early Cretaceous age.

A fourth potential play, absent in onshore areas,
may involve Jurassic source rocks supplying Late
Cretaceous to Early Tertiary sandstones sealed by
Neogene clays.

2. Basement terranes controlled the regional
distribution of potential Palaeozoic source rocks and
the location of possible pre-salt plays. Basement
structures controlled the configuration of uplifted and
subsiding blocks, influencing patterns of Mesozoic
source- and reservoir-rock distribution and thickness,
as well as overburden and thermal maturation
heterogeneities.

3. Both Lower and Upper Jurassic source rocks
have been identified in the Lusitanian Basin, but their
areal distribution further to the west is difficult to
predict because palacogeographic reconstructions are
currently incomplete at a regional scale. However, both
source rocks may be present throughout most of the
Peniche Basin and could be mature for oil generation.

4. Hydrocarbon migration seems mainly to be
dependent on faulting, and related both to extension
and compression. Considering the modelled late
maturation timing (mostly Cretaceous), compressional
structures were probably more important in defining
migration pathways; many of them may correspond to
the re-activation of pre-existing extensional structures.

5. Mesozoic traps are predominantly structural,
associated with Late Cretaceous compression;
stratigraphic traps are associated with local carbonate
build-ups. Offshore, Tertiary stratigraphic traps
are related to coarse-grained channel sandstones
interfingering within finer-grained overbank deposits.
Major unconformities may also act as traps, including
those between deformed Mesozoic reservoir units and
overlying Tertiary seals.

6. Alpine inversion is important and may explain
some of the exploration failures in the Lusitanian
Basin. Less significant inversion-related features have
been also recognized at the Peniche Basin, resuling
in folds and faults which may have had an important
impact on seal integrity.
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