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ABSTRACT

ARTICLE HISTORY

A growing number of countries have set ambitious climate targets and recognized the
potential of CO, geological storage. Brazil's goal is to neutralize carbon emissions by 2050.
The Parana Basin is one of the most favorable onshore sedimentary basins for geological
storage of CO, in Brazil. This extensive sedimentary basin presents a privileged location in
the south and southeast regions, where the largest stationary CO, emitters are
concentrated. Our results showed Rio Bonito Formation siliciclastic deposits present pairs of
reservoir-seal rocks with adequate thicknesses and depths for stratigraphic CO, trapping.
The screening allowed us to define a favorability map area, which will be the basis for
subsequent detailing and characterization studies on the Rio Bonito Formation rocks and
the location of CO, injection sites, thus contributing to the mitigation of the impacts of this
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gas in climate change.

1. Introduction

The increase in the concentration of greenhouse gases
in the atmosphere has caused irreversible changes in
the climate dynamics of the planet (IPCC, 2021).
Geological storage of CO,, as well as other carbon
capture, utilization and storage (CCUS) technologies,
has been extensively indicated as a relevant strategy
for mitigating greenhouse gas emissions (IEA, 2021;
IPCC, 2005; Stephens, 2006). Around 80% of long-
term low emission development strategies submitted
to the United Nations Framework Convention on
Climate Change (UNFCCC) recognize a role for
CCUS technologies. The International Energy
Agency Roadmap to Net Zero by 2050 predicates
CCUS growing to 7.6 billion tons of CO, per year
by 2050 (IEA, 2021).

In Brazil, the onshore Parand Basin has shown great
potential for CO, storage (Iglesias et al., 2015; Ketzer
et al., 2016; Pelissari, 2022; Rockett et al., 2011;
Weber et al., 2021) largely because of its strategic
location, but also due to its rock composition, favor-
able to different CO, trapping mechanisms (IPCC,
2005; Zhang & Song, 2014). The Parana Basin presents
coal seams with potential for CO, adsorption (Kalk-
reuth et al, 2013; Weniger et al., 2010), as well as
organic-rich shales (de Oliveira et al., 2021; de Oliveira
et al., 2022), and saline aquifers (Ketzer et al., 2009;
Lima et al., 2011; Moreira et al, 2016). Although
these specific studies of CO, storage have been carried

out in the Parana Basin, a systematic basin-scale
screening study that spatially identifies areas or
regions of favorability is absent in the literature. The
objective of this paper is to establish an area of favor-
ability for carbon capture and storage (CCS) projects
in Brazil through 3D analysis of drilling data, consid-
ering the most industrialized region with the highest
CO, emissions, and the rocks of the Rio Bonito For-
mation as possible CO, reservoirs.

1.1. Parand Basin geology

The Parana Basin is a Phanerozoic intracratonic basin
that occurs through an area with continental dimen-
sions (> 1,000,000 km?), mainly in Brazil’s Central-
West, Southeast and South regions, but also extending
to Paraguay, Uruguay, and Argentina.

The stratigraphic record of the Parana Basin com-
prises six supersequences from Late Ordovician to
the Cretaceous: Rio Ivai, Parana, Gondwana I, Gond-
wana II, Gondwana III, and Bauru (Milani et al., 1998;
Milani & Thomaz Filho, 2000).

The Rio Ivai Supersequence comprises sandstones
of the Alto Garcas Formation, diamictites of the
Iap6 Formation, and shales and siltstones of the Vila
Maria Formation (Milani et al., 1998). The Furnas
Formation sandstones and the Ponta Grossa For-
mation shales comprise the Parana Supersequence
(Milani et al., 1998).
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Figure 1. Stratigraphic reference chart of Late Carboniferous-Permian of the Parand Basin in southern and southeastern Brazil,
highlighting the Rio Bonito, Palermo, and Tatui Formations (modified from Holz et al., 2010).

The Late Carboniferous-Permian Gondwana I
Supersequence comprises a basal sequence composed
of the Itararé Group glacial sediments and the Guata
Group transitional sediments (Holz et al., 2010)
(Figure 1). The Itararé Group is subdivided from
base to top into the sandstones, siltstones and mud-
stones of the Lagoa Azul Formation; sandstones
with thin intercalations of siltstones and mudstones
of the Campo Mourdo Formation; sandstones and
pebbly mudstones of the Taciba Formation, and
clayey sediments of the Rio do Sul Formation (Franga
& Potter, 1991; Vesely et al., 2007). The Guata Group
is composed of sandstones, siltstones, and coal beds
of the Rio Bonito Formation, and siltstones and shales
of the Palermo Formation (Milani et al., 1998). The
Rio Bonito Formation is subdivided into three
major members, labeled from base to top: 1) the Tri-
unfo Member composed of coastal and fluvial sand-
stones, 2) the Paraguagu Member composed of
marine mudstones and fine-grained sandstones, and
3) the Siderdpolis Member composed of coastal and
fluviatile sandstones (Holz, 2003) (Figure 1). In
some regions, Rio Bonito Formation members are
not defined but the succession is equivalent. Tatui

Formations (present only in Sdo Paulo State) is time
equivalent to the Guata Group (Figure 1). The
Passa Dois Group lies above a regressive sequence
composed of the Irati Formation, which consists of
bituminous shale and limestone beds with subordi-
nated evaporite layers, the Serra Alta Formation
shales, the Teresina Formation marine sediments,
and the Rio do Rasto Formation red beds (Milani
et al., 1998; Milani & Thomaz Filho, 2000). The top-
most formation of the Gondwana I Supersequence
refers to continental sequences of the Piramboéia For-
mation, which occur in the northern portion of the
Parana Basin with several hundred meters in thick-
ness (Milani & Thomaz Filho, 2000).

The Gondwana II Supersequence is exclusive to the
Parand Basin’s southernmost portion and is rep-
resented by the Santa Maria Formation siltstones,
sandstones, and shales (Milani et al., 1998).

The Botucatu Formation sandstones form the lower
portion of the Gondwana III Supersequence, while the
upper portion comprises a volcanic sequence of the
Serra Geral Formation that overlies the other older
sequences and intruded them as sills and dikes (Milani
et al., 1998).



The Bauru Supersequence is subdivided into the
Caiud and Bauru Groups and is composed of deposits
with sandy-conglomeratic composition, with some
silty to shaly deposits (Milani et al., 1998).

1.2. Potential of the Parand Basin for CO,
geological storage

Among the favorable rocks for conventional CO,
reservoirs within the Parand Basin are the sandstones
of the Botucatu-Pirambdia, Rio Bonito, Taciba, Fur-
nas, and Alto Gargas formations, whose potential
caprocks are the Serra Geral, Palermo, Rio do Sul,
Ponta Grossa, and Iapé formations. Nevertheless, the
Botucatu and Piramboéia formations rocks host the
Guarani Aquifer, one of the main water supply sources
in the region (Hirata et al., 2011), which disfavors their
potential for CO, storage. The depth of the basal Fur-
nas and Alto Gar¢as Formations increases in the cen-
tral region along NNE-SSW fault-bounded basin
depocenter, reaching approximately 5,000 m, which
would increase significantly the CO, storage costs.
The occurrence of the Rio do Sul Formation as
caprock of the Taciba Formation is very irregular in
thickness and does not extend throughout the basin
(Holz, 2003) (Figure 1), thus making it a negative fac-
tor for carbon dioxide storage. Thereby the Rio Bonito
Formation presents benefits in terms of its position
along with the stratigraphy of the Parana Basin, with
the presence of reservoir-seal rock sequences, as well
as the coal seams (Kalkreuth et al., 2013; Weniger
et al., 2010) and saline aquifer occurrences (Ketzer
et al., 2009; Lima et al., 2011; Moreira et al., 2016).
Rio Bonito Formation sandstones also present prom-
ising permoporous properties, with values above
10% of porosity in some portions (Ketzer et al,
2003), favoring Rio Bonito Formation as a CO, sink
candidate (Weber et al., 2021).

Aquifers in the Rio Bonito Formation with a level of
total dissolved solids (TDS) in the water greater than
10,000 ppm are reported in the southern portion of
the Parand Basin (Machado & Freitas, 2005). The
Tubardo Aquifer, in the Rio Bonito Formation, is
also pointed out as a potential reservoir due to pre-
senting saline anomalies (Moreira et al., 2016). How-
ever, more data and studies are needed to precisely
delimit the spatial continuity and extension of these
saline aquifers.

Besides the Rio Bonito Formation, other beds of the
Parand Basin present some potential for CO, geologi-
cal storage, which include the organic-rich shales of
the Irati Formation (Abraham-A & Tassinari, 2021;
de Oliveira et al., 2021; de Oliveira et al., 2022), the
Ponta Grossa Formation, and the basalts of the Serra
Geral Formation (Pelissari, 2022). In terms of depleted
oil and gas fields, the Parana Basin has a high potential
for hydrocarbons with two recognized petroleum
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systems: the Carboniferous-Devonian Ponta Grossa/
Rio Bonito-Itararé System; and Permian Irati-Piram-
bdia System (Aratjo et al., 2000; Milani et al., 2006),
with oil shale production but no production in con-
ventional fields.

2. Materials and methods

The drillhole database provided by Agéncia Nacional
do Petréleo, Gds Natural e Biocombustiveis, Brazil
(ANP) (https://reate.cprm.gov.br/anp/) consists of
125 hydrocarbon exploration wells within Parana
Basin (1 well/ ~10,000 km?). Of these wells, 123
have stratigraphic data and 113 have lithological
data. The stratigraphic dataset comprehends the geo-
logical interpretation of lithostratigraphic units
(groups, formations and members) of the Parana
Basin. The Rio Bonito Formation is described in 91
out of 123 wells. In the other wells, this formation is
not described for different reasons: the drillings have
not reached its depth; the well has already started in
the underlying Itararé Group rocks; or this formation
does not occur in that portion of the basin, where the
intervals go from the Palermo Formation directly to
Itararé Group. In 51 out of 91 wells, the Rio Bonito
Formation is subdivided into three members: Siderd-
polis, Paraguagu, and, Triunfo.

Rio Bonito Formation dataset show 17 lithologies
interpreted from geological logging. Table 1 shows
the number of intervals of each lithology for all logged
intervals. The most frequent lithologies in the Rio
Bonito Formation are sandstone (n =1,224), siltstone
(n=995), and shale (n=643). Sandstone predomi-
nates in the Siderdpolis and Triunfo members, while
shale and siltstone predominate in the Paraguacu
Member.

In 40 of the 91 wells where the Rio Bonito For-
mation is undivided in members, the dataset analysis
was carried out on Leapfrog software (Figure 2). The

Table 1. Lithology data (log intervals) for Rio Bonito
Formation.

Lithology Number of data (n)
calcarenite 68
calcilutite 87
calcisiltite 12
clay 1
coal 5
conglomerate 3
crystal limestone 24
diabase 4
diamictite 8
dolostone 1
granite 1
marl 3
meta-siltstone 1
mudstone 3
sand 3
sandstone 1,224
shale 643
siltstone 995
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Figure 2. Example of 3D interpretation of the Rio Bonito Formation subdivisions through lithostratigraphic correlation in a geo-

logical cross-section, 10x vertical exaggeration.

geological interpretation was based on: 1) proportion
of siltstone/shale or sandstone (predominance); 2)
the stratigraphic position; and 3) spatial position and
lateral continuity (considering other wells nearby),
following the basic principles of lithostratigraphic cor-
relation (Boggs, 2011; Brookfield, 2008). Members
interpretation and classification in the software were
mostly manually correlated, with a few exceptions.
Particularly, in the well 1-MC-1-RS an intermediate
interval originally classified as Siderdpolis is now
reclassified to Paraguacu Member (from 2,141-
2,237 m). Well 1-JT-1-PR was previously fully
described as a Paraguagu Member and now the top
interval is reclassified to Siderépolis Member (from
102 to 119 m).

To evaluate the potential for CO, storage at the
basin scale, assuming stratigraphic trapping and a
reservoir-sealing rock pair (Gunter et al., 2004;
Zhang & Song, 2014), two systems were considered:

1) Palermo Formation (seal) — Siderdpolis Member
(reservoir),

2) Paraguagu Member (seal) — Triunfo Member
(reservoir).

Initially, maps of the distribution of each of the for-
mations/members were generated from well data
(Figures 3 and 4) integrated with the Rio Bonito For-
mation outcrops from the Companhia de Pesquisa de
Recursos Minerais (CPRM) geological map (Schob-
benhaus et al., 2004).

Several criteria have been proposed in the literature
for the characterization and screening of geological
CO, storage sites (Bachu, 2000; Chadwick et al,
2008; IEA-GHG, 2009; Miocic et al,, 2016; Smith
et al,, 2011). To define the area of favorability for geo-
logical storage in the Rio Bonito Formation, the Inter-
national Energy Agency criteria (IEA-GHG, 2009)
were applied in this study (Main Map), where the
CO, reservoir rock must occur at depths greater
than 800 m with a thickness greater than 20 m,
being immediately sealed by rock with a minimum
thickness of 10 m.

The geological contacts between the reservoir-seal
pairs were visually analyzed in 3D case-by-case, con-
sidering lithology predominance and thickness.
Some notable exceptions are detailed here. When the
base of the Paraguacu Member or Palermo Formation
was a sandstone interval, it was not considered seal
rock. Calcarenite, calcisiltite, and calcilutite are more
common within the Paraguagu Member. When these
lithologies occur in a reservoir-seal contact, they
were not considered due to uncertainties regarding
the CO, reactivity with these carbonate-bearing
rocks. In the wells 1-J-1-PR, 1-GB-1-PR; 1-CS-2-PR;
1-PH-1-PR, the total reservoir thickness of the for-
mation was reconsidered due to the occurrence of
thick diabase intercalations (some intervals with dia-
base were disregarded).

All wells with intervals of the Siderdpolis Member
also exhibit the Palermo Formation immediately
above as seal rock with a thickness larger than 10 m.
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Figure 3. Plan maps with exploration wells (black dots) within the Parand Basin limits (map contour in black). Rio Bonito For-
mation outcrops in orange (from Schobbenhaus et al., 2004). A) Palermo Formation extension; B) Siderépolis Member extension

(dashed lines).
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Figure 4. Plan maps with exploration wells (black dots) within the Parand Basin limits (map contour in black). Rio Bonito For-
mation outcrops in orange (from Schobbenhaus et al., 2004). A) Paraguacu Member extension; B) Triunfo Member extension

(dashed lines).

In the 1-MA-1-SP well, the Palermo Formation occurs
with the lowest thickness (19 m). Exceptions occur in
the 1-MO-1-PR well, where the Rio Bonito Formation
is the outcropping stratigraphic unit, and in the 2-OL-
1-SP well, where the Palermo Formation is absent.

Nevertheless, in this last case, the reservoir-seal pair
was still considered because the Irati Formation is
the upper layer composed mainly of shales with a
thickness of 21 m. Wells exhibiting intervals of the
Triunfo Member also have the Paraguagu Member
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immediately above as seal rock with a thickness higher
than 10 m. In the 2-AP-1-PR well, the Triunfo Mem-
ber occurs with a thickness of 18 m, and this interval
was considered inside the area of favorability due to
its lateral continuity, verified through 3D spatial
analysis. All the wells around it present the Triunfo
Member with thicknesses greater than 20 m.

Of the 91 wells with the occurrence of the Rio
Bonito Formation, 73 meet the criteria for CO, geo-
logical storage following the IEA-GHG (2009). The
final step consisted of overlaying the distribution
maps of the stratigraphic units of the Rio Bonito For-
mation (Figures 3 and 4), each with its restrictions
regarding minimum thicknesses and depth. Then, an
area of favorability was drawn encompassing all con-
tours. The two systems of rock-seal pairs were thus
integrated and presented as a single area of favorability
for the geological storage of CO,. Thus, inside the red
dashed line (Main Map) the Rio Bonito Formation
occurs at depths greater than 800 m, with the presence
of either the Palermo Formation (seal) — Sider6polis
Member (reservoir) pair or the Paraguagu Member
(seal) — Triunfo Member (reservoir) pair or both,
with thicknesses of at least 10 and 20 m, respectively.

The contour of the area of favorability drawn around
these wells also considers limits of areas with environ-
mental restrictions (Main Map), avoiding Conservation
and Sustainable Use units, Indigenous territories, and
Integral Protection areas, sourced from the shapefiles
obtained from the Instituto Chico Mendes de Conserva-
¢do da Biodiversidade (ICMBio, 2022).

As southern Brazil is the country’s region with the
highest concentration of stationary CO, emitters, the
location of thermoelectric power plants (ANEEL-
SIGEL, 2022), bioethanol production plants (ANP,
2022), steel industries (IAB, 2021), and cement indus-
tries (SNIC, 2019) were also added to the Main Map.

3. Results and discussion

The 3D analysis of stratigraphic data from wells
allowed the delimitation of a favorability area of
383,951 km? for CO, geological storage within the
Parand Basin (Main Map). This area occurs along
the Brazilian states of Sdo Paulo, Parand, Santa Catar-
ina, Rio Grande do Sul, Mato Grosso do Sul, and
Minas Gerais. Within this area, the Palermo For-
mation, assumed in this study as a caprock, and the

Siderdépolis Member, assumed as a reservoir rock,
occur in 35 wells with an average thickness of 126.3
and 42.0 m, respectively. The other system of reser-
voir-seal rock pairs, considering the Triunfo and Para-
guagu Members occurs in 61 wells and presents an
average thickness of 57.3 and 77.4 m, respectively,
within the area of favorability. The considered reser-
voirs, Siderdpolis and Triunfo occur at average depths
of 2,213.90 m and 2,240.00 m, respectively. Table 2
shows thickness and depth statistics for well interval
data within the area of favorability for the two reser-
voir-sealing rock pair systems considered in this study.

The criteria from IEA-GHG (2009) adopted in this
study in terms of thickness (> 20 m for reservoir rock,
and > 10 m for seal rock) are stringent requirements,
which seldom are available in a single trap, as also sta-
ted by Chadwick et al. (2008). The Rio Bonito For-
mation sandstones rarely exhibit a continuous
thickness of 20 m (only in the 1-BN-2-SC and 1-CA-
2-PR wells), with frequent centimetric to metric inter-
calations with other lithologies. A similar approach to
Chadwick et al. (2008) was applied, considering cumu-
lative sandstone bed thickness of 20 m, for reservoirs,
and siltstone or shale thickness of 10 m, for caprocks,
as minimum values per stratigraphic unit.

In terms of seal rock thickness, Tek (1989) points
out that a thin layer of shale of 1.5m thickness
could retain gas. However, the discussion of seal
rock thickness often has more to do with the continu-
ity of the caprock. In this study, the spatial continuity
between exploration wells was evaluated at the basin
scale and the local continuity needs to be better
addressed in the subsequent stages of research, as
well as other important reservoir parameters such as
porosity, permeability, mineralogy, temperature, and
pressure regime (Chadwick et al., 2008; IEA-GHG,
2009; Miocic et al., 2016; Smith et al., 2011).

Other trap mechanisms regarding adsorption in
coal seams and dissolution in saline aquifers (Bachu
et al,, 2007; IPCC, 2005; Zhang & Song, 2014), are
not covered in this study due to the requirement for
a more detailed geological characterization of the
reservoir rocks, but they also should be added in
future subsequent assessments of the Rio Bonito
Formation.

The international criteria recommend that the site
for CO, geological storage must not adversely affect,
directly or indirectly, other resources, including

Table 2. Thickness and depth statistics for well interval data for the two reservoir-sealing rock pair systems considered in this

study.

Thickness (m) Depth (m)
Geological Unit Number of wells Average Min. Max. Average Min. Max.
Palermo Formation 35 1263 19.0 379.0 - - -
Siderépolis Member 35 42.0 21.0 96.0 2,213.9 842.0 3,814.0
Paraguacu Member 61 774 15.0 131.0 - - -
Triunfo Member 61 57.3 18.0 122.0 2,240.0 826.0 3,984.0




groundwater (IEA-GHG, 2009). Several potable water
aquifers occur in the Parand Basin, the Guarani Aqui-
fer System being the most extensive and deepest of
them, present in the upper layers of Botucatu and Pir-
ambdia Formations (Aratjo et al., 1999; Gilboa et al.,
1976; Hirata et al., 2011). Inside the area of favorability
for CO, storage, the Rio Bonito Formation occurs at
an average distance of 1,250 m from the bottom of
both Botucatu and Pirambdia Formations, considered
a safe distance assuming possible geological gas leaks.

The sum of total CO, emissions from all stationary
sources compiled and plotted on the Main Map,
including thermoelectric plants (ANEEL-SIGEL,
2022), ethanol distilleries (ANP, 2022), and cement
(SNIC, 2019) and steel industries (IAB, 2021) rep-
resents approximately 435 million tons of CO, per
year. This rate would lead to a total of 12.1 billion
tons of CO, over a 28-year horizon from the present
day to 2050. Thus, doing a reverse calculation based
on this emission rate, a minimum areal extent target
for a CO, reservoir within the Parana Basin is approxi-
mately 7,250 km®. This overall estimate assumes a
reservoir thickness of 20 m, with 10% porosity (Ketzer
etal., 2003), and a supercritical carbon dioxide density
of 840 km/m> (Bachu, 2003; Haghbakhsh et al., 2013),
based on the average Rio Bonito depth of 2,200 m
(Table 2), hydrostatic pressure gradient of 10 MPa/
km (Weniger et al., 2010), and temperature gradients
of 24.4+2.1 °C/km (Hamza et al., 2005), which is a
highly realistic scenario for the Rio Bonito Formation,
considering the potential area presented.

4. Conclusions

The Parand Basin is a favorable onshore sedimentary
basin for the geological storage of CO, in Brazil, due
mainly to its privileged location in the south and
southeast regions, where the largest stationary emit-
ting sources are concentrated. Rio Bonito Formation
siliciclastic sequences have shown great potential, as
they present pairs of reservoir-seal rocks with ade-
quate thicknesses and depths following international
criteria over most of their extent in the subsurface,
considering stratigraphic trapping. The screening car-
ried out in this study allowed us to define an area of
favorability of 383,951 km?, which will be useful for
future studies to detail and characterize the Rio Bonito
Formation rocks and the location of CO, injection
sites.

Software

QGIS 3.16 and Leapfrog Geothermal 2021.1.3 were
used for 3D well data visualization and map analysis
purposes. The map is designed to be color printed at
Al (594 x 841 mm) size for optimum clarity of font,
point size, and shading.
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