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Abstract: Carbon capture, utilization and storage (CCUS) is considered a major part of the Portuguese strategy for reducing
CO, emissions. Some industrial sectors, the most prominent being the cement sector, require the implementation of CO, storage
to reach carbon neutrality by 2050. This paper presents and characterizes the areas with potential for CO, storage in mainland
Portugal. The lithostratigraphic and tectonic frameworks of the onshore and offshore basins are presented; a site screening
process was conducted, based on basin- and regional-scale assessments, resulting in the definition of eight possible storage
clusters, seven of which are offshore. The storage capacity was estimated for those clusters, with a central (P5q) value of 7.09 Gt;
however, the most interesting locations are in the Lusitanian Basin (West Iberian Margin), both onshore and offshore, as they
present high capacity and are located favourably in relation to the industrial CO, emitters. Considering only the potential sites of
this basin, their storage capacities are greater than 3 Gt CO,, of which 260 Mt are onshore.
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Context for CCUS in the energy and industry policies in
Portugal

The solution to solve global warming is non-linear and non-unique
but the importance of CO, capture, utilization and storage (CCUS)
technologies has been identified and accepted as part of the solution
for climate change mitigation at the European Union (EU) and
global level. This vision has further been stressed by the Paris
Climate Agreement (UNFCCC 2015). The scenarios developed by
the International Energy Agency (IEA: IEA 2017) demonstrate that
by 2060, CCUS should contribute to 14% of the required reduction
in CO, emissions to achieve a scenario where the global temperature
increase by 2100 is less than 2°C, or 32% of the reduction to achieve
the 1.5°C limit scenario.

Portugal’s commitment to achieve carbon neutrality by 2050
has resulted in a national roadmap, Roadmap for Carbon
Neutrality 2050 (RNC2050: APA 2019), that identifies and
analyses the alternative trajectories that are technically feasible,
economically viable and socially accepted to achieve a carbon
neutral economy by 2050. The RNC2050 does not foresee any
significant role for CCUS in the path of the national energy
system to carbon neutrality.

However, the rapid decrease in the costs of renewable energy
production encouraged the Portuguese authorities to envisage an
energy system in which green hydrogen (i.e. produced from
renewable energy sources) plays an important role. The National
Strategy for Hydrogen (EN-H,) (DGEG 2020) forecasts that, from
2025 onwards, carbon capture and utilization (CCU) will be an
essential component to convert the green hydrogen into methane
and aviation kerosene. The anticipated demand of CO, capture for
that purpose is approximately 1 metric ton per year (Mt a~") in 2030

(DGEG 2020). Hence, CCU is now seen as essential for the new
energy strategy in the country.

Furthermore, and although Portugal lacks a significant heavy
industry, the industry sector represents approximately 17% of the
total CO, emissions, comprising c. 8 Mt a~! (IEA 2018). According
to Seixas et al. (2015), the cement sector is the industry that will
most likely require CO, storage, due to its high process emissions.
Roughly two-thirds of the ¢. 4 Mt a~! of CO, emitted by the sector
in 2018 (EU-ETS 2018) are related to industrial processes and
cannot be mitigated through fuel switch. Carbon neutrality in those
industrial sectors with high process emissions will require
geological storage of CO,.

The role for CO, storage is further enhanced by the possibility of
achieving negative emissions through bioenergy with carbon
capture and storage (BECCS) deployment in the paper and pulp
sector, which was responsible for CO, emissions of 5.40 Mt a~! in
2017 (E-PRTR 2017), most of which resulted from biomass being
used as the main fuel. Therefore, CO, storage must be an integral
component of the convergence to carbon neutrality in the industrial
sector of the country.

Figure 1a shows the geographical distribution of CO, emission
point sources in mainland Portugal in 2018 (EU-ETS 2018). Power
and refinery activities were responsible forc. 11.3 and 3.2 Mt a™! of
CO, emissions, respectively. The two largest sources in the country,
the Sines and Pego coal power plants, which accounted for 39% of
total CO, emissions from stationary sources in 2018, and a refinery
in Porto, will be decommissioned until 2023, significantly reducing
the national emissions. However, stationary facilities from the
industrial sector will remain as relevant sources, in particular the six
cement plants, which have a significant impact on the Portuguese
emissions budget. In addition to the cement, and pulp and paper
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Fig. 1. (a) Geographical distribution of main CO, emission sources by industrial sectors in Portugal. Only sources with emissions above 50 kta™" are
represented. Data are from EU-ETS (2018). Sources in the inset detailing the Sines industrial area are slightly displaced to avoid overlap and show the
diversity of industries in the area. (b) Location of study areas for CO, storage addressed hereafter and the geographical distribution of the main CO, sources.

industries, other industrial activities such as glass (0.62 Mt a~!), and
iron and steel (0.14 Mt a™") also present important CO, emissions
that should not be neglected. The main CO, sources are located
along or near the coastline of the country, which generally are close
to the study areas with potential for CO, storage presented hereafter
(Fig. 1b).

Several geological environments for CO, storage were studied in
recent years by Portuguese research teams: coal seams (Lemos de
Sousa et al. 2007), mineral carbonation in ultramafic and mafic
rocks (Romao et al. 2016; Moita et al. 2020), CO, hydrates in
subseabed sediments (Bernardes et al. 2013, 2015) and deep saline
aquifers (e.g. Carneiro et al. 2011). The option for CO, storage in
deep saline aquifers (DSA) remains the most promising in the
Portuguese geological context and is the subject of this paper.

This paper summarizes studies conducted in Portugal in the
scope of the FP7 COMET project, and the nationally funded
KTEJO and CCS-PT projects, to identify DSA national resources
for CO, geological storage, and ultimately to assess the feasibility
of applying CCUS technology in Portugal in its geological
storage component. First an overview of the lithostratigraphic and
tectonic frameworks of the sedimentary basins is presented. Then
the several methods applied and the dataset available to conduct
this work are described. The results of this work encompass the
identification and characterization of suitable geological forma-
tions for CO, storage, the estimation of storage capacity, and a
discussion about source—storage site match, while accounting for
the clustering of storage units in each of the studied sedimentary
basins.

Lithostratigraphic and tectonic frameworks of
sedimentary basins

The West and SW Iberian margins evolved through a sequence of
rift episodes from the Late Triassic to the Early Cretaceous during
the synrift, post-rift and passive-margin phases of the North Atlantic
evolution (Terrinha et al. 2019b). Overlying the Paleozoic and
Proterozoic basement are sedimentary Mesozoic and Cenozoic
basins, bordering the Portuguese Atlantic margin, which are
potential targets for CO, storage (Fig. 2a). The structure of these
basins is strongly controlled by prominent Variscan lineaments,
inherited from a late phase (Permian) of strike-slip deformation
(Ribeiro et al. 1979; Pinheiro et al. 1996). These include the NNE—
SSW and NNW-SSE to NW-SE listric and/or planar normal faults,
and NE-SW to ENE-WSW transverse faults, delimiting the main
depositional systems identified along the margin (Wilson et al.
1989; Murillas et al. 1990; Pinheiro et al. 1996; Capdevila and
Mougenot 1998; Alves et al. 2006). During the Alpine compres-
sion, from the Late Cretaceous onwards, some of the faults were
reactivated as reverse or thrust faults, sometimes with a strike-slip
component (Boillot ef al. 1979; Mauffret et al. 1989; Masson et al.
1994).

The site screening for CO, storage focused on the following
sedimentary basins (Fig. 2a):

¢ The Meso-Cenozoic basins on the Western Iberian Margin,
including the Lusitanian Basin (onshore and offshore) and
the Porto Basin (offshore). For the purpose of this work, the
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Fig. 2. (a) Sedimentary basins in Portugal (both onshore and offshore settings) and some major faults. (b) Database (DGEG 2020) illustrating the
geographical distribution of the 2D seismic surveys. (¢) 3D seismic and the aeromagnetic surveys and legacy exploration wells available for the site

screening in Portugal.

Lusitanian Basin designation refers to study areas located in
the northern and central sectors of this basin, while the
screening assessment conducted in the southern sector of the
Lusitanian Basin is hereafter designated as the Alentejo
Basin. In fact, the limits of this sector virtually coincide with
the beginning of the shallow offshore coverage of the
Alentejo Basin (Fig. 2a);

« the Meso-Cenozoic Algarve Basin (onshore and offshore),
along the south margin of the Portuguese territory; and

+ the Cenozoic Tagus-Sado Basin (onshore).

The Porto, Lusitanian and Algarve basins constitute most of the
Portuguese continental shelf, with a larger volume of sedimentary
rocks than the volume outcropping onshore. The physiographical
characteristics of the Portuguese continental shelf, and the areal
extent and thickness of the Mesozoic and Cenozoic formations,
have raised most interest in the offshore sector as a target for CO,
storage screening opportunities (Carneiro ef al. 2011).

The following subsections provide detailed descriptions of the
lithostratigraphic and tectonic frameworks of the Meso-Cenozoic
sedimentary basins (including the Alentejo Basin). A detailed

description of the entirely onshore Cenozoic Tagus-Sado Basin is
not included in this work because the basin-scale assessment criteria
adopted in the COMET project (Martinez et al. 2010) indicates that
the basic requirements are not met for CO, storage. Nonetheless, a
brief explanation about the main obstacles of this basin is addressed
in the beginning of the Results section.

Porto Basin

The Porto Basin narrows (c. 50 km wide) and extends between the
coast and the outer continental shelf, and is slope bounded to the
north by the Galicia Interior Basin, to the south by the Aveiro horst
and to the west by the Peniche Basin (Pinheiro et al. 1996). The
shallow offshore portion of the basin comprises a c¢. 4 km-thick
sedimentary sequence spanning the Late Triassic—Late Cretaceous
(Moita et al. 1996) (Fig. 3). The basin is in the northward
continuation of the Lusitanian Basin, delimited to the east by the
Porto-Tomar Fault (Fig. 2a), a major late Variscan lineament that
was active throughout most of the basin evolution (Alves et al.
2006; Cunha 2008). The stratigraphy of Porto Basin is based on data
from previous hydrocarbon exploration wells and from the
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Table 1. Chronostratigraphic description of geological formations in the Porto Basin

Chronostratigraphy Formation Lithology
Paleogene Espadarte Formation Dolomite, alternation of clay and fine—coarse sandstone are present (Witt 1977) deposited in a fluvial/
lacustrine to restricted marine environment (Cunha 2008)
Upper Campanian— Dourada Formation  Dolomite-cemented quartz arenites grading to sandy crystalline dolostones with intercalations of marls
Maastrichtian (Witt 1977) deposited in fluvial to very-shallow-marine environments (Dinis et al. 2008)

Coniacian—Upper Campanian  Carapau Formation

Silty—sandy argillaceous limestone and limestone with marl intercalations. In the lower half of the

formation, additional intercalations of very-fine, calcareous-cemented quartz sandstone have been

described (Witt 1977)
Sandstone grading to conglomerate, with intercalations of dolomite-cemented quartz sandstone and

Upper Turonian Gandara Formation
clay (Witt 1977)

Upper Cenomanien Cacém Formation

Upper member is composed mainly of limestone (packstone/grainstone). Lower member is

argillaceous, dolomitic, calcareous (mudstone/wackestone) grading to marly and argillaceous
calcareous dolomite to dolomitic limestone (Witt 1977)

Lower Cretaceous—Middle
Cenomanian

Torres Vedras Group Coarse quartz sandstone, grading to conglomerate, with intercalations of fine-grained quartz sandstone
grading into silty or sandy clay, marl and clay. At the base of the sequence there is a predominance

of coarse-grained, conglomeratic quartz sandstone (Witt 1977)

Upper Jurassic—Tithonian

Linguado Formation Composed, from top to bottom, of sandstone, marls and minor limestone deposited in shallow-marine

to fluvial-deltaic environments

Lower—Middle Jurassic Esturjao Formation

Sequence of alternating carbonates and shales (Alves ez al. 2006). Argillaceous limestone and

mudstone, grading to variegated marl and calcareous claystone, in places rich in anhydrite in the
lower half of the sequence (Witt 1977). Equivalent to the Brenha and Candeeiros formations in the

Lusitanian Basin
Dagorda Formation ~Mainly composed of rock salt, interbedded with occasional clays, limestones, mudstones and

Upper Triassic—Hettangian

anhydrite. Dark grey to black shale streaks within the Dagorda evaporite sequence occur in the centre
of the salt province (Witt 1977)

Upper Triassic Silves Group

Red fluvial sandstones and siltstones, sandy-conglomeratic. Towards the basin centre the grain size

of the Silves sandstones progressively diminish. The upper part of the sequence consists of shale,
overlain by Dagorda Formation evaporites (Witt 1977)

interpretation of seismic profiles (Witt 1977; Moita et al. 1996;
Alves et al. 2006). Moreover, this stratigraphy is correlated with the
stratigraphy established for the Lusitanian Basin, where well data
are more abundant and the formations are also exposed onshore
(Witt 1977; Wilson 1988). The main lithostratigraphic units of this
basin are presented in Table 1.

Lusitanian Basin

The Lusitanian Basin extends along the West Iberian Margin,
trending NNE-SSW, and covers ¢. 20 000 km? in the west-central
part of mainland Portugal and the adjacent continental shelf. In fact,
this basin is defined as the area between the coastal town of Aveiro
in the north and the coastal area south of the Arrabida Chain (Wilson
et al. 1989; Rasmussen et al. 1998). The western limit of the basin is
bound by the ‘slope fault system’ (Alves ez al. 2006) and, in places,
by prominent horsts (e.g. the Berlengas Horst), and the eastern limit
is bound by the Porto-Tomar Fault (Fig. 2a), which delimits the
Hercynian Massif (Ribeiro ef al. 1979; Wilson et al. 1989; Pinheiro
et al. 1996).

The formation of this basin occurred over a sequence of rift
pulses between the Late Triassic and the Early Cretaceous
(Wilson et al. 1989; Pinheiro et al. 1996; Rasmussen et al. 1998;
Alves et al. 2002; Alves et al. 2009). The first rift phase (Late
Triassic) occurred within normal fault-bound half-graben, inter-
preted by the variations in thickness and depositional facies
(Alves et al. 2003); the onset of marine deposition, together with
a relative increase in regional thermal subsidence, marks the
second rift during the Sinemurian—Pliensbachian (Rasmussen
et al. 1998; Alves et al. 2003). The third rifting episode (Late
Oxfordian—Kimmeridgian) resulted in relatively thick synrift
sequences deposited in several sub-basin systems (Wilson 1988;
Leinfelder and Wilson 1998; Rasmussen et al. 1998). During this
rifting phase, two distinct depositional stages were recorded: (1) a
period of widespread carbonate deposition in lacustrine to deep-
marine environments; and (2) the influx of marine to fluvial

siliciclastic sediments (Leinfelder and Wilson 1998; Alves et al.
2003).

Continental break-up and subsequent opening of the North
Atlantic Ocean occurred during the Valanginian—Early Aptian and
led to the deposition of a thick sequence of coarse-siliciclastic
sediments (Alves and Cunha 2018). From the Aptian—Albian and
onwards, a passive continental margin was established in western
Iberia, with oceanic accretion to the west (Pinheiro et al. 1996).
During the Late Cretaceous—Late Miocene, important changes
associated with the collision of the Iberia microplate with Eurasia or
Africa led to the reactivation of extensional faults developed during
the rifting stages (Fig. 4) (Terrinha ez al. 2019a).

The Lusitanian Basin has an extensive onshore area (Fig. 2a) in
which the Mesozoic sedimentary formations crop out. Based on the
facies variations and the thicknesses of the lithostratigraphic units,
the Lusitanian Basin can be divided into three sectors bounded by
major faults (Rocha and Soares 1984; Pinheiro ef al. 1996; Alves
et al. 20006):

« The Northern sector, bound by the Aveiro Fault to the north
and the Nazaré Fault to the south (Fig. 2a), where the Early—
Middle Jurassic and Cretaceous—Paleogene sequences are
well preserved;

« the Central sector, defined between the Nazaré Fault in the
north, and the Montejunto-Arrife Fault (onshore) and the
Estremadura Spur (offshore) to the south. The Middle
Jurassic outcrops are well preserved, with substantial
thickness, contrary to the Late Jurassic and part of the
Cretaceous, which have been largely eroded; and

« the Southern sector, where the Late Triassic—Late Jurassic
and part of the Tertiary sections are well preserved.

A lithostratigraphic description of the main geological units from
the offshore area is presented in Table 2. The lithostratigraphic
sequence in the sedimentary basin shows no major differences to the
offshore sequence.
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Fig. 4. Interpreted section of seismic line S84-26 from the Lusitanian Basin (adapted from Alves ef al. 2003). Seismic units (from bottom to top): J10,
Triassic; J20, Lower Jurassic; J30-J50, Oxfordian—Barremian; K20, Aptian—Turonian; K40, Campanian—Maastrichian; C10, Paleocene—Eocene; C20, Late
Oligocene—Plio-Pleistocene. See Figure 10a for the location of the seismic section. SL, sea level.

Alentejo Basin

The Alentejo Basin is the southern rift basin of the West Iberian
Margin (Fig. 2a) and is separated from the Lusitanian Basin by the
Arrabida Chain, which is a fold and thrust belt formed during the
tectonic Miocene shortening event. The study area is located in the
shallow offshore area of this basin and has a western limit defined
by the 200 m bathymetric line.

The study area shares structural aspects with the West Iberian
Margin, as a Mesozoic non-volcanic rift margin that evolved through
several rift pulses interspersed with periods of tectonic quiescence
between the Late Triassic and the Late Cretaceous (Wilson et al
1989; Rasmussen et al. 1998; Alves et al. 2006, 2009) (Fig. 5).

The structure of the basin is strongly controlled by prominent late
Variscan lineaments (Late Carboniferous—Early Permian: Ribeiro
et al. 1979; Pinheiro ef al. 1996). This includes NNE-SSW and
NNW-SSE to NW-SE listric and/or planar normal faults, and NE—
SW to ENE-WSW transverse faults (Fig. 5), delimiting the main
depositional systems identified along the margin (Wilson et al. 1989;
Capdevila and Mougenot 1998; Alves et al. 2006, 2009). Two
geological profiles of Figure 5 illustrate the overall structure and
geometry of the strata within the study area, highlighting: (a)
pervasive sets of normal faults cutting through the Mesozoic and, in
places, Cenozoic sequences; (b) relatively thin Mesozoic sequences,
when compared with other areas along the West Iberian Margin; (c)
almost uniform thickness of Late Triassic—-Middle Jurassic sequence,

Table 2. Chronostratigraphic description of geological formations in the Lusitanian Basin

Chronostratigraphy Formation Lithology

Oligocene—Miocene and Moreia Formation Coarse sand grading to gravel. A white, sandy limestone bed has been described near the base (Witt
younger 1977)

Oligocene Benfica Formation Variegated marl and clay, calcareous conglomerate, and a conglomerate underlain by limestone
of varied compaction (GPEP 1986)
Paleogene Espadarte Formation Dolomite, alternation of clay and fine—coarse sandstone is present (Witt 1977) deposited in a

fluvial/lacustrine to restricted marine environment (Cunha 2008)

Dolomite-cemented quartz sandstone, grading to sandy, very-fine crystalline dolomite and, in the
lower part, intercalations of marly and occasionally sandy limestone (GPEP 1986)

Sandstone grading to conglomerate, with intercalations of dolomite-cemented quartz sandstone
and clay (Witt 1977)

Cenomanian—Early Turonian ~ Cacém Formation Mainly limestone deposited in a marine carbonate platform (Kullberg 2000)

Early Cretaceous—Cenomanian Torres Vedras Group Mainly sandstones, deposited in a fluvial environment (Kullberg 2000; Carvalho et al. 2005)

Kimmeridgian-Tithonian Grés Superiores/Lourinhd  Sandstones, sometimes with levels of conglomerates and marly limestones. This unit was
Formation deposited in a meandering fluvial system on an alluvial plain (Kullberg 2000)

Alcobaga Formation Alternating sandy and marly, detrital limestone deposited in a shallow carbonate—siliciclastic
platform environment (Kullberg 2000)

Carbonate sequences with interbedded mudstones. The formation is characteristic of a shallow-
marine environment of a carbonate platform system with episodical sedimentation of clay
(Kullberg 2000)

Cabo Mondego Formation Marls, clay and marly limestones interbedded with bituminous, lignite and sandstone (Kullberg
2000; Azerédo ef al. 2003). The Cabo Mondego Formation is characteristic of coastal plain to
restricted carbonate shelf depositional environment (Witt 1977)

Subdivided into two members: (1) the base: a succession of poorly fossiliferous dolomites and

dolomitic limestones; and (2) the upper section: mainly limestones intercalated with centimetre-

thick layers of marls (Azerédo et al. 2003

Late Campanian— Dourada Formation
Maastrichtian

Turonian—Coniacian Gandara Formation

Kimmeridgian

Late Oxfordian Montejunto Formation

Middle Oxfordian—Early
Kimmeridgian

Brenha Formation

Sinemurian—Callovian

Upper Triassic

Silves Group Siliciclastic deposits, sandy and sandy-conglomeratic at the base, and pelitic with dolomite
intercalations at the top. The siliciclastic member accumulated in an alluvial-fan environment,
under fault-controlled subsidence (Rasmussen ez al. 1998). This formation occupied channels
of the residual relief of the Hesperian massif and faulted, tilted blocks, producing the variable

thicknesses encountered in several wells along the Lusitanian Basin (Carvalho ez al. 2005)
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corresponding mostly to carbonate ramp deposition (Alves ef al.
2009); and (d) the absence of salt structures, which is consistent with
the outcrop information from the study area (onshore), where the
Triassic—Hettangian evaporites are absent (Alves ef al. 2009).

The shallow offshore area of the Alentejo Basin encompasses the
southernmost Lusitanian Basin. This sub-basin (as designated by
some authors) is the least explored in the offshore area of Portugal,
with only two petroleum exploration boreholes (Golfinho-1 and
Pescada-1) drilled and with lower-quality seismic surveys. A
summarized description of the main lithostratigraphic units in the
study area, adapted from Inverno ez al. (1993) and Pereira and Alves
(2012), is presented in Table 3.

Algarve Basin

The offshore Algarve Basin (Fig. 2¢) is located on the southwestern
margin of the Iberian Peninsula, just north of the Azores—Gibraltar

[ Lower-Middle Jurassic [ Triassic
[ Hettangian (Salt)

Fig. 5. NE-SW and west—east cross-
sections illustrating the geological
structures and fault systems of the Alentejo
Basin. See Figure 12 for the location of the
geological profiles.

[ Paleozoic

Fracture Zone, marking the present-day boundary between the
Nubia and Eurasia tectonic plates (Ribeiro e al. 1979; Terrinha
1998; Lopes et al. 2006).

During the Mesozoic, the basin evolved as a rift basin (Terrinha
1998) in a transtensional tectonic setting because of the differential
eastward movement of the African and Eurasian plates with the
formation of Tethys Ocean. The crustal stretching was accommodated
by the reactivation of late-Variscan NE-SW to east—west lithospheric
faults that are frequently segmented by north—south to NW-SE faults
(Terrinha 1998; Terrinha ef al. 2002) and were reactivated both during
Mesozoic rifting and during Late Cretaceous—recent compressional
events (Terrinha 1998; Zitellini ez al. 1999; Dias 2001; Terrinha ef al.
2003; Ramos et al. 2020). The Cenozoic basin is a flexural-type basin,
associated with the Alpine orogenic event and compressive stresses
from the Mid-Miocene onwards (Terrinha 1998).

Thus, Algarve Basin sediments record two superimposed
depositional cycles: (1) the Mesozoic rift basin (Triassic—Early

Table 3. Chronostratigraphic description of geological formations in the Alentejo Basin

Chronostratigraphy Formation

Lithology

Miocene—Pliocene —

Medium- to coarse-grained sandstones interbedded with siltstones and shales

deposited in a shallow-marine environment. The onshore counterpart is mainly
calciclastic sandstones, fine-grained sandstones and gravely sandstones

Mid-Aptian-Maastrichtian/ —
Paleocene
Berriasian-Mid-Aptian —

Absent onshore and frequently absent boreholes, this time interval is characterized by
siliciclastic sediments deposited as deltaic wedge or prograding slope deposits
Absent onshore, Cretaceous sedimentation started during the Berriasian after a

Tithonian—Berriasian disconformity. The older sediments are shallow-marine
siliciclastics that are overlain by deep marine carbonates

Oxfordian-Kimmeridgian ~ Deixa-o-Resto Formation

Starts with a thick unit of polygenic conglomerates with marls intercalations, overlain

by calciclastic limestones and oolithic limestones interlayered with marls and clays

Bathonian—Callovian Rodeado Formation (Bathonian) and

Monte Branco Formation (Callovian)

Calciclastic limestones, sometimes oolithic limestones and minor dolomites; strong
karstification affect this formation. The Monte Branco Formation is essentially

formed by calciclastic limestone with rare micritic limestones and
microconglomerates. Towards the top of the formation, quartz and feldspar clasts
increase their abundance

Fateota Formation

Sinemurian—Toarcian

Dolomites, dolomitic marls and limestones are the main constituents onshore. Towards

the north, the siliciclastic sediments predominate. Offshore, in the deeper part of the

Upper Triassic

Silves Group

basin, dolomites also predominate along with pelites

Siliciclastic deposits of alluvial-fan systems, mainly red sandstones with

conglomeratic and pelitic intercalations. The matrix consists of clay and iron oxides.
Given the fact that the sedimentation of this unit was controlled by the geometry
of small basins in the Hesperic massif, its thickness is variable, even in deep offshore
areas of the basin
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Fig. 6. Schematic cross-section (2D depth model) illustrating the major structures identified in the offshore portion of the Algarve Basin (adapted from
Matias 2007). See Figure 13 for the aerial location of the geological cross-section.

Cretaceous); and (2) the Cenozoic compressional basin (Late
Cretaceous onwards). Both cycles are separated by the Turonian—
Burdigalian hiatus, corresponding to the main phase of tectonic
inversion and uplift (Terrinha 1998). The presence of large

evaporite complexes (Fig. 6), deposited during the Triassic—
Hettangian transition, influenced the tectonic style of the younger
sedimentary cover, acting as a detachment during both extension
and compression events (Lopes et al. 2006). The Algarve Basin has

Table 4. Chronostratigraphic description of geological formations in the Algarve Basin

Chronostratigraphy

Lithology

Plio-Quaternary
Late Miocene

Middle Miocene
Early Miocene

Oligocene
Eocene
Paleocene

Late Cretaceous

Early Cretaceous

Late Jurassic

Middle Jurassic

Variety of lithologies including clays sands and gravels. In its western section, the Algarve Basin consists mainly of claystones, the
central part is mostly sands, and the eastern sector is dominated by clay with minor intercalation of sand and siltstones (Matias 2007)

Basal section of conglomerates (Tortonian) overlain by silt and biocalcarenites, while the Messinian is characterized mainly by fluvial
sand deposits (Roque 2007)

Variety of lithologies such as limestone, sand, clay and siltstone (Matias 2007)

Limestones in the west, interbedded sandstones and siltstones in the central part of the basin, overlain by limestones with some corals,
and highly fractured limestone and marls towards the east (Matias 2007)

Dominated by micritic limestones and skeletal limestones with minor dolomites and clays

Mainly characterized by limestones, dolomitic in parts

Sands, sandstones and marls

The absence of this unit in most of wells from the Algarve’s offshore suggests the presence of an important, regional erosion
unconformity or depositional hiatus (Matias 2007)

Onshore, the western and central sectors include marls, sandstones, limestones and dolomites, while the eastern sector is characterized
by predominantly limestones and marls with some less abundant dolomites. The Upper Barremian is a sequence of sandstones and
clays (Terrinha ez al. 2006). Offshore, in the western sector, the Berriasian—Hauterivian recovered in the Imperador-1 well consists
of a basal layer of sand, followed by an interbedded sequence of shales and limestones, overlain by dolomites and claystone. In the
central area, the Corvina-1 well recovered sandy layers at the Berriasian, overlain by a sequence of shaly silt and dolomites, grading
into marls with some beds of limestones in the top. Lastly, in the eastern sector (Algarve-1 well), the Berriasian—Hauterivian consists
of grey argillaceous sandstones with minor shales and clays. The Aptian—Albian sequence in the western sector consists of a
sequence of shales and limestones, interbedded with claystones and minor layers of sands at the top (Imperador-1 well). The central
area (Corvina-1 well) is characterized by oolitic limestone at the base of the sequence, and by interbedded sand silt with some layers
of limestone at the top. To the east, the Algarve-1 well recovered a sequence of interbedded argillaceous sandstones, claystones and
siltstones, with micritic limestones towards the top of the section (Matias 2007)

Onshore, at the western sector of the basin, the sediments are mainly limestones, sometimes with phosphate nodules, marly limestones
and dolomitic limestones, while in the (thicker) eastern sector limestones, sometimes with chert nodules, marly limestones and
dolomitic limestones are the most common lithologies. Offshore, in the western sector of the Algarve Basin (Imperador-1 and Ruivo-
1 wells), the Late Jurassic consists mainly of a massive, light limestone, with thin, interbedded claystone and shaly limestone layers,
overlain by siltstones, whilst in the east (Algarve-1 well) it is predominantly interbedded siltstones, shales and marls with very minor
sandstones. Therefore, the Late Jurassic shows a lateral change from carbonate platform facies to more distal, slope and basinal
facies, similar to that observed in the Middle Jurassic (Matias 2007)

Onshore, sediments are mainly limestone, sometimes calciclastic, and marly limestone to marls (Terrinha et al. 2006). Offshore,
dolomites (Imperador-1; western sector) evolving to marls (Algarve-1; eastern sector) are the most common. Variation in these
lateral facies is interpreted as a change from the carbonate platform facies in the west to deeper shelf-slope facies towards the east

Matias 2007

Late Triassic—
Hettangian

Red fluvial sandstones interlayered with shales and conglomerates, capped by Hettangian pelite—carbonate—evaporite complexes
(Lopes et al. 2006). This latter unit was identified in the Ruivo-1 well (western sector), and is composed primarily of anhydrite with
minor interbedded claystone layers, limestone and salt. During the Late Sinemurian the margin evolved from fluvial to estuarine and
floodplain conditions, followed by an uplift episode associated with basaltic volcanism (Terrinha 1998)
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a complex Mesozoic record marked by differences in the
lithostratigraphy due to episodes of east-west segmentation that
occurred as an effect of the tectonic evolution of the North Atlantic
and the Tethys oceans. The stratigraphy of the Algarve Basin is
based on outcrop observation and commercial well data. A
summary description of the main basin lithologies is presented in
Table 4.

Methods and materials
Data description

The CO; site screening assessment in Portugal was completed using
the DGEG (National Directorate for Energy and Geology) database,
which is the most reliable source with regard to the deep geology of
the sedimentary basins in Portugal. Both the onshore and offshore
settings are well covered by 2D seismic surveys (Fig. 2b), and the
database comprises 174 boreholes, of which 146 are located
onshore (48 are deeper than 1000 m) and 27 are located offshore (all
deeper than 1000 m). Most of this database is composed of legacy
data from petroleum exploration, and relevant information routinely
acquired with recent techniques is often lacking (e.g. reduced set of
well logs), while in some cases the data quality is low (e.g. old 2D
seismic surveys). In recent years, the database was updated with new
geophysical surveys (2D seismic, 3D seismic and aeromagnetic
surveys) for petroleum exploration, as well as new boreholes drilled
onshore (Fig. 2¢). Results of these recent surveys and boreholes (e.g.
3D seismic data and new onshore boreholes) are currently being
included in the site screening process.

Screening criteria

The selection of sites for storing significant volumes of CO,
involves progressively more detailed geological assessments. The
identification of potential storage regions in mainland Portugal was
conducted through the application of screening criteria at a basin
scale to identify the suitable sedimentary basins and at a regional
scale to characterize the potential reservoirs.

The criteria used for the basin-scale assessment in Portugal were
adapted from the CO2CRC (2008) extended list. Among the 13
original parameters, some are not relevant or applicable in the
Portuguese context. For instance, the criterion associated with the
hydrocarbon potential does not apply to the sedimentary basins, as
there are no hydrocarbon exploitation fields in Portugal based on
exploration studies conducted during the last decades. Other
original criteria such as climate (moderate), accessibility (easy/

accessible) and infrastructures for CO, storage (inexistent) are
examples of criteria discarded for this assessment due to the general
similarity of all the sedimentary basins and, therefore, do not allow
differentiation between different areas of the basins. Table 5
presents the seven final criteria used as guidelines for the
assessment of sedimentary basins in Portugal.

The regional-scale assessment conducted in the COMET project
followed a set of criteria (Martinez et al. 2010) that considered
several geological constraints such as: occurrence of supercritical
conditions, geometry of the reservoir, permeability and porosity of
the reservoir, salinity of the formation water, thickness and
continuity of the cap rock, and existence of known active faults.
Table 6 lists these relevant properties grouped in three key
parameters: storage capacity, injectivity and integrity of seal. The
storage capacity is directly influenced by the effective pore volume,
trap type and supercritical conditions of CO,. As a general rule, for
instance, the regional-scale assessment only considers storage
depths of less than 2500 m; although some greater depths could be
accepted if well argued by geologists. Moreover, the screening
assessment accounts for the structures and formations at depths of
>800 m as the CO, must be injected under supercritical conditions
(i.e. 800-900 kg m~) to make the storage economically viable. The
injectivity depends greatly on the trap type and petrophysical
properties (permeability and porosity) of the storage unit. Among
several relevant properties regarding the integrity of the seal, the
permeability, thickness and homogeneity are key properties that
determine the effectiveness of the cap rock (Martinez et al. 2010).

Reservoir and cap-rock properties

The estimation of the petrophysical properties, namely permeability
and porosity but also relevant reservoir parameters such as the net/
gross and salinity, are crucial for an adequate formation evaluation
of reservoirs and cap rocks for CO, geological storage. The porosity
is directly related to the storage capacity of the reservoir through the
effective pore volume, which ideally should exhibit not only high
porosity values but also a good interconnection between the rock
pores. The permeability directly influences the injectivity of CO,
into the reservoir since it is a measure of the ability of the
sedimentary rock to transmit fluids along the aquifer. Permeability
is also a relevant parameter associated with the cap rock, which
should present very low values.

Porosity values were estimated from several available geophys-
ical logs in oil exploration boreholes, such as sonic logs,
compensated neutron logs (CNL) and sidewall neutron logs

Table 5. Criteria for screening sedimentary basins (adapted from CO2CRC 2008)

Increasing CO, storage potential

e

Classes

Criterion

1

2

3

4

5

Seismicity (tectonic

Very high (e.g. subduction)

High (e.g. synrift,

Intermediate (e.g.

Low (e.g. passive

Very low (e.g. cratonic)

setting) strike slip) foreland) margin)
Size Very small (<1000 km?) Small (1000— Medium (5000 — Large (25 000— Very large (>50 000 km?)
5000 km?) 25000 km?) 50 000 km?)
Depth Very shallow (<300 m) Shallow (300— Deep (>3500 m) Intermediate (800-3500 m)
800 m)
Faulting intensity Extensive Moderate Limited
Hydrogeology Shallow, short-flow systems Regional, long-range flow systems;
or compaction flow topography or erosional flow
Geothermal Warm basin (>40°C km™") Cold basin (<30°C km™")
Reservoir—seal pairs Poor Intermediate Excellent
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Table 6. Screening criteria applied in the COMET project (compiled after Martinez et al. 2010)

Key parameters Properties Description
Storage capacity Porosity Preferably >15%
6-15%, considered depending on other parameters
Trap type Traps and regional reservoirs

Effective pore volume
Depth of reservoir

Trap type

Permeability

Rock mechanics, diffusivity

Injectivity

Integrity of seal Permeability
Seal thickness

Faulting and tectonic activity

Homogeneity of seal

Storage capacities >3 Mt

Reservoir top is from 800 to 2500 m deep

Open traps/reservoirs are favoured over closed traps/reservoirs
Preferably >200 mD

Account for geomechanical and diffusivity parameters
Maximum pressure 20% initial pressure

Maximum permeability 2—10 mD

Preferably >50 m

Less faulted formations are favoured

Seismo-tectonic behaviour is considered

Discard formations/traps crossed by active faults
Homogeneous and laterally continuous formations are favoured

(SNL). Porosity profiles of several wells located in the four
sedimentary basins of the study were converted from sonic logs to
porosity values using the Wyllie time-average equation (Wyllie
et al. 1958; Martinez 2013).

The net/gross values were based on analyses of geophysical logs
and lithostratigraphic columns described in previous research (Palin
1976; Barbosa 1981; Marques da Silva 1990, 1992).

To estimate the water salinity of potential reservoirs, electrical
logs (i.e. induced resistivity and laterolog logs) were interpreted
from available petroleum exploration boreholes that intercepted the
depths of interest; based on Archie’s law (Archie 1942; Winsauer
et al. 1952), water resistivity was estimated and correlated with
equivalent NaCl (Keys 1990; Chappelier 1992; Schlumberger
2009).

Permeability measurements are almost completely absent in the
legacy wells from petroleum exploration at the required depths of
CO, storage. Permeability was estimated from 222 groundwater
wells that intersect the same formations at shallower depths. From
the available 222 wells, 79 were used for this study because their
screens were placed in the geological formations coinciding with
potential reservoirs and because pumping tests provided evidence of
steady-state dynamic water levels. The data were extrapolated to the
reservoir depths using a fit approach to the permeability—depth
curve and are only presented for the onshore reservoirs.

Definition of storage units

After identifying pairs of potential reservoirs—cap rocks, 2D seismic
lines from the database illustrated in Figure 2b were used to define
the storage units for each sedimentary basin. Based on 2D seismic
interpretation, structural maps in two-way time (TWT) were
generated from the horizons of different chronostratigraphic
sequences, and were subsequently converted into depth (metres)

Table 7. Parameters used in the storage capacity calculation and sources of data

using velocity models built accordingly (from sonic logs) for the
several basins of this study. After the time—depth conversion, zones
restricted to the supercritical conditions of CO, were identified from
the structural maps in depth, allowing for the definition of the
storage units. In addition, it is important to mention that the fault
networks were interpreted from seismic data and also used to
delineate the different areas of potential injection. The resulting data
from seismic interpretation were integrated into a GIS (geographical
information system) platform to generate the final storage units for
each basin.

Storage capacity estimate

The storage capacity of the potential injection sites was estimated
using the volumetric approach (Vangkilde-Pedersen ez al. 2009), in
which regional storage capacity (Mco, ) is calculated using equation
(1). This formulation was proposed in 2007 by the Carbon
Sequestration Leadership Forum (CSLF) for effective storage
capacity in basin- and regional-scale assessments, and was
previously applied in the EU GEOCAPACITY project
(Vangkilde-Pedersen et al. 2009):

Mco, = AhNG ¢ pco,:Setr (1)

where 4 is the area of trap (or regional aquifer); 4, NG and ¢ are the
average values for thickness, net/gross ratio and porosity of the
reservoir, respectively; pco,, is the CO, density at reservoir
conditions; and S.¢r is the storage efficiency factor. The source of
data associated with each parameter of equation (1) is indicated in
Table 7.

The storage efficiency factor (S.gr) is the main source of
uncertainty since it is site specific and needs to be determined
through numerical simulations (Cavanagh et al. 2020), or at least
from the rock and fluid compressibility and admissible pressure

Parameter Units Data source

A km? Evaluated with GIS for each individual area with regard to the existence of supercritical conditions. GIS layers include: depth maps
of the top and bottom of the reservoir, built from the interpretation of 2D seismic; hydrostatic pressure maps; geothermal gradient;
and surface and seabed temperature maps

h m Evaluated with GIS for each individual area from isopach maps of the reservoir. In equation (1), this parameter was used as the
thickness at the location of an existing borehole or, in the absence of boreholes, at the centroid of the polygon delimiting the area

NG % (or decimal) Evaluated from lithology records of the boreholes in, or nearest, to each individual area

¢ % (or decimal) Evaluated from geophysical logs in boreholes in, or nearest, to each individual area

PCo,r kgm™ ECO2N data (CO2TAB) of CO, properties for the reservoir pressure (hydrostatic) and temperature estimated using GIS

Setr % (or decimal) Varying the values according to semi-closed aquifers (Cavanagh et al. 2020)
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increase (Goodman et al. 2011). To overcome this difficulty, an
initial approach of using a constant and conservative value of Se¢r =
2% was adopted. However, including a comparison to storage
efficiency factors, proposed by Cavanagh er al (2020) for a
regional-scale assessment in clastic reservoirs, the use of Seir = 2%
lies between the P, and Ps, values of a semi-closed aquifer. In fact,
most study areas and potential storage units presented in this work
are bounded by faults; however, there is a lack of information about
their hydraulic behaviour to effectively classify the DSA resources
in open or closed aquifers and, consequently, to compartmentalize
the potential reservoirs. Therefore, the storage capacity of every
potential area was calculated assuming that the storage units are
semi-closed aquifers, varying the S.¢ accordingly (Cavanagh ef al.
2020) and incorporating the uncertainty of this parameter into the
storage estimates. According to the pyramid classification of the
maturation of storage resources (CSLF 2007) (Fig. 7a), Cavanagh
et al. (2020) proposed the classification of Tier 1 (T1: i.e. the low-
matured level is classified) for the first assessment to estimate the
storage capacity of geological formations and storage units using
generic values of S, Tier 2 (T2) consists of the discovery
assessment, encompassing the estimation of storage capacity of
daughter units (i.e. suitable reservoirs) based on tailored S values.
Thus, storage efficiency factors (Fig. 7b) of S.gr = 0.75% (Poy),
Serr = 1.5% (Psg) and Seir = 3% (Pyo) were assigned to the
potential sites of maturity level Tier 1 (offshore sites), while for
sites of maturity level Tier 2 (onshore sites) values of Ser = 0.7%
(Pog), Serr = 1.5% (Pso) and Ser = 2.8% (Pyo) were used
(Cavanagh et al. 2020).

Clustering of storage sites

For the sake of simplifying the analysis of potential storage units
and the definition of CO, transport logistics (i.e. network options,
risks and costs), storage clusters were adopted to aggregate multiple
potential areas. The clustering approach was based on three criteria:

(a) Continuity of geological basin/structure: potential storage
areas were included in the same cluster when multiple areas
belonged to the same sedimentary basin, and there was the
possibility that injected CO, may spread across contiguous
areas.

Distance between selected areas: distance between potential
injection sites was considered, although no constant
distance was imposed. For each selected area, the
potential injection site was defined as the location of an
existing borehole or, in the absence of boreholes, as the
centroid of the polygon limiting the selected area. Similar to
criterion (a), several clusters may still result in the same
basin if the injection sites were too distant from each other.
Onshore /offshore setting: onshore and offshore potential
storage areas were always included in distinct clusters, even
if there was geological continuity between them. This
criterion was imposed due to different logistics (i.e. cost-
effectiveness) involved in onshore and offshore storage.

(b

~

(c

~

Results

The basin-scale criteria described in Table 5 was instrumental in
determining the promising sedimentary basins in Portugal
(Martinez 2013). Among the four basins screened (Fig. 2a), the
Porto, Lusitanian (including the southernmost sector Alentejo
Basin) and Algarve basins achieved an overall high classification as
sedimentary basins with potential to proceed with feasibility studies
of CCS. Conversely, the Tejo-Sado Basin, developed onshore
(Fig. 2a), was rejected as a potential region for geological storage of
CO, due to the existence of groundwater resources used for public
water supply, unsuitable nature of cap rocks, neotectonics and
seismicity, and the geological structure (Machado et al. 2007;
Martinez 2013). Therefore, based on these constraints, and despite
the favourable geographical location of the Tagus-Sado Basin close
to many CO, emission sources, it was discarded as a possibility for
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T1, Theoretical
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Fig. 7. (a) Four-tier capacity pyramid with CSLF terminology. (b) Storage efficiency factors as percentages for deep saline aquifers at different levels of

maturity (adapted from Cavanagh ez al. 2020).
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CO, storage. The following subsections focus only on the regional-
scale screening and characterization of the Porto, Lusitanian,
Alentejo and Algarve basins, covering the estimates of petrophys-
ical properties (Fig. 8; Table 8) and formation evaluation (i.e. the
definition of reservoir—cap rock pairs), the storage site capacity
(Tables 8 and 9), and the source—storage site match.

Porto Basin

Lithological and geophysical logs from three exploration wells (SA-
1, Touro-1 and Lima-1) were analysed to distinguish between
potential reservoirs and caprocks. From the simplified porosity-
depth profiles (Fig. 8a—c), two geological formations stand as
potential reservoirs for CO, storage:

¢ The Torres Vedras Group (seismic units K1-K2 in Fig. 3),
with porosities ranging from 20 to 40% and thickness
varying from 160 m to almost 1000 m, which is sealed by
the Cacém Formation (seismic units K3/C1-C4 in Fig. 3)
that is generally less than 100 m thick, with porosities of
around 10%. According to Table 1, the reservoir is
characterized by coarse quartz sandstones, grading to
conglomerates, intercalating with fine-grained quartz sand-
stones, sandy clays and marls, capped by limestones, marly
and argillaceous dolomites, and dolomitic limestones.

« The Silves Group (seismic unit T-J1 in Fig. 3), which
exhibits porosities of up to 20% and thicknesses greater than
800 m, sealed by low-porosity sediments of the Dagorda
Formation (seismic units J1-J2 in Fig. 3). Based on the
lithostratigraphic table of this basin (Table 1), the potential
reservoir is mainly composed of sandy-conglomeratic
sediments, and the cap rock is characterized by evaporitic
sediments with intercalations of clays, limestones, mud-
stones and anhydrite.

Salinity estimations were based on geophysical logs from the well
Touro-1 for the depth interval corresponding to Torres Vedras
Group, with values of c. 15 g 17! of equivalent NaCl. Although this
information is lacking from other wells in this basin, salinity values
ranging higher than 10 g 17! of equivalent NaCl could be found in
the potential reservoir area intercepted by well Lima-1. The net/
gross parameter was estimated (from well Cavala-4) as c. 37% for
the potential reservoirs in the Torres Vedras Group; a value of c.
25% for the reservoir in the Silves Group was adopted from the
interpretation of lithostratigraphic columns by Palin (1976), based
on the same geological formation located at the northern Lusitanian
Basin.

The areas with suitable conditions for supercritical behaviour of
CO, were estimated based on the hydrostatic pressure and
geothermal gradient maps for the Torres Vedras Group and for
the Silves Group potential reservoir. However, in the latter, only a
narrow band sub-parallel to the coast was deemed appropriate for
CO, storage, since a maximum depth of 2500 m was imposed as an
economic threshold for CO, storage. Figure 9a illustrates the eight
storage units associated with the Torres Vedras Group (Q1-TVI,
Q1-TV2, Q1-TV3, Q1-TV4, Q2-TV1, Q2-TV2, Q2-TV3 and Q2-
TV4), and Figure 8b shows the storage unit defined for the reservoir
of the Silves Group (Q2-S1). The resulting petrophysical properties
(average values) for all storage units of this basin are presented in
Table 8.

Lusitanian Basin

The porosity values regarding potential reservoirs on the offshore
Lusitanian Basin (North and Central sectors) were estimated from
geophysical logs in five exploration wells (Do-1, Mo-1, Fa-1, 16A-1
and 17C-1). Most of these wells do not reach the Variscan basement

and, in places, there are gaps in the sedimentary record (i.e. no core
recovery) and/or in the sonic log record (Fig. 8d—h).

It is also worth highlighting that the formations exhibit a
considerable variation in thickness along the basin, namely at the
structural highs where most wells have been drilled. From the
simplified porosity—depth profiles, two formations stand out as
potential storage reservoirs:

» The Torres Vedras Group (seismic unit K20 in Fig. 4), with
porosities ranging between 15 and 40%. The Torres Vedras
Group is topped by the Cacém Formation (seismic unit
K20b—K40 in Fig. 4), with values of porosities of the order
of 15%. Similar to the Porto Basin, these reservoirs are
composed of siliciclastic sediments, predominantly sand-
stones, sealed mainly by limestones (Table 2). The Cacém
Formation is the primary cap rock. In the onshore setting,
and where the Torres Vedras Group is normally a relevant
freshwater aquifer, it acts as a confined aquifer resulting
from facies variations in the vertical sequence of the Torres
Vedras Group itself, which contributes to the safety of the
storage complex.

+ The Silves Group (seismic unit J10 in Fig. 4) exhibits
porosities of up to 15-25% and is sealed by low-porosity
sediments of the Dagorda Formation (seismic unit J10-J20
in Fig. 4). For both onshore and offshore settings, these
potential reservoirs are characterized by siliciclastic deposits
(sands and sandy-conglomeratic sediments) capped by
evaporites (halite) with intercalations of dolomitic shales
and anhydrite (Table 2).

The net/gross parameter for the offshore Lusitanian Basin was
assessed using information available in the logs of several boreholes
for the Torres Vedras Group potential reservoirs, with estimated
values of ¢. 35 (13C-1, 14C-1A and Fa-1), 66 (Ca-1, Mo-1 and 13E-
1), 94 (Do-1C) and 62% (16A-1). Furthermore, it was possible to
estimate the net/gross parameter for the same formation in the
onshore setting through the interpretation of lithostratigraphic
columns (Barbosa 1981; Marques da Silva 1990, 1992) with
values of ¢. 77%, and from boreholes (MRW-5, MRW-8, MRW-9
and SPM-2) with values of c¢. 70%. For reservoirs in the Silves
Group, no clarifying information was available from offshore wells,
and values of ¢. 25% were adopted from the equivalent onshore
geological formations, estimated from the interpretation of
lithostratigraphic columns in Palin (1976). Regarding salinity
estimations for the Torres Vedras Group, values of equivalent
NaCl were estimated as c. 45 (well Mo-1), 18 (Do-1C), 130 (Fa-1),
75 (16A-1) and 10 g 17! (13E-1). Despite the sparse information
related to potential Silves Group reservoirs, salinity values were
estimated as 9 (Fa-1), 40 (17C-1) and 10 g 17! (Ca-1) of equivalent
NaCl.

Eight closed storage sites (Fig. 10a) were defined for the Torres
Vedras Group (designated as Q3-TV1, Q3-TV2,Q3-TV3, Q3-TV4,
Q3-TVS, Q4-TV1, Q6-TV1 and Q6-TV2) and five potential areas
(Fig. 10b) were defined for the Silves Group (Q3-S1, Q3-S2, Q4-
S1, Q6-S1 and Q6-S2).

The Torres Vedras Group has either been eroded in much of the
onshore sector of the Lusitanian Basin or occurs too shallow (i.e.
<800 m) for CO, storage. Therefore, the Torres Vedras Group is not
an adequate reservoir in the onshore sector of the Lusitanian Basin.
Thus, the only potential reservoir is the Silves Group (Upper
Triassic). Four areas were defined as having potential for CO,
storage: (a) Sdo Mamede; (b) Alcobaga; (c) Sdo Pedro de Moel and
(d) Alvorninha (Figs 10b and 11a). Several faults with cartographic
expression intercept the reservoir (Fig. 11b), apparently highly
compartmentalized. However, there are no indications as to the
hydraulic behaviour of these faults. An excellent seal caps the
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Table 8. Database of reservoir properties and storage capacity in the selected areas of each basin
Basin Storage unit A h NG [ PCO,r Sefr Mco,
Porto Q1-TVl 448 645 0.37 0.25 787 0.015 316
Q1-TV2 429 887 0.37 0.25 728 0.015 384
Q1-TV3 290 607 0.37 0.25 509 0.015 124
Q2-TV1 218 306 0.37 0.25 664 0.015 61
Q2-TV2 166 284 0.37 0.25 539 0.015 35
Q2-TV3 993 319 0.18 0.25 683 0.015 146
Q1-TV4 636 445 0.37 0.25 723 0.015 284
Q2-TV4 343 421 0.37 0.25 644 0.015 129
Q2-S1 873 433 0.25 0.10 709 0.015 251
Porto Basin — total storage capacity (Mt CO,) 1731
Lusitanian Q3-TV1 696 327 0.66 0.30 668 0.015 452
Q3-TV2 509 274 0.66 0.30 648 0.015 268
Q4-TV1 407 349 0.66 0.30 567 0.015 239
Q3-Tv4 640 237 0.35 0.30 664 0.015 159
Q3-TV5 387 303 0.35 0.30 642 0.015 119
Q3-TV3 541 369 0.94 0.30 630 0.015 532
Q6-TV1 243 365 0.35 0.30 572 0.015 80
Q6-TV2 1125 345 0.62 0.30 709 0.015 768
Q4-S1 551 387 0.56 0.15 671 0.015 180
Q3-S1 624 216 0.25 0.15 676 0.015 51
Q3-S2 82 245 0.25 0.15 639 0.015 7
Q6-S1 60 352 0.25 0.15 661 0.015 8
Q6-S2 23 403 0.25 0.15 679 0.015 4
North and Central Lusitanian Basin — total storage capacity (Mt CO,) 2867
Sdo Mamede 292 1300 0.25 0.13 738 0.015 137
Alcobaga 159 1234 0.25 0.13 667 0.015 64
Sao Pedro de Moel 158 802 0.25 0.13 614 0.015 38
Alvorninha 76 873 0.25 0.13 639 0.015 21
Onshore Lusitanian Basin — total storage capacity (Mt CO,) 260
Alentejo Q10-S1 230 100 0.62 0.10 775 0.015 17
Q10-S2 211 100 0.62 0.10 710 0.015 14
Q9-S1 367 100 0.62 0.10 645 0.015 22
Q10-S3 219 100 0.62 0.10 535 0.015 11
Alentejo Basin — total storage capacity (Mt CO,) 64
Algarve Q16-TV1 135 437 0.40 0.20 721 0.015 51
Ql6-TV2 213 768 0.40 0.20 803 0.015 158
Q16-TV3 58 584 0.35 0.20 798 0.015 28
Q16-TV4 109 709 0.35 0.20 794 0.015 64
Q15-TV1 3075 585 0.35 0.20 726 0.015 1371
Q15-M1 3021 196 0.25 0.30 746 0.015 497
Algarve Basin — total storage capacity (Mt CO,) 2169
Total storage capacity in Portugal (Gt CO,) 7.09

reservoir, composed of salt, clay and marls of the Lower Jurassic
Dagorda Formation, with thickness values usually greater than
400 m and occasionally thicker than 1500 m in the Sao Mamede
and Alcobaga areas. In the Alvorninha area, the thickness is less

than 200 m.

Table 9. Main features of storage clusters

Reservoir porosity and the salinity of the formation water were
assessed using geophysical logs from wells Aljubarrota-2 (Alj-2:
Fig. 11b) and Aljubarrota-1 (Alj-1/1A: Fig. 11b) located in the Sao
Mamede and Alcobaga sites, respectively (Pereira ef al. 2014). The

porosity is low, ranging from 3 to 9%; the estimated values of

No. of selected

Cluster storage capacity

Cluster ID Sedimentary basin Setting  areas Site IDs Mt CO,)
S01 Porto Offshore 5 Q1-TV1, Q1-TV2, Q1-TV3, Q2-TVI1 and Q2-TV2 921
S02 Porto Offshore 4 Q2-TV3, Q1-TV4, Q2-TV4 and Q2-S1 810
S03 Lusitanian (north sector) Offshore 5 Q3-TV1, Q3-TV2, Q4-TV1, Q3-TV3 and Q4-S1 1671
S04 Lusitanian (north sector) Offshore 8 Q3-TV4, Q3-TV5, Q6-TV1, Q6-TV2, Q3-S1, Q3-S2, Q6-S1 1196
and Q6-S2
S05 Lusitanian (north and Onshore 4 Sdo Mamede, Alcobaga, Sao Pedro de Moel and Alvorninha 260
central sectors)

S06 Alentejo Offshore 4 Q10-S1, Q10-S2, Q9-S1 and Q10-S3 64
S07 Algarve Offshore 4 Q16-TV1, Q16-TV2, Q16-TV3 and Q16-TV4 301
S42 Algarve Offshore 2 Q15-TV1 and Q15-M1 1868
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Fig. 9. Structural maps illustrating the location of exploration wells and selected areas for CO, geological storage: (a) potential reservoirs within the Torres
Vedras Group and (b) potential reservoirs within the Silves Group. The red dashed line corresponds to the cross-section in Figure 3. See Figure 1b for the

location of this study area in Portugal.

salinity were higher than 10 g 17! of equivalent NaCl. Regarding the
net/gross parameter, values of ¢. 56 and 25% were estimated from
the interpretation of several lithostratigraphic columns in Palin
(1976). The resulting petrophysical properties (average values) for
all storage units of this basin are presented in Table 8.

The permeability was estimated in the onshore reservoir
formation (i.e. Silves Group) using 10 samples, and ranges
between 67 and 783 mD for the average well screen depths of 44—
275 m. The average value of permeability was 358 mD, and 60% of
the results were above 300 mD. Regarding the geological forma-
tions of the Torres Vedras Group, the permeability was estimated,
using 69 samples, to range between 129 and 19570 mD for the
average well screen depths of 32.5-243.5 m. The average value of

permeability was 2235 mD and 94% of the results were above
300 mD.

Alentejo Basin

In the shallow offshore of the Alentejo Basin (southernmost sector
of the Lusitanian Basin), the porosity of formations was estimated
from one well (Pescada-1). From the simplified porosity—depth
profile (Fig. 8i), the Silves Group (Triassic: Fig. 5) strikes as being
of possible interest for CO, storage, characterized by siliciclastic
deposits (Table 3: mainly red sandstones with intercalations of
conglomeratic and pelitic sediments), with porosities ranging from
15 to 25% and sealed by the low-porosity sediments (Table 3:
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Fig. 10. Structural maps illustrating the location of exploration wells and selected areas for CO, geological storage: (a) potential reservoirs within the Torres
Vedras Group and (b) potential reservoirs within the Silves Group. The red dashed line corresponds to the cross-section in Figure 4. See Figure 1b for the

location of this study area in Portugal.
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location of this study area in Portugal.

mainly shales, evaporites and limestones) of the Dagorda Formation
(Hettangian—Lower Jurassic units in Fig. 5). The top of the Silves
Formation is in extensive areas within the ideal pressure interval for
CO2 storage (Vangkilde-Pedersen et al. 2009), with depths ranging
between 800 and 2500 m.

Considering other reservoir properties, there is no information
available in the two wells that intercept the reservoir (Pe-1 and Go-
1) to estimate the salinity values. Nonetheless, well Go-1 provided
data to determine the net/gross of potential reservoirs to be 62%.
Palin (1976) estimated the net/gross parameter at ¢. 57% from the
lithostratigraphic column of this area (Santiago do Cacém).

This sector was subdivided into four storage areas (Q9-S1, Q10-
S1, Q10-S2 and Q10-S3) based on the physiography of the basin
and the limits associated with the fault network (Fig. 12), which
may act as natural barriers for liquid/gas migration. These areas are
the most favourable locations for CO, storage in the shallow
offshore area of the Alentejo Basin, with expected siliciclastic
sections in the Silves Group presenting fair-good reservoir
characteristics and varying laterally in thickness. Due to its
thickness and rheology, the thin evaporite coverage of the
Dagorda units can act as an effective seal. Also, the argillaceous
sections at the top of the Silves Group can act as good seals, if proper
porosity and permeability conditions exist. The resulting petro-
physical properties (average values) for all storage units of this basin
are presented in Table 8.

Algarve Basin

The simplified porosity—depth profiles (Fig. 8j—1), interpreted from
the geophysical logs (boreholes Corvina-1, Ruivo-1 and Imperador-
1), revealed possible reservoirs in the Early Cretaceous sequence
(Imperador-1 and Corvina-1) and in the base Late Cretaceous
sequence (Ruivo-1), with porosities ranging from 15 to 30%.
However, these sequences do not exhibit great lateral continuity.
Moreover, the Cretaceous sequences are topped by Paleogene
limestones, marls, clays and sands (Table 4) with highly variable
porosities that do not constitute a high-quality seal.

Miocene sand layers are also possible reservoirs, with porosities
ranging from 20 to 33% (Matias 2007), overlain by extensive shale
deposits from the Miocene—Pliocene and providing an effective seal

(Table 4). Five wells (Imperador-1, Corvina-1, Ruivo-1, Algarve-1
and Algarve-2) intercept the Miocene sands at depths of 550-
950 m, with thickness varying from 250 to 400 m. Miocene sands
could act as reservoirs for CO, storage when occurring deeper than
800 m.

The reservoir net/gross value was estimated from well logs for
potential reservoirs of the Torres Vedras Group (within the
Cretaceous in Fig. 6), with values of ¢. 40 (Alg-1) and c¢. 35%
(Co-1), and for Miocene reservoirs (within the Neogene in Fig. 6),
with values of ¢. 25% (Im-1). Due to the lack of data, no water
salinity values could be estimated.

As for the other areas, several storage areas were selected with the
limits imposed by the main faults and structures. Five storage areas
were selected as Cretaceous reservoirs (designated as Q15-TV1,
Q16-TV1, Q16-TV2, Q16-TV3 and Q16-TV4) and one site (Q15-
M1) for the Miocene reservoir (Fig. 13). The resulting petrophysical
properties (average values) for all storage units of this basin are
presented in Table 8.

Clusters and storage capacity

The structural maps (from 2D seismic) of the seismic horizons
identified as reservoirs (Figs 9-13), and considering the depth limits
set in the screening criteria (Table 6) and the petrophysical
properties of each storage unit (Table 8), were used to estimate
the storage capacity of the identified storage units according to
equation (1) and varying the S.¢ values (Cavanagh ef al. 2020). The
resulting mean storage capacities (Ps) are presented in Table 8. The
overall estimated storage capacity values range from 3.54 (Po) to
14.14 Gt (P,), with a central estimate of 7.09 Gt (Ps), highlighting
the importance of choosing an appropriate S.¢ given the linear
dependence of storage capacity on this parameter.

According to the previously described criteria, 36 storage units in
Portugal were grouped into eight clusters, one onshore and seven
offshore (Fig. 14): two clusters in the Porto Basin (SO1 and S02),
three in the Lusitanian Basin (offshore clusters S03 and S04, and the
onshore cluster S05), one in the Alentejo Basin (S06) and two in the
Algarve Basin (S07 and S08). The detailed information of the
resulting storage clusters is presented in Table 9 and their spatial
distribution in mainland Portugal is illustrated in Figure 14.
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Discussion

The potential storage capacity in deep saline aquifers is equivalent
to around 200 years of the current CO, emissions from stationary
sources in Portugal. Since the projections made in Seixas et al.
(2015) point to the need to store less than 10 Mt a~! from 2025 to
2050, it is safe to say that Portugal has enough resources for its
needs, even considering that the maturation of the analysis (i.e.
rising tiers in the resources pyramid) will inevitably result in a
decrease in the storage capacity estimates.

Most of the storage capacity is located in offshore storage units
(Psg, 2.93 Gt CO,), which contrasts with the assessed onshore
capacity of only (Pso) ¢. 260 Mt CO,. Most offshore storage units
are located in the shallow continental shelf, close to the coast, which

is a favourable location with respect to the main CO, sources in the
country (Fig. 1).

Of the 36 areas with a potential for geological storage of CO,,
three geological formations were identified with favourable
geological conditions to act as reservoirs. The youngest reservoir
(Upper Miocene) is restricted to the Algarve Basin, although these
sand layers are frequently shallower than the required depth to act as
reservoirs. The reservoirs with the greatest storage potential belong
to the Torres Vedras Group (Lower Cretaceous) within the Porto and
Lusitanian basins, and the equivalent formations of the Algarve
Basin, and the deeper Silves Group (Upper Triassic) within the
Porto and Lusitanian basins (onshore and offshore).

Other promising geological formations were considered during
the very first screening studies conducted in the KTEJO and
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Fig. 13. Structural map illustrating the potential reservoirs (the Torres Vedras Group and Miocene sands) and the location of exploration wells in this basin.
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COMET projects; in particular, the Grés Superiores/Lourinha and
Alcobaga formations. In fact, these formations occur at desired
depths and, in general, present favourable lithologies (Table 2). In
addition, they are deeper than the potential reservoirs of the Torres
Vedras Group and possibly better capped. However, the abundance
of interlayered marly limestones and floodplain muds with frequent
caliche deposits (Taylor ef al. 2014) implies a greater variability in
porosity values (Fig. 8d-h) and a lower net/gross ratio, which
compromises the injectivity and storage capacity. Moreover, these
formations present a significant variation in their lateral continuity
and thickness in this basin, which corroborates the possible negative
impact on the values of storage capacity.

As for the identified reservoirs and cap rocks, it must be
acknowledged that the data quality is far from ideal, raising several
levels of uncertainty. There is, in fact, considerable uncertainty in
the quality of the Torres Vedras Group cap rock. The lower
siliciclastic sequence of the Torres Vedras Group is well known
onshore, where it is a very productive, confined freshwater aquifer,
with clay layers within the Torres Vedras Group itself providing the
confinement. Above the Torres Vedras Group, the Cacém
Formation has the potential to be the primary seal but further
evaluation is required.

Conversely, there is a high degree of confidence in the cap rock
for the Triassic reservoir, with thick sequences, sometimes more
than 1000 m, of evaporites, clays and marls in the Dagorda
Formation providing excellent conditions.

Clustering the storage units, and comparing them with the
sources, provides some hints about the source—sink match. Clusters
within the Porto (SO1 and S02) and the North Lusitanian basins
(S03 and S04) present the best qualification as potential candidates
for the geological storage of CO,. Besides being located offshore
and ensuring better public acceptance, they generally present higher

storage capacities (Fig. 14) and are favourably located with respect
to the major CO, source emitters (Fig. 1a), especially clusters S03
and S04.

Storage costs have been presented in Carneiro et al. (2015) and
will be further detailed in a forthcoming paper. Concerning the
northernmost clusters, the estimated storage costs (from sources to
storage sites) range from €13.6 to €24.5 t~! CO, for clusters SO1 and
S02, respectively. However, there are a small number of relevant
CO, sources in that region (mainly restricted to the Porto
surroundings), and the main source (a refinery) will be decommis-
sioned in 2023. Analyses in Carneiro and Mesquita (2014) and
Seixas et al. (2015) seem to discard storage units in cluster S02 as
being too expensive to be cost-effective for sources located in
northern Portugal. In the offshore setting of the Lusitanian Basin,
the estimated storage costs for clusters S03 and S04 were estimated
to be €12.6 and €17.3 t~! CO,, respectively. Unlike the previous
clusters, S03 and S04 are cost-effective options for CO, storage if
there is a national policy favouring offshore storage or if the onshore
capacity is exhausted (Boavida er al. 2013; Seixas et al. 2015).
These clusters are also favourably located with respect to the CO,
sources and to the transport networks connecting to the onshore S05
cluster. Although the storage costs of cluster S04 are slightly higher
compared to S03, this cluster is located immediately south of cluster
S03 and transport costs would be lower due to its proximity to the
major CO, emitter sources and its possible connection to the
onshore cluster S05 (Boavida et al. 2013; Seixas et al. 2015).

The onshore cluster SO5 presents a major advantage: it is the most
cost-effective solution for the transport and storage of CO, from
sources across most of the country (Fig. la: except from the CO,
emission sources of Algarve), with estimated storage costs of c.
€3.8t7! CO,. Its total storage capacity is, though, significantly
lower than, for instance, clusters S01, S02, S03 and S04. However,
the need for storage is mostly restricted to specific industry sectors
with high processing emissions, such as the cement sector, or
through BECCS in biomass and waste power plants. Furthermore,
the RNC2050 forecasts that by 2050 less than 10 Mt a~! will remain
to be abated in the industry sector, which agrees with the scenarios
in Seixas et al. (2015). Consequently, the capacity required for the
geological storage of CO, will not be high and may be in line with
the onshore storage capacity at cluster S05, if the increase in
maturity of the sites (i.e. the advancement from effective to practical
capacities) does not result in a drastic decrease in the estimated
capacity. The environmental and social risks associated with an
onshore site are higher than that for offshore areas, and social
acceptance is of crucial relevance. Note that this issue is being
considered for further research development in which social
acceptance of cluster SO5 will be assessed by engaging with local
populations and other stakeholders, and applying social science
methodologies.

As for the southernmost clusters, the potential sites in cluster S06
(Alentejo Basin) are closer to the coastline and also to the main CO,
sources in the country: that is, the Sines industrial area, and sources
of the cement, paper and pulp sectors in the city of Setubal (see
Fig. 1a). Nonetheless, the estimated storage costs of ¢. €47.4 t7!
CO, (Boavida et al. 2013; Carneiro et al. 2015) are too expensive to
be cost-effective, even for the nearby sources in Sines. In addition,
the storage capacity is low and the Silves reservoir intercepted by
petroleum boreholes in this area is more compact and has a lower
permeability. Furthermore, the Alentejo Basin has a criss-cross of
NE-SW active faults (Fig. 5), which run west from the potential
storage area and are thought to be connected to the Nubia—Eurasia
plate boundary. The issue of passive and induced seismicity is a
concern for the area, and will be addressed in terms of a ranking
qualification for the area in a companion paper; despite the excellent
location with regard to some important sources, cluster S06 is not a
priority for the geological storage of CO, in Portugal.
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The Algarve clusters SO7 and SO8 present estimated storage costs
of c. €12.2 and €10.4 t=! CO,, respectively. Although the storage
costs are in line with the most cost-effective offshore clusters (e.g.
S01 and S03) and present large storage capacities, they are very
distant from most relevant CO, sources (Fig. 1a: a single relevant
source in the Algarve, a cement plant in Loulé that is likely to close
in the near future). Passive and induced seismicity are, once again,
an issue as the Algarve region has the greatest risk of seismic activity
in Portugal. Lastly, the whole economy of the Algarve is based on
coastal and marine tourism, and local populations have recently
reacted strongly against any drilling activity in offshore areas. Thus,
CO, storage in clusters SO7 and S08 would face a series of hurdles
that could discourage deploying this activity in the region.

Conclusions

This work describes the geological studies completed for the
identification and characterization of potential areas for geological
storage of CO, in deep saline aquifers in Portugal, involving both
basin- and local-regional-scale studies for screening favourable
geological sites that could be considered in the future for CO,
storage activities. The clustering approach enabled a broad overview
of mainland Portugal including the storage capacity, spatial
distribution of potential storage units, concerns and locations of
the main emission sources, which are mainly concentrated along the
Atlantic coast.

With a large potential for the geological storage of CO,, ranging
from 3.54 (Pyg) to 14.14 Gt (Py() and with a central estimate of
7.09 Gt (Psg), the main areas in Portugal are associated with the
Lusitanian Basin, both onshore and offshore, since they are located
favourably in relation to the industrial emitters of CO,. Considering
only the potential sites of this basin, they present storage capacities
above 3 Gt CO, (c. 3.13 Gt CO,), resulting in enough storage
capacity for the next few decades of CO, stationary emissions.
These are, nonetheless, estimates at the Tier 1 level for the offshore
sites and at Tier 2 for the onshore sites, and a significant decrease
may occur with maturity of these DSA resources. Furthermore, the
data quality is far from ideal, and there is considerable uncertainty in
the characterization of reservoirs and cap rocks. While the potential
reservoirs in the Torres Vedras Group have better reservoir
parameters (i.e. porosity, permeability and depth) for CO, storage,
compared to the Silves Group reservoirs, there is a greater
uncertainty about the quality of the identified seal (clay layers in
the Torres Vedras Group and the overlying Cacém Formation). This
contrasts with the excellent characteristics (e.g. thickness) of the
sealing rock (Dagorda Formation) of potential reservoirs in the
Silves Group.

Further work to determine uncertainties and risks, ranking
qualification of storage sites, and a cost-effectiveness assessment is
being conducted using recent legacy data from the petroleum
exploration activities. These efforts are focusing on the Lusitanian
Basin, where the storage clusters are the most promising, to move
forward with detailed feasibility studies for geological storage of
CO, in Portugal.
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