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ABSTRACT

The use of 3D modelling in geosciences has become increasingly present
in its various applied areas nowadays. This chapter presents a compilation of
the international CO: storage resource assessment methodologies and their
correlation with the use of computational 3D geological modelling techniques
currently available through commercial software and open-source alternatives.
The applications of these techniques are then discussed concerning the existing
spatial data available in the Parana and Santos sedimentary basins, aiming at
assessing possible reservoirs for CO2 geological storage. The steps from site
selection to initial characterization are addressed, including determining storage
capacity according to international standards.
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1. INTRODUCTION

In the current world climate change scenario where we are experiencing
global warming driven by anthropic emissions of greenhouse gases, there is an
increasing search for technologies that reduce the planet’s average temperature.
Many alternatives have been proposed (Lawrence et al., 2018). They include the
injection of sulfur dioxide into the atmosphere (Visioni et al. 2017), space-based solar
reflectors (Salazar et al. 2016), the covering of deserts, oceans, or grasslands with
mirrors that reflect the solar radiation (Salter et al. 2008), ocean iron fertilization
(Williamson et al. 2012), and sea spray (Partanen et al. 2012). Among all these
alternative technologies, the one that has proven most plausible for implementation
in the last few decades is the CO2 geological storage, including 27 initiatives already
in operation presently and more than 62 under development (Global-CCS-Institute
2021). The technology of CO- storage integrates a chain of activities that involves
trapping the carbon dioxide at its emission source, transporting it to a storage
location, and isolating it, named Carbon Capture and Storage (CCS).

The present chapter discusses the use of 3D geological modelling to evaluate
potential sites for CO- storage, briefly addressing the geological environments
currently considered for storage, working scales, and evaluation stages of a given
location. The types and techniques of 3D geological modelling presently available
are presented and illustrated with some existing examples when possible or with
similar applications.

2.3D GEOLOGICAL MODELLING IN GEQSCIENCES

3D geological modelling comprises a group of methods used for compute-
rized representations of any geological body or surface in three dimensions via
specialized software, whose final product is generally known as the geological
model. 3D geological modelling has a wide range of applications, including but
not limited to oil and gas reservoirs, mineral deposits, contamination plumes,
groundwater aquifers, nuclear waste underground storage and tunnels, and
other underground engineering works. Some examples of application in the oil
and gas sector include Bueno et al. (2011); Bigi et al. (2013); Durand-Riard et al.
(2013); Aadil and Sohail (2014); Altameemi and Alzaidy (2018); Alhakeem et
al. (2019); Trentin et al. (2019); Ali et al. (2020); Palci et al. (2020); Islam et al.
(2021). Tectonic approaches through 3D modelling are seen in Brun et al. (2001);
Courrioux et al. (2001); Do Couto et al. (2015); de Kemp et al. (2016); Thornton
et al. (2018); dos Santos et al. (2019); Lesage et al. (2019); Molezzi et al. (2019).
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Some examples of 3D geological modelling supporting mineral exploration are
seen in Fallara et al. (2006); de Kemp (2007); Wang et al. (2011); Yuan et al. (2014);
Wang et al. (2015); de Kemp et al. (2016); Li et al. (2019); Mao et al. (2019); Wang
et al. (2019). 3D modelling applications in a wide range of ore deposits types and
geometries can be found in Gumiel et al. (2010); Hill et al. (2014); Vollgger et al.
(2015); Basson et al. (2016); Liu et al. (2016); Schetselaar et al. (2016); Pavici¢ et al.
(2018); Stoch et al. (2018); Braga et al. (2019); Xiang et al. (2019); de Oliveira and
Sant’Agostino (2020); Arias et al. (2021); de Oliveira et al. (2021a). Applications
of 3D modelling on hydrogeology include Artimo et al. (2003); Cox et al. (2013);
Hassen et al. (2016); Magnabosco et al. (2020); D’Affonseca et al. (2020). The
use of 3D modelling in geothermal reservoirs is presented in Milicich et al.
(2010), Milicich et al. (2014), Alcaraz et al. (2015); Poux et al. (2018); Calcagno
et al. (2020). Other examples of 3D geological modelling use include the urban
and infrastructure areas like Breunig and Zlatanova (2011) and He et al. (2020)
and in the differentiation of soils (Queiroz et al. 2017). From this extensive list of
references, it is noticed that the application of 3D geological models in several
areas of geosciences started to appear more often from the 2000s and grew in
recent years. As it is a knowledge area of geosciences in constant expansion due
to the recent advances in computer graphics and software technology, there are
no limits for new and innovative applications.

A reference book with terms definitions in 3D geological modelling and
richly illustrated examples of diverse geological applications is “3D geoscience
modelling: computer techniques for geological characterization” (Houlding, 1994).
A more recent review of the state-of-the-art geological modelling methods includes
Wellmann and Caumon (2018). Other books that also address 3D modelling but
are already in some specific geoscience fields are Merriam and Davis (2001) in
sedimentary systems, Groshong Jr (2006) in structural geology, Rossi and Deutsch
(2013) in mineral resources, and Pyrcz and Deutsch (2014) in oil and gas reservoirs
modelling. Perrin et al. (2005) presented a geo-ontology proposal, defining a
set of terms for using, sharing, revising, and updating 3D geological models by
different users over time. Three special issues of Minerals journal were devoted to
the 3D geological modelling theme, “Geological Modelling” (2018); “Geological
Modelling, Volume I1” (2020); “3D-Modelling of Crustal Structures and Mineral
Deposit Systems” (2021). Some specific events and conferences on 3D geological
modelling include the workshops held in GSA Annual Meetings, United States
(2001, 2002, 2004, 2007, 2009, 2011, 2013, 2015), and in the Resources for Future
Generations (RFG), Canada (2018), the European Meetings on 3D Geological
Modelling (2013, 2014, 2016, 2018, 2019), and the Visual 3D Conference 2019.
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The advantages of 3D geological modelling include expanding the analysis
of conventional geological data by visualizing continuities, clusters and spatial
trends, geometries of geological bodies or units, structural geological frame-
work, and variation of geochemical contents or any other numerical parameters
in geosciences. CO2 storage models are applied the same way as in oil and gas
reservoirs evaluations. They are also used to define suitable reservoir-seal pairs
for the trapping of CO.. It aims to better understand the spatial variability and
continuity of the reservoir and seals facies interpretations. The 3D analysis also
allowed the ranking of more favourable and unfavourable facies. The main variables
from petrophysical wireline logs that can be visualized and estimated in 3D are
usually porosity, permeability, and water saturation, considering saline aquifers
and depleted reservoirs. In coal seams and shales, the adsorption capacity and
total organic carbon (TOC) are important variables of interest.

Some case studies with the specific application of 3D modelling in CO2
geological storage are present in the literature (Kaufmann and Martin 2008;
Douglass and Kelly 2010; Gunnarsson 2011; Monaghan et al. 2012; Alcalde et al.
2014; Lech et al. 2016; Mediato et al. 2017; Shogenov et al. 2017, Vo Thanh et al.
2019; Zhong and Carr 2019). These examples focus mainly on defining the volume
capacity to support resource assessment (discussed in the following sections). A
different application is the 3D geomechanical model presented by Vidal-Gilbert
et al. (2009), which evaluates the changing of in situ stress caused by increased
pore pressure during CO:2 injection.

The term geological modelling discussed in this text is not synonymous
with numeric modelling, a widely applied technique in geosciences that uses
computational simulation to describe the physical conditions of geological
scenarios through numbers and equations (Ismail-Zadeh and Tackley 2010). A
numeric model could be performed on a grid or a block model with previous
domains defined by geological modelling, but this interrelation is not mandatory.
The use of numeric models in the CO-2 geological storage is better discussed and
exemplified in Chapter 8.

3.3D MODELLING TECHNIQUES

3D geological models may consist of 3D solid surfaces or 3D block models,
or both, depending on what features or geological bodies one wants to represent
in the three-dimensional space. Generally, the block models are used when the
objective is to know some variable in more detail or resolution in a more significant
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number of points in the space when then estimation, interpolation, or assignments
of values are applied to a given block. On the other hand, 3D surfaces are helpful in
defining spatial domains, geometries or volumes, and understanding interactions
between geological planes. The surfaces or solids generation techniques could
be classified as explicit, traditional and implicit modelling (Cowan et al., 2003).

In explicit modelling, the geological interpretation usually comes from poly-
lines drawn directly in 2D projections or digitalized from paper sections with drill
holes, wells, geophysical, or any other source of geological data. Generating 3D
solids or surfaces requires the polylines to be linked individually and triangulated
through tie lines (Fig. 1A). In the implicit modelling, the surfaces to be generated
are therefore not constructed directly, as done in the explicit method, but instead
are created now from selected points, which could be geological contacts in a well
(Fig. 1B). A function is defined throughout space by specifying the function values
at selected points and interpolating them through the rest of the space (Cowan
et al., 2003). Manual polyline digitization and triangulation in explicit modelling
are more labour intensive. These polylines are generated semi-automatically with
implicit modelling, allowing automatic updates as new data is available. It is not
possible in models consisting of explicit surface triangulations. In some complex
cases, the implicit modelling could not be applied as a stand-alone technique, and
both of them need to be integrated to get a better result. More in-depth descriptions
of these techniques and comparatives can be found in Savchenko et al. (1995),
Carr et al. (2001), Cowan et al. (2002); (Cowan et al. 2003; Cowan et al. 2004),
Turner (2006), Knight et al. (2007), Birch (2014), Jessell et al. (2014).

Geological contacts and domains could also be defined directly on a block
model or grid generating a probabilistic model. In the probabilistic approach, the
domains of interest are not defined by surfaces, called meshes or wireframes,
representing the geological contacts or faults. Instead, a block model is generated
for the studied region. Then, the probability of each block being or not being
of a certain lithology or a particular fault side is determined. The probability
estimation in each block is performed by geostatistical techniques, commonly
indicator kriging, and then by applying threshold values, portions or domains of
interest are defined inside the model (Fig. 1C). Geostatistical methods used on
categorical variables are better presented, discussed, and exemplified in Journel
(1983), Rivoirard (1994), Olea (1999), Lloyd and Atkinson (2001), de Oliveira and
Rocha (2011), Pyrcz and Deutsch (2014), Rivoirard et al. (2014).

Several commercial software packages are available nowadays with explicit
and implicit 3D modelling engines, as well as geostatistical modules that allow
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generating probabilistic models, citing: Surpac, Gems, Minesight, Vulcan,
Isatis, EarthVision, GeoModeller, Datamine, GoCAD, Leapfrog, Move, Petrel,
Micromine, among others. Open-source packages for 3D geological modelling
are also available, citing: GemPy (de la Varga et al. 2019; Schaaf et al. 2020); and
Loop 3D (Grose et al. 2020; Jessell et al. 2021).

The modelling of the five main geological environments (saline aquifers,
oil and gas reservoirs, coal seams, shale, and basalts) where the CO: storage has
been studied is related to sedimentary basins. The proper characteristics required
for CO: storage include non-location in the fold and thrust belts and limited to
moderate structures (Chadwick et al. 2008; IEA-GHG 2009; Smith et al. 2011).
The 3D geological models tend to be more straightforward in these environments.
The sedimentary contacts are represented commonly by flat smooth, stacked
surfaces. Points generate these surfaces or polylines interpreted from seismic data
and the contact points from wells in the subsurface (Fig. 2). The interpretation of
distinguished facies with sharped erosional contact could be a challenge for the
three-dimension representation due to the complexities involved in the interaction
of inter-cutting surfaces. A little bit of complexity may emerge when trying to
represent possible fault sets. The most common types are steeply deep normal
faults, characteristic of extensional regimes (Etheridge et al. 1985). The fault planes
are generated by surface traces interpreted from radar data or satellite images
and seismic interpretation.

4. UNCERTAINTY IN GEOLOGICAL MODELLING

Modelling the subsurface geometry is known to be uncertain. Modelling
uncertainty is not a goal on its own; usually, it is needed to answer a particular
question raised. The subsurface medium’s heterogeneity (fluids and soils/rocks) is
a critical parameter influencing the decision. Rarely, we have perfect information
to model the geological variability of the subsurface deterministically. Hence, there
is a need to model all aspects of uncertainty related to subsurface heterogeneity.
Several sources of data are available to constrain the models of uncertainty built.
These data sources can be remarkably diverse, from wells (driller’s logs, well-log,
cores, etc.) to geophysical or remote sensing measurements. Tying all this data
into a single uncertainty model without making too many assumptions about the
relationships between various data sources is quite challenging (Caers 2011).

The traditional geostatistical approach for purposes of uncertainty calculation
in geological modelling is carried out, generally, through the sequential simulation
of categorical variables, of which stand out truncated Gaussian simulation (Journel
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and Isaaks 1984; Matheron et al. 1987; Xu and Journel 1993) and the sequential
stimulation of the indicators (Journal and Alabert 1989; Alabert and Massonnat
1990). As initially proposed, the sequential simulation’s goal is the reproduction of
the histogram and the covariance model of the properties to be simulated through
the sequential drawing of conditional distributions. Each grid node is randomly
visited sequentially, and simulated values are taken from the conditional distribution
of value on that node, based on the data neighbourhood and previously simulated
nodes. Other examples of simulation techniques used in geological modelling
are object-based algorithms or Booleans (Haldorsen and Lake 1984; Stoyan et
al. 1987), process-based algorithms (Bridge and Leeder 1979; Lopez et al. 2001),
surface-based modelling methods (Xie et al. 2001; Pyrcz and Deutsch 2014) and
multi-point simulation algorithms based on pixels (pixel-based) (Guardiano and
Srivastava 1993; Strebelle 2002).

5..(02 STORAGE RESOURCE ASSESSMENT METHODOLOGIES

The classification systems for the assessment stages of a given site for CO-
geologic storage (Goodman et al. 2011; Rodosta et al. 2011) follow the same
processes developed by the petroleum industry (Etherington and Ritter 2008) in a
bottom-up progression based on analyses conducted to reduce the project develo-
pment risk (Fig. 3). Here the application of 3D geological modelling is approached
in the Exploration phase, which comprises three stages in increasing order of
geological knowledge: Site Screening, Site Selection, and Initial Characterization
corresponding to each resource class: Potential Sub-Regions, Selected Areas, and
Qualified Site (Goodman et al. 2011; Rodosta et al. 2011). The main technical site
selection criteria for geological CO: storage (Chadwick et al. 2008; IEA-GHG
2009; Smith et al. 2011) are compiled in Table 1.

6. EXPLORATION PHASE

One of the first parameters to evaluate in any subsurface units suitable for
CO: geologic storage is a depth of approximately 800 m or more (Chadwick et
al., 2008; IEA-GHG, 2009; Smith et al., 2011; Miocic et al., 2016) regarding the
CO: injected will be in the supercritical condition being in these temperatures
and pressures. The CO: is stable as a supercritical fluid at a temperature and a
pressure above a critical point: 31 °C and 7.38 MPa, respectively. For these initial
appraisals, 3D models of superimposed layers on the formation of interest can be
generated on a basin or regional scale from seismic, exploration well, and outcrop
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data during the Site Screening or Site Selection stages, indicating more or less
favourable regions. Similarly, areas with thickness with at least 20 m (Chadwick et
al., 2008; IEA-GHG, 2009), caprock thickness with at least 10 to 20 m (Chadwick
et al., 2008; IEA-GHG, 2009; Smith et al., 2011), and a safe distance to protected
groundwater (IEA-GHG, 2009) could be determined using 3D models. However,
in this case, this evaluation would probably occur during the site selection stage
since wireline logs with seismic information are needed. A 3D structural model
based on seismic data is generated during the site selection stage, indicating
possible structural traps favourable for CO- reservoirs or areas of less incidence
of faults avoiding potential gas leaks (Chadwick et al., 2008; IEA-GHG, 2009;
Smith et al., 2011).

The evaluation of whether a basin or portion is located within a fold belt
(IEA-GHG, 2009), reservoir-seal pairs, and a favourable stratigraphy (IEA-
GHG, 2009; Smith et al., 2011; Miocic et al., 2016) is made at the Site Screening
stage. Nevertheless, nothing prevents that with a 3D geological model developed
during the assessment advance with new data addition, already in the Initial
Characterization stage, the local stratigraphy and structural context may prove
more or less favourable, for example, with details of internal facies of a given
formation. The addition of a small number of wells or new seismic surveys could
dramatically change the interpretation and evaluation of a given area or site.

So we can see that the volumetric evaluation of the CO- storage site, where
modelling has been applied more frequently (Gunnarsson, 2011; Alcalde et al.,
2014; Lech et al., 2016; Mediato et al., 2017; Shogenov et al., 2017; Vo Thanh et
al., 2019; Zhong and Carr, 2019), will only occur effectively and commonly in the
Initial Characterization stage. Nevertheless, 3D modelling can also be applied in a
basin-scale approach at an early stage of exploration (Douglass and Kelly, 2010).
An example of 3D geological modelling used in both Site Selection and Initial
Characterization stages could be seen in de Oliveira et al. (2021b).

1. SITE CHARACTERIZATION

The U. S. Department of Energy (DOE) methodologies for capacity calculations
for the distinguished major geologic media: depleted oil and gas reservoirs, saline
formations, unmineable coal seams (Goodman et al. 2011), and organic-rich shales
(Goodman et al. 2014) are briefly described next. Other similar volumetric-based
methodologies were also developed for CO- storage resource assessment (Bachu
et al. 2007; Brennan et al. 2010; Bradshaw et al. 2011; Spencer et al. 2011) and
were compared and discussed in detail by Popova et al. (2012).
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The general equation to calculate the CO: storage resource mass estimate for
geologic storage in oil and gas reservoirs is based on the standard industry method
to calculate original gas or oil-in-place (Dake 1983) as follows:

Gcoz = Ahn®(1 = Sy)BpcozstaEoijgas (1)

where Gcoz is CO2 mass, A is the area, hN is the net thickness, @ is the effective
porosity, Sw is the water saturation, B is the initial oil (or gas) formation volume
factor, pcozstd is the standard CO: density, and Eoil/gas is the storage efficiency
factor, that reflects the volume of COs- stored in an oil or gas reservoir per unit
volume of original oil or gas in place.

The equation to calculate the CO- storage resource mass estimate for geologic
storage in saline formations is:

Geoz = Ahgq)pCOZEsaline 2

where h is the gross thickness, pco: is the density of CO: evaluated at pres-
sure and temperature that represents storage conditions anticipated for a specific
geologic unit, and E;;,,. 1S the storage efficiency factor, reflecting the fraction of
the total pore volume that the injected CO- will fill.

The equation to calculate the CO- storage resource mass estimate for geologic
storage in unmineable coal seams:

Geoz = Aths.maxpCOZStdEcoal 3)

Where Cs max is the maximum CO:2 volume at standard conditions that can
be sorbed per volume of coal, assumed to be on an in situ or “as is” basis, and
Ecoal is the storage efficiency factor, which reflects a fraction of the total coal
bulk volume that CO: contacts.

The equation to calculate the CO- storage resource mass estimate for geologic
storage in shales:

Geoz = AEqhgEp[pco2PEp + pscoz(1 — PEs] (4)

103



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

where psco: is the mass of CO: sorbed per unit volume of solid rock, and
EA, En, E¢, and E are efficiency factors for the area, thickness, pore-volume, and
sorbed volume, respectively (see Goodman et al. 2014 for more details).

Note that all of them use volumetric-based CO- storage estimates being
computationally equivalent. The volume of a given geological layer (4 x 4), in
(1) to (4) equations, can be obtained through the application of the 3D geological
modelling techniques presented here with certain precision - depending on the
data that support them.

In the present methodologies and the general approach discussed in this text,
the 3D models are being considered to use static volumetric models based on
commonly accepted assumptions about in-situ fluid distribution in porous media
and fluid displacement processes. Currently, most studies are focused on evaluating
possible new locations for CO: storage. However, 3D geological models can also
be used jointly with numerical models, as already mentioned, in the management
and monitoring of reservoirs during their injection life (see Chapter 8). A dynamic
volume would be considered in this case because detailed site injectivity and
pressure data are most commonly available only after CO:2 injection.

When production-based data are available, they should be preferred over
a new volumetric-based model estimate in the specific case of an evaluation of
depleted oil and gas reservoirs. Production data contain general detailed information
collected from the formation.

Similarly to the mineral industry (CRIRSCO 2019) and the oil and gas
industry (Etherington and Ritter 2008), for reporting of CO:- storage capacity,
a technical-economic classification system was proposed (Bachu et al. 2007)
according to an increasing level of geological knowledge and confidence based on
a pyramid (Fig. 4). Storage capacity in this pyramid is expressed in mass CO: (e.
g., Mt or Gt CO) rather than volume because the volume of a given mass of stored
CO2 depends on the pressure and temperature at which it is stored (Bachu et al.
2007). Four technical and economic classes are considered: Theoretical, Effective,
Practical, and Matched capacity. A Theoretical capacity assumes that the whole of
reservoir formation is accessible to store COz, providing a maximum upper limit
to a capacity estimate. The application of technical constraints as cut-off limits of
porosity and permeability, and limiters as seal quality, depth of burial, pressure
and stress regimes, the reservoir’s pore volume, and trap determines the Effective
capacity. The practical capacity considers economic, legal, and regulatory barriers
to CO: geological storage beyond just geoscience and engineering aspects. It
corresponds to the reserves used in the petroleum and mining industries.
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The Matched capacity refers to the detailed matching of significant stationary
CO: sources with adequate geological storage sites considering potential, injecti-
vity, and supply rate. Other refinements and modifications of the initial pyramid
have been proposed recently (Ackhurst et al. 2011; Bunch 2013; Anderson 2017;
Vasilis et al. 2018; Mikhelkis and Govindarajan 2020), although all considering
a decrease in the geological and economic uncertainty of the classes from the
bottom to the top.

Most mineral resource and ore reserve classification systems adopted are
based on sampling spacing, geological confidence, and economic viability. These
systems define categories of resources based on a degree of uncertainty associated
with parameters being estimated. Evaluation and classification are included in
the mineral resource and CO: geological storage sites assessment. Drilling and
sampling combined with quality assurance and quality control practices syste-
matically update this process. New and sophisticated methods used for modelling
and evaluation are worthless if sampling, preparation, and chemical assays are not
adequately controlled and validated. The procedure selected for the CO- geological
storage sites classification should have some required characteristics. The method
used for classification should be able to define confidence either in geometry or
petrophysical properties estimates. Classes of storage sites are determined based
on the sample’s spatial distribution and the uncertainty associated with tonnages
calculated for a given deposit or part of it. Thus, the classification of a mineral
resource requires the definition of the uncertainty associated with the estimate.
However, what is not clearly stated in the main classification systems is how
uncertainty should be assessed.

8. DATASETS FOR €0, STORAGE RESOURCE ASSESSMENT

Generating a model representing some geological form or body depends on
previous georeferenced data in three dimensions. Georeferenced data is any geo-
logical data or information that has spatial coordinates X, Y and Z defined. These
data can be of land surface topography, maps, drill holes or wells, geophysical
surveys, location points of outcrops, structural measures, samples, among others.
Therefore, the first step to evaluate before starting the geological modelling is
to check what data is available for the area of interest and if it is possible to use
them in a 3D environment. More details about data types and methodology for an
integrated 3D model could be seen in Kaufmann and Martin (2008). All GIS data
presented in the figures 5 and 6 is public data and come from Agéncia Nacional do
Petroleo, Gas Natural e Biocombustiveis, Brazil (ANP) (http:/geo. anp. gov.br/)
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and from Companhia de Pesquisa de Recursos Minerais, Brazil (CPRM) (http://
geosgb. cprm. gov.br/).

9. AVAILABLE DATA FOR PARANA BASIN

The Parana Basin presents CO- storage potential to be investigated in almost
all types of CO- geological storage: saline aquifers and coal seams (Rio Bonito
Formation), shales (Irati Formation), and basalts (Serra Geral Formation). Some
of these geological environments already had some preliminary work. The saline
aquifers hosted in Rio Bonito Formation were initially focused, and experimental
studies suggested that CO- could be permanently stored as carbonates due to good
reaction with host rocks (Ketzer et al. 2009; Lima et al. 2011). The Rio Bonito
Formation also presents depth and thicknesses compatible with storage approxi-
mately CO: stationary sources (Rockett et al. 2011; Machado et al. 2013). The CO-
sorption capacities were initially assessed on coals from the Rio Bonito Formation
and oil shales from Irati Formation with potential for storage and coalbed methane
production (Weniger et al. 2010; Kalkreuth et al. 2013; Santarosa et al. 2013). The
Irati Formation shales were addressed on CO: storage investigations considering
a possible shared production of methane (Mabecua et al. 2019; Richardson and
Tassinari 2019; Rocha et al. 2020).

The Parana Basin presents an extensive data set with 123 hydrocarbon
exploration well data. Petrobras Company carried out this survey from the 1950s
until the 2000s, with more than 61,100 line kilometres of 2D reflection seismic
data covering most of its extension (Fig. 5), and local electromagnetic, magnetic,
and gamma surveys, as well as geological maps in regional scale. These data
allow the interpretation of the main layers of interest of Irati and Rio Bonito
Formations, delimiting units and facies within these formations, and evaluating
depths, thickness, distance from protected groundwater. These were used to
interpret structures and traps for storage, allowing further capacity calculations
and economic evaluations using 3D geological models.

10. AVAILABLE DATA FOR SANTOS BASIN

The potential for CO: storage in the Santos Basin is verified, especially
from the study of the oil and gas fields in its extension, which is justified by the
less accessible nature of offshore basins. The reuse of oilfield infrastructures
and the geological knowledge associated with these enterprises favours that the
optimal environment for storage is the natural structure of the oil reservoirs.
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Therefore, the use of depleted fields for storage in the Santos Basin seems a
natural path because it results in lower costs, less environmental damage, and
more excellent local geological knowledge (Hannis et al., 2017). The Santos Basin
has eight exploratory plays in its extension, and throughout its territory, there is
robust coverage of seismic surveys. Therefore, when associated with oil reservoirs,
the target formations for storage in the Santos Basin are those that correspond to
the reservoir rocks: Marambaia Formation, Santos Formation, Juréia Formation,
Itajai-A¢u Formation, Guaruja Formation, Floriandpolis Formation, Itanhaém
Formation (Freitas et al. 2006; Moreira et al. 2007; Chang et al. 2008). Turbiditic
sandstones of the Upper Cretaceous are the focus for CO: storage. The pre-salt
reservoir formations are not considered because their very high depths diverge
from the optimum characteristics for CO2 storage. An initial CO2 storage evaluation
on Santos Basin considered the Merluza zone indicating geological favorability
and the presence of installed infrastructure that can be reused after adaptations
(Ciotta and Tassinari 2020). Another potential that could be explored in Santos
Basin is the anthropic excavation of salt caverns in ultra-deepwater (da Costa et
al. 2019a; da Costa et al. 2019b; Goulart et al. 2020). The selection of a cluster
of salt domes for the location of the first experimental and pilot caverns built-in
ultra-deepwater was based on interpretation of 3D seismic and 2D seismic from
one of the major pre-salt oil fields in Santos Basin (Goulart et al. 2020).

The basin has 27 oil fields, five non-associated gas fields, and eight fields
under evaluation. The data collection resulting from the Santos basin’s exploratory
efforts includes 435 exploratory wells, a dense mesh of seismic data, and 3D
seismic surveys that cover a large part of the basin (Fig. 6). The availability of
this data allows an in-depth study of the viability of the Santos Basin fields for
storage. Thus, it is possible to verify the essential characteristics of a CO: sink (e.
g., depth, thickness, integrity) and the verification of the long-term permanence of
the gas from the verification of the adjacent formations. The availability of these
data also enables the production of reservoir models, favouring understanding the
fluid dynamics at the sites of interest and a scale prediction of storage capacity.

11. FINAL CONSIDERATIONS

The chapter brings a brief review of some applied examples of 3D geological
modelling in geosciences in the last years, focusing on CO: geological storage.
International CO: storage resource assessment methodologies are presented and
discussed, in the stages, when the 3D modelling could be useful and expected results.
Since all assessment methodologies proposed to the current use volumetric-based
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CO: storage estimates, the site characterization phase is when the 3D modelling is
presented to be used for the volume and posterior capacity calculation. However,
there are still few examples in the literature. Nevertheless, there is an excellent variety
of 3D modelling applications in the Exploration phase, such as thickness models
for the reservoir formation and the depth seal rock, favourable depth models, and
distance models for protected aquifers. The 3D ambient could also help integrate
distinguishing data from the surface, seismic and other geophysical surveys, wells,
and derived data, helping select favourable areas or sites.
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Fig. 1. Comparison between different 3D geological modelling techniques for an example of
the contact between sedimentary layers. A) Explicit modelling, B) Implicit modelling, C)
Probabilistic modelling
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Fig. 2. A) Example of data integration of topography surface, interpreted seismic sections, and
exploration well data in a 3D environment. B) 3D stratigraphic model generated from the data
together.
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Fig. 3. CO2 geologic storage classification system (after Goodman et al. 2011)
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Fig. 6. Available data of seismic and exploration wells for Santos Basin (data from ANP, 2021)
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Criterion

Eliminatory or un-
favourable

Preferred or Favou-
rable

References

Reservoir-seal
pairs; an extensive
and competent bar-
rier to vertical flow

Poor, discontinuous,
faulted and/or breached

Intermediate and exce-
llent; many pairs (mul-
ti-layered system)

Vertically sealing
faults, multi-layered

IEA-GHG, 2009
Miocic et al., 2016

systems
Stratigraphy Complex lateral varia- Uniform Smith et al., 2011
tion and complex con-
nectivity
Located within fold Yes No IEA-GHG, 2009
belts
Depth <800 m or>2,500 m Between 1,000 and Chadwick et al. 2008
<750-800 m 2,500 m IEA-GHG, 2(IEA-
<800 m > 2,500m > 800 m -GHG 2009)009
_ > 800 m <2,500 m Smith et al., 2011
> 1,200 m Miocic et al., 2016
Thickness <20m >50m Chadwick et al. 2008
<20m >20m IEA-GHG, 2009
Affecting protected Yes No IEA-GHG, 2009
groundwater qua-
lity
Faulting and fractu- Extensive Small or no faults Chadwick et al. 2008
ring intensity Limited to moderate IEA-GHG, 2009
Minimal faulting, with Smith et al., 2011
a trapping structure
Caprock thickness <20m > 100 m Chadwick et al. 2008
<10 m >10m IEA-GHG, 2009
<20 m thick > 100 m thick Smith et al., 2011
- > 150m Miocic et al., 2016

Lateral continuity
of caprock

Lateral variations
faulted

Unfaulted (uniform)

Chadwick et al. 2008

Total storage capa-
city

Total capacity is esti-
mated to be similar to
or less than the total
amount produced from

the CO:z source

Total capacity is es-

timated to be much

larger than the total
amount produced from

the CO2

Chadwick et al. 2008

Table 1. Compilation of site selection criteria for geological CO2 storage where 3D geological
modelling could be applied.

114




Use of 3D Modelling in the CO, Geological Storage, Possible Applications for Parand and Santos Basins

ACKNOWLEDGEMENT

We are grateful for the support of FAPESP and Shell through the Research
Centre for Gas Innovation - RCGI, organized by the University of Sdo Paulo
(USP), and the strategic importance of the support granted by the ANP through
the R&D clause. We also thank the Institute of Energy and Environment of USP
for hosting the research, and CAPES and FUSP for the financial support.

REFERENCES

Aadil, N., and Sohail, G. M., 2014, 3D geological modeling of Punjab platform,
Middle Indus Basin Pakistan through integration of Wireline logs and seismic
data: Journal of the Geological Society of India, v. 83, p. 211-217.

Ackhurst, M. C., Gafiera, J. D. L., Hitchen, K., Kearsey, T., Lawrence, D., Long,
D., McCormac, M., Quinn, M., Catterson, R., Farley, J., Young, A., Veenboer,
J., Jin, M., Mackay, E., Todd, A., Esentia, M., Hammond, J., Haszeldine, R.,
Hosa, A., Shackley, S., and Stewart, J., 2011, Progressing Scotland’s CO- storage
opportunities, 2011.

Alabert, F. G., and Massonnat, G. J., 1990, Heterogeneity in a complex turbiditic
reservoir: stochastic modelling of facies and petrophysical variability, 65th
Annual Technical Conference and Exhibition, Society of Petroleum Engineers,
p. 775-790.

Alcalde, J., Marzan, 1., Saura, E., Marti, D., Ayarza, P., Juhlin, C., Pérez-Estatn,
A., and Carbonell, R., 2014, 3D geological characterization of the Hontomin
CO:2 storage site, Spain: Multidisciplinary approach from seismic, well-log and
regional data: Tectonophysics, v. 627, p. 6-25.

Alcaraz, S., Chamberfort, 1., Pearson, R., and Cantwell, A., 2015, An integrated
approach to 3-D modelling to better understand geothermal reservoirs:
Proceedings World Geothermal Congress, Melbourne, Australia, 2015, 2015, p.
19-25.

Alhakeem, N. S., Nasser, M. E., and Al-Sharaa, G. H., 2019, 3D Geological
Modeling for Yamama Reservoir in Subba, Luhias and Ratawi Oil Fields, South
of Iraq: Iraqi Journal of Science, v. 60, p. 1023-1036.

Ali, M., Abdelmaksoud, A., Essa, M. A., Abdelhady, A., and Darwish, M., 2020,
3D Structural, Facies and Petrophysical Modeling of C Member of Six Hills
Formation, Komombo Basin, Upper Egypt: Natural Resources Research, v. 29,
p. 2575-2597.

115



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

Altameemi, A. M. H., and Alzaidy, A., 2018, Geological modeling using Petrel
Software for Mishrif Formation in Noor Oil Field, Southeastern Iraq: Iraqi
Journal of Science, v. 59, p. 1600-1613.

Anderson, S. T., 2017, Cost Implications of Uncertainty in CO- Storage Resource
Estimates: A Review: Natural Resources Research, v. 26, p. 137-159.

ANP, 2021, Agéncia Nacional do Petroleo Géas Natural e Biocombustiveis.
GeoANP — mapa de dados georreferenciados: http:/geo. anp. gov.br/mapview

Arias, M., Nuiiez, P., Arias, D., Gumiel, P., Castanon, C., Fuertes-Blanco, J., and
Martin-Izard, A., 2021, 3D Geological Model of the Touro Cu Deposit, A World-
Class Mafic-Siliciclastic VMS Deposit in the NW of the Iberian Peninsula:
Minerals, v. 11, p. 85.

Artimo, A., Mékinen, J., Berg, R. C., Abert, C. C., and Salonen, V. -P., 2003,
Three-dimensional geologic modeling and visualization of the Virttaankangas
aquifer, southwestern Finland: Hydrogeology Journal, v. 11, p. 378-386.

Bachu, S., Bonijoly, D., Bradshaw, J., Burruss, R., Holloway, S., Christensen, N.
P., and Mathiassen, O. M., 2007, CO- storage capacity estimation: Methodology
and gaps: International Journal of Greenhouse Gas Control, v. 1, p. 430-443.

Basson, I. J., Creus, P. K., Anthonissen, C. J., Stoch, B., and Ekkerd, J., 2016,
Structural analysis and implicit 3D modelling of high-grade host rocks to the
Venetia kimberlite diatremes, Central Zone, Limpopo Belt, South Africa: Journal
of Structural Geology, v. 86, p. 47-61.

Bigi, S., Conti, A., Casero, P., Ruggiero, L., Recanati, R., and Lipparini, L., 2013,
Geological model of the central Periadriatic basin (Apennines, Italy): Marine and
Petroleum Geology, v. 42, p. 107-121.

Birch, C., 2014, New systems for geological modelling - black box or best
practice?: Journal of the Southern African Institute of Mining and Metallurgy, v.
114, p. 993-1000.

Bradshaw, B. E., Spencer, L. K., Lahtinen, A. -L., Khider, K., Ryan, D. J., Colwell,
J. B, Chirinos, A., Bradshaw, J., Draper, J. J., Hodgkinson, J., and McKillop, M.,
2011, An assessment of Queensland’s CO: geological storage prospectivity —
The Queensland CO:= Geological Storage Atlas: Energy Procedia, v. 4, p. 4583-
4590.

Braga, F. C. S., Rosiere, C. A., Santos, J. O. S., Hagemann, S. G., and Salles,
P. V., 2019, Depicting the 3D geometry of ore bodies using implicit lithological

116



Use of 3D Modelling in the Co, Geological Storage, Possible Applications for Parand and Santos Basins

modeling: An example from the Horto-Baratinha iron deposit, Guanhaes block,
MG: REM - International Engineering Journal, v. 72, p. 435-443.

Brennan, S. T., Burruss, R. C., Merrill, M. D., Freeman, P. A., and Ruppert, L.
F., 2010, A probabilistic assessment methodology for the evaluation of geologic
carbon dioxide storage, US Geological Survey Open-File Report, 1127, p. 31.

Breunig, M., and Zlatanova, S., 2011, 3D geo-database research: Retrospective
and future directions: Computers & Geosciences, v. 37, p. 791-803.

Bridge, J. S., and Leeder, M. R., 1979, A simulation model of alluvial stratigraphy:
Sedimentology, v. 26, p. 617-644.

Brun, J. P, Guennoc, P., Truffert, C., and Vairon, J., 2001, Cadomian tectonics in
northern Brittany: a contribution of 3-D crustal-scale modelling: Tectonophysics,
v. 331, p. 229-246.

Bueno, J. F, Drummond, R. D., Vidal, A. C., and Sancevero, S. S., 2011,
Constraining uncertainty in volumetric estimation: A case study from Namorado
Field, Brazil: Journal of Petroleum Science and Engineering, v. 77, p. 200-208.

Bunch, M. A., 2013, Gauging geological characterisation for CO: storage: the
Australasian experience so far...: Australian Journal of Earth Sciences, v. 60, p.
5-21.

Caers, J., 2011, Modeling uncertainty in the earth sciences, John Wiley & Sons.

Calcagno, P, Trumpy, E., Gutiérrez-Negrin, L. C., Norini, G., Macias, J.,
Carrasco-Nufiez, G., Liotta, D., Gardufio-Monroy, V., Hersir, G. P., and Vaessen,
L., 2020, Updating the 3D geomodels of Los Humeros and Acoculco geothermal
systems (Mexico)-H2020 GEMex Project: World Geothermal Congress,
Reykjavik, Iceland, April 26 — May 2, 2020, 2020, p. 12.

Carr, J. C., Beatson, R. K., Cherrie, J. B., Mitchell, T. J., Fright, W. R., McCallum,
B. C., and Evans, T. R., 2001, Reconstruction and representation of 3D objects
with radial basis functions: SIGGRAPH Computer Graphics Proceedings, 2001,
2001, p. 67-76.

Chadwick, R. A., Arts, R., Bernstone, C., May, F., Thibeau, S., and Zweigel, P.,
2008, Best practice for the storage of CO: in saline aquifers, British Geological
Survey Occasional Publication, 14: Keyworth, Nottingham.

Chang, H. K., Assine, M. L., Corréa, F. S., Tinen, J. S., Vidal, A. C., and Koike,
L., 2008, Sistemas petroliferos e modelos de acumulagdo de hidrocarbonetos na
Bacia de Santos: Revista Brasileira de Geociéncias, v. 38, p. 29-46.



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

Ciotta, M. R., and Tassinari, C. C. G., 2020, Preliminary basin scale assessment
of CO2 geological storage potential in Santos Basin, Southeastern Brazil: Merluza
Field study case: Brazilian Journal of Development, v. 6, p. 65961-65977.

Courrioux, G., Nullans, S., Guillen, A., Boissonnat, J. D., Repusseau, P., Renaud,
X., and Thibaut, M., 2001, 3D volumetric modelling of Cadomian terranes
(Northern Brittany, France): an automatic method using Voronoi diagrams:
Tectonophysics, v. 331, p. 181-196.

Cowan, E. J., Beatson, R. K., Fright, W. R., McLennan, T. J., and Mitchell, T.
J., 2002, Rapid geological modelling: Applied Structural Geology for Mineral
International Symposium, Kalgoorlie, 2002, p. 23-25.

Cowan, E. J,, Beatson, R. K., Ross, H. J., Fright, W. R., McLennan, T. J., Evans,
T. R, Carr, J. C., Lane, R. G., Bright, D. V., and Gillman, A. J., 2003, Practical
implicit geological modelling: Fifth international mining geology conference,
Bendigo, Victoria, 2003, p. 89-99.

Cowan, E. J., Lane, R. G., and Ross, H. J., 2004, Leapfrog’s implicit drawing tool:
a new way of drawing geological objects of any shape rapidly in 3-D: Bulletin,
v. 41, p. 23-25.

Cox,M.E., James, A.,Hawke, A.,and Raiber, M., 2013, Groundwater Visualisation
System (GVS): A software framework for integrated display and interrogation of
conceptual hydrogeological models, data and time-series animation: Journal of
Hydrology, v. 491, p. 56-72.

CRIRSCO, 2019, International reporting template for the public reporting of
exploration results, mineral resources and mineral reserves, Committee for
Mineral Reserves International Reporting Standards, Council of Mining and
Metallurgical Institutions, p. 77.

D’Affonseca, F. M., Finkel, M., and Cirpka, O. A., 2020, Combining implicit
geological modeling, field surveys, and hydrogeological modeling to describe
groundwater flow in a karst aquifer: Hydrogeology Journal, v. 28, p. 2779-2802.

da Costa, A. M., da Costa, P. V. M., Udebhulu, O. D., Azevedo, R. C., Ebecken,
N. E. F, Miranda, A. C. O., de Eston, S. M., de Tomi, G., Meneghini, J. R.,
and Nishimoto, K., 2019a, Potential of storing gas with high CO2 content in
salt caverns built in ultra-deep water in Brazil: Greenhouse Gases: Science and
Technology, v. 9, p. 79-94.

da Costa, A. M., V. M. Costa, P, C. O. Miranda, A., B. R. Goulart, M., D.
Udebhulu, O., F. F. Ebecken, N., C. Azevedo, R., M. de Eston, S., de Tomi, G.,
B. Mendes, A., R. Meneghini, J., Nishimoto, K., Mueller Sampaio, C., Brandao,

118



Use of 3D Modelling in the Co, Geological Storage, Possible Applications for Parand and Santos Basins

C., and Breda, A., 2019b, Experimental salt cavern in offshore ultra-deep water
and well design evaluation for CO: abatement: International Journal of Mining
Science and Technology, v. 29, p. 641-656.

Dake, L. P., 1983, Fundamentals of reservoir engineering, Elsevier, 175 p.

de Kemp, E. A., 2007, 3-D geological modelling supporting mineral exploration,
in Goodfellow, W. D., ed., Mineral deposits of Canada: A synthesis of major
deposit types, district metallogeny, the evolution of geological provinces, and
exploration methods, Special Publication 5, Geological Association of Canada,
Mineral Deposits Division, p. 1051-1061.

de Kemp, E. A., Schetselaar, E. M., Hillier, M. J., Lydon, J. W., and Ransom, P.
W., 2016, Assessing the workflow for regional-scale 3D geologic modeling: An
example from the Sullivan time horizon, Purcell Anticlinorium East Kootenay
region, southeastern British Columbia: Interpretation, v. 4, p. SM33-SM50.

de la Varga, M., Schaaf, A., and Wellmann, F., 2019, GemPy 1.0: open-source
stochastic geological modeling and inversion: Geosci. Model Dev., v. 12, p. 1-32.

de Oliveira, S. B., Johnson, C. A., Juliani, C., Monteiro, L. V. S., Leach, D. L., and
Caran, M. G. N,, 2021a, Geology and genesis of the Shalipayco evaporite-related
Mississippi Valley-type Zn—Pb deposit, Central Peru: 3D geological modeling
and C—O-S-Sr isotope constraints: Mineralium Deposita, v. 56, p. 1543-1562.

de Oliveira, S. B., and Rocha, M. M., 2011, Krigagem indicadora aplicada aos
litotipos do depdsito de Ni-Cu de Americano do Brasil, GO: Geologia USP. Série
Cientifica, v. 11, p. 123-134.

de Oliveira, S. B., and Sant’Agostino, L. M., 2020, Lithogeochemistry and
3D geological modeling of the apatite-bearing Mesquita Sampaio beforsite,
Jacupiranga alkaline complex, Brazil: Brazilian Journal of Geology, v. 50.

de Oliveira, S. B., Tassinari, C. C. G., Richardson, M. A. -A., and Torresi, 1.,
2021b, 3D implicit modeling applied to the evaluation of CO2 geological storage in
the shales of the Irati Formation, Parana Basin, Southeastern Brazil, Greenhouse
Gases: Science and Technology, v. 11, p. 1024-1042.

do Couto, D., Gumiaux, C., Jolivet, L., Augier, R., Lebret, N., Folcher, N.,
Jouannic, G., Suc, J. -P., and Gorini, C., 2015, 3D modelling of the Sorbas Basin
(Spain): New constraints on the Messinian Erosional Surface morphology:
Marine and Petroleum Geology, v. 66, p. 101-116.

dos Santos, F. P., Chemale Junior, F., and Meneses, A. R. A. S., 2019, The nature
of the Paleoproterozoic orogen in the Jacobina Range and adjacent areas, northern

119



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

Sao Francisco Craton, Brazil, based on structural geology and gravimetric
modeling: Precambrian Research, v. 332, p. 105391.

Douglass, J., and Kelly, B., 2010, 3D geological modelling and carbon storage
potential of the Sydney Basin: Thirty Seventh Symposium on the Geology of the
Sydney Basin, Pokolbin, NSW, Australia, May 6-7, 2010, 2010, p. 8.

Durand-Riard, P., Guzofski, C., Caumon, G., and Titeux, M. -O., 2013, Handling
natural complexity in three-dimensional geomechanical restoration, with
application to the recent evolution of the outer fold and thrust belt, deep-water
Niger Delta: AAPG Bulletin, v. 97, p. 87-102.

Etheridge, M. A., Branson, J. C., and Stuart-Smith, P. G., 1985, Extensional
basin-forming structures in Bass Strait and their importance for hydrocarbon
exploration: The APPEA Journal, v. 25, p. 344-361.

Etherington, J. R., and Ritter, J. E., 2008, The 2007 SPE/WPC/AAPG/SPEE
Petroleum Resources Management System (PRMS): Journal of Canadian
Petroleum Technology, v. 47, p. 1-47.

Fallara, F., Legault, M., and Rabeau, O., 2006, 3-D Integrated Geological
Modeling in the Abitibi Subprovince (Québec, Canada): Techniques and
Applications: Exploration and Mining Geology, v. 15, p. 27-43.

Freitas, A. F. D., Moreira, D. B. R., Perez, E., de Dios, F. R. B.,and T. C. S. D.,
d. S., 2006, Bacia de Santos: Estado da arte, V: Rio de Janeiro, Petrobras, UERJ,
p.- 73.

Global-CCS-Institute, 2021, The Global Status of CCS Report 2021, p. 81.

Goodman, A., Fukai, I., Dilmore, R., Frailey, S., Bromhal, G., Soeder, D., Gorecki,
C., Peck, W,, Rodosta, T., and Guthrie, G., 2014, Methodology for assessing CO2
storage potential of organic-rich shale formations: Energy Procedia, v. 63, p.
5178-5184.

Goodman, A., Hakala, A., Bromhal, G., Deel, D., Rodosta, T., Frailey, S., Small,
M., Allen, D., Romanov, V., Fazio, J., Huerta, N., McIntyre, D., Kutchko, B., and
Guthrie, G., 2011, U. S. DOE methodology for the development of geologic storage
potential for carbon dioxide at the national and regional scale: International
Journal of Greenhouse Gas Control, v. 5, p. 952-965.

Goulart, M. B. R., Costa, P. V. M. d., Costa, A. M. d., Miranda, A. C. O., Mendes,
A. B., Ebecken, N. F. F., Meneghini, J. R., Nishimoto, K., and Assi, G. R. S,,
2020, Technology readiness assessment of ultra-deep salt caverns for carbon

120



Use of 3D Modelling in the Co, Geological Storage, Possible Applications for Parand and Santos Basins

capture and storage in Brazil: International Journal of Greenhouse Gas Control,
v. 99, p. 103083.

Grose, L., Ailleres, L., Laurent, G., and Jessell, M., 2020, LoopStructural 1.0:
Time aware geological modelling: Geosci. Model Dev. Discuss., v. 2020, p. 1-31.

Groshong Jr, R. H., 2006, 3-D structural geology, Springer, 400 p.

Guardiano, F. B., and Srivastava, R. M., 1993, Multivariate Geostatistics:
Beyond Bivariate Moments, in Soares, A., ed., Geostatistics Troia *92: Volume
1: Dordrecht, Springer Netherlands, p. 133-144.

Gumiel, P., Arias, M., and Martin-Izard, A., 2010, 3D geological modelling
of a polyphase deformed pre-Variscan IOCG mineralization located at the

southeastern border of the Ossa Morena Zone, Iberian Massif (Spain): Geological
Journal, v. 45, p. 623-633.

Gunnarsson, N., 2011, 3D modeling in Petrel of geological CO- storage site:
Unpub. Msc thesis, Uppsala University, 52 p.

Haldorsen, H. H., and Lake, L. W., 1984, A New Approach to Shale Management
in Field-Scale Models: Society of Petroleum Engineers Journal, v. 24, p. 447-457.

Hannis, S., Lu, J.,, Chadwick, A., Hovorka, S., Kirk, K., Romanak, K., and
Pearce, J., 2017, CO: storage in depleted or depleting oil and gas fields: What can
we learn from existing projects?: Energy Procedia, v. 114, p. 5680-5690.

Hassen, 1., Gibson, H., Hamzaoui-Azaza, F., Negro, F., Rachid, K., and
Bouhlila, R., 2016, 3D geological modeling of the Kasserine Aquifer System,
Central Tunisia: New insights into aquifer-geometry and interconnections for
a better assessment of groundwater resources: Journal of Hydrology, v. 539, p.
223-236.

He, H., He, J., Xiao, J., Zhou, Y., Liu, Y., and Li, C., 2020, 3D geological
modeling and engineering properties of shallow superficial deposits: A case
study in Beijing, China: Tunnelling and Underground Space Technology, v.
100, p. 103390.

Hill, E. J,, Oliver, N. H. S., Cleverley, J. S., Nugus, M. J., Carswell, J., and
Clark, F., 2014, Characterisation and 3D modelling of a nuggety, vein-hosted
gold ore body, Sunrise Dam, Western Australia: Journal of Structural Geology,
v. 67, p. 222-234.

Houlding, S., 1994, 3D geoscience modeling, Springer-Verlag Berlin Heidelberg,
309 p.

121



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

IEA-GHG,2009,1EA greenhouse gas R&D programme: CCS Site characterisation
criteria, in Bachu, S., Hawkes, C., Lawton, D., Pooladi-Darvish, M., and Perkins,
E., eds. : Cheltenham, United Kingdom, p. 112.

Islam, M. A., Yunsi, M., Qadri, S. M. T., Shalaby, M. R., and Haque, A. K. M. E.,
2021, Three-Dimensional Structural and Petrophysical Modeling for Reservoir
Characterization of the Mangahewa Formation, Pohokura Gas-Condensate Field,
Taranaki Basin, New Zealand: Natural Resources Research, v. 30, p. 371-394.

Ismail-Zadeh, A., and Tackley, P., 2010, Computational methods for geodynamics,
Cambridge University Press.

Jessell, M., Ailléres, L., De Kemp, E., Lindsay, M., Wellmann, J. F., Hillier,
M., Laurent, G., Carmichael, T., and Martin, R., 2014, Next generation three-
dimensional geologic modeling and inversion: Society of Economic Geologists
Special Publication, v. 18, p. 261-272.

Jessell, M., Ogarko, V., Lindsay, M., Joshi, R., Piechocka, A., Grose, L.,
de la Varga, M., Ailleres, L., and Pirot, G., 2021, Automated geological map
deconstruction for 3D model construction: Geosci. Model Dev. Discuss., v. 2021,
p. 1-35.

Journal, A. G., and Alabert, F., 1989, Non-Gaussian data expansion in the Earth
Sciences: Terra Nova, v. 1, p. 123-134.

Journel, A. G., 1983, Nonparametric estimation of spatial distributions: Journal
of the International Association for Mathematical Geology, v. 15, p. 445-468.

Journel, A. G., and Isaaks, E. H., 1984, Conditional Indicator Simulation:
Application to a Saskatchewan uranium deposit: Journal of the International
Association for Mathematical Geology, v. 16, p. 685-718.

Kalkreuth, W., Holz, M., Levandowski, J., Kern, M., Casagrande, J., Weniger, P.,
and Krooss, B., 2013, The Coalbed Methane (CBM) Potential and CO: Storage
Capacity of the Santa Terezinha Coalfield, Parand Basin, Brazil — 3D Modelling,
and Coal and Carbonaceous Shale Characteristics and Related Desorption and
Adsorption Capacities in Samples from Exploration Borehole CBM001-ST-RS:
Energy Exploration & Exploitation, v. 31, p. 485-527.

Kaufmann, O., and Martin, T., 2008, 3D geological modelling from boreholes,
cross-sections and geological maps, application over former natural gas storages
in coal mines: Computers & Geosciences, v. 34, p. 278-290.

Ketzer, J. M., Iglesias, R., Einloft, S., Dullius, J., Ligabue, R., and de Lima,
V., 2009, Water—rock—CO: interactions in saline aquifers aimed for carbon

122



Use of 3D Modelling in the Co, Geological Storage, Possible Applications for Parand and Santos Basins

dioxide storage: Experimental and numerical modeling studies of the Rio Bonito
Formation (Permian), southern Brazil: Applied Geochemistry, v. 24, p. 760-767.

Knight, R. H., Lane, R. G., Ross, H. J., Abraham, A. P. G., and Cowan, J., 2007,
Implicit ore delineation: Fifth Decennial International Conference on Mineral
Exploration, Toronto, Canada, 2007, 2007, p. 9-12.

Lawrence, M. G., Schifer, S., Muri, H., Scott, V., Oschlies, A., Vaughan, N. E.,
Boucher, O., Schmidt, H., Haywood, J., and Scheffran, J., 2018, Evaluating climate
geoengineering proposals in the context of the Paris Agreement temperature
goals: Nature Communications, v. 9, p. 3734.

Lech, M. E., Jorgensen, D. C., Southby, C., Wang, L., Nguyen, V., Borissova,
I., and Lescinsky, D., 2016, Palacogeographic mapping to understand the
hydrocarbon and CO: storage potential of the post-rift Warnbro Group, offshore
Vlaming Sub-basin, southern Perth Basin, Australia: Marine and Petroleum
Geology, v. 77, p. 1206-1226.

Lesage, G., Byrne, K., Morris, W. A., Enkin, R. J., Lee, R. G., Mir, R., and Hart,
C.J.R,, 2019, Interpreting regional 3D fault networks from integrated geological
and geophysical data sets: An example from the Guichon Creek batholith, British
Columbia: Journal of Structural Geology, v. 119, p. 93-106.

Li, N., Song, X., Li, C., Xiao, K., Li, S., and Chen, H., 2019, 3D Geological
Modeling for Mineral System Approach to GIS-Based Prospectivity Analysis:
Case Study of an MVT Pb—Zn Deposit: Natural Resources Research, v. 28, p.
995-1019.

Lima, V. d., Einloft, S., Ketzer, J. M., Jullien, M., Bildstein, O., and Petronin, J.
-C., 2011, CO: Geological storage in saline aquifers: Parana Basin caprock and
reservoir chemical reactivity: Energy Procedia, v. 4, p. 5377-5384.

Liu, L., Li, J., Zhou, R., and Sun, T., 2016, 3D modeling of the porphyry-related
Dawangding gold deposit in south China: Implications for ore genesis and
resources evaluation: Journal of Geochemical Exploration, v. 164, p. 164-185.

Lloyd, C. D., and Atkinson, P. M., 2001, Assessing uncertainty in estimates
with ordinary and indicator kriging: Computers & Geosciences, v. 27, p. 929-
937.

Lopez, S., Galli, A., and Cojan, 1., 2001, Fluvial meandering channelized
reservoirs: a stochastic and processbased approach: Proceedings Annual
Conference of the International Association of Mathematical Geologists,
Cancun, Mexico, 2001, 2001, p. 6-12.

123



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

Mabecua, F. J., Tassinari, C. C. G., and Pereira, E., 2019, Avalia¢ao do potencial
de geragao de gas e 6leo nao convencional dos folhelhos negros da formacao Irati
na regido de Goiads e Mato Grosso, Centro-Oeste do Brasil: Revista Brasileira de
Energia, v. 25, p. 21-53.

Machado, C. X., Rockett, G. C., and Ketzer, J. M. M., 2013, Brazilian renewable
carbon capture and geological storage map: Possibilities for the Parana Basin:
Energy Procedia, v. 37, p. 6105-6111.

Magnabosco, R., Galvao, P., and de Carvalho, A. M., 2020, An approach to map
karst groundwater potentiality in an urban area, Sete Lagoas, Brazil: Hydrological
Sciences Journal, v. 65, p. 2482-2498.

Mao, X., Ren, J., Liu, Z., Chen, J., Tang, L., Deng, H., Bayless, R. C., Yang, B.,
Wang, M., and Liu, C., 2019, Three-dimensional prospectivity modeling of the
Jiaojia-type gold deposit, Jiaodong Peninsula, Eastern China: A case study of the
Dayingezhuang deposit: Journal of Geochemical Exploration, v. 203, p. 27-44.

Matheron, G., Beucher, H., de Fouquet, C., Galli, A., Guerillot, D., and Ravenne,
C., 1987, Conditional Simulation of the Geometry of Fluvio-Deltaic Reservoirs.

Mediato, J. F., Garcia-Crespo, J., Izquierdo, E., Garcia-Lobon, J. L., Ayala, C.,
Pueyo, E. L., and Molinero, R., 2017, Three-dimensional Reconstruction of the
Caspe Geological Structure (Spain) for Evaluation as a Potential CO: Storage
Site: Energy Procedia, v. 114, p. 4486-4493.

Merriam, D. F., and Davis, J. C., 2001, Geologic modeling and simulation:
sedimentary systems, Springer US, 352 p.

Mikhelkis, L., and Govindarajan, V., 2020, Techno-Economic and Partial
Environmental Analysis of Carbon Capture and Storage (CCS) and Carbon
Capture, Utilization, and Storage (CCU/S): Case Study from Proposed Waste-
Fed District-Heating Incinerator in Sweden: Sustainability, v. 12.

Milicich, S. D., Bardsley, C., Bignall, G., and Wilson, C. J. N., 2014, 3-D
interpretative modelling applied to the geology of the Kawerau geothermal
system, Taupo Volcanic Zone, New Zealand: Geothermics, v. 51, p. 344-350.

Milicich, S. D., van Dam, M. A., Rosenberg, M. D., Rae, A. J., and Bignall,
G., 2010, “Earth Research” 3-Dimensional Geological Modelling of Geothermal
Systems in New Zealand—a New Visualisation Tool: World Geothermal Congress,
Bali, Indonesia, 25-29 April 2010, 2010.

Miocic, J. M., Gilfillan, S. M. V., Roberts, J. J., Edlmann, K., McDermott, C.
I., and Haszeldine, R. S., 2016, Controls on CO: storage security in natural

124



Use of 3D Modelling in the Co, Geological Storage, Possible Applications for Parand and Santos Basins

reservoirs and implications for CO2 storage site selection: International Journal
of Greenhouse Gas Control, v. 51, p. 118-125.

Molezzi, M. G., Hein, K. A. A., and Manzi, M. S. D., 2019, Mesoarchaean-
Palaeoproterozoic crustal-scale tectonics of the central Witwatersrand basin -
Interpretation from 2D seismic data and 3D geological modelling: Tectonophysics,
v. 761, p. 65-85.

Monaghan, A., Ford, J., Milodowski, A., Mclnroy, D., Pharaoh, T., Rushton, J.,
Browne, M., Cooper, A., Hulbert, A., and Napier, B., 2012, New insights from
3D geological models at analogue CO: storage sites in Lincolnshire and eastern
Scotland, UK: Proceedings of the Yorkshire Geological Society, v. 59, p. 53.

Moreira, J. L. P., Madeira, C. V., Gil, J. A., and Machado, M. A. P., 2007, Bacia
de Santos: Boletim de Geociencias da Petrobras, v. 15, p. 531-549.

Olea, R. A., 1999, Geostatistics for engineers and earth scientists, Springer
Science & Business Media.

Palci, F., Fraser, A. J.,, Neumaier, M., Goode, T., Parkin, K., and Wilson, T.,
2020, Shale oil and gas resource evaluation through 3D basin and petroleum
systems modelling: a case study from the East Midlands, onshore UK: Petroleum
Geoscience, v. 26, p. 525-543.

Partanen, A. -1., Kokkola, H., Romakkaniemi, S., Kerminen, V. -M., Lehtinen,
K. E. J., Bergman, T., Arola, A., and Korhonen, H., 2012, Direct and indirect
effects of sea spray geoengineering and the role of injected particle size: Journal
of Geophysical Research: Atmospheres, v. 117.

Pavici¢, 1., Dragicevig, L., and Ivkig, 1., 2018, High-resolution 3D geological model
of the bauxite-bearing area Crvene Stijene (Jajce, Bosnia and Herzegovina) and
its application in ongoing research and mining: Geological Quarterly, v. 62.

Perrin, M., Zhu, B., Rainaud, J. -F.,, and Schneider, S., 2005, Knowledge-
driven applications for geological modeling: Journal of Petroleum Science and
Engineering, v. 47, p. 89-104.

Popova, O. H., Small, M. J., McCoy, S. T., Thomas, A. C., Karimi, B., Goodman,
A., and Carter, K. M., 2012, Comparative analysis of carbon dioxide storage
resource assessment methodologies: Environmental Geosciences, v. 19, p. 105-
124.

Poux, B., Gunnarsdottir, S. H., and O’Brien, J., 2018, 3-D Modeling of the
Hellisheidi Geothermal Field, Iceland, using Leapfrog: GRC Transactions, v. 42,
p. 19.

125



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

Pyrcz, M. J., and Deutsch, C. V., 2014, Geostatistical reservoir modeling, Oxford
university press, 433 p.

Queiroz, J. C. B., Vieira, T. O., Arayjo, P. P, Matos, F. A., Amin, M. M., and
Salame, C. W., 2017, Three-dimensional geostatistical estimation of soil units: A
case study from Capitao Pocinho, Para, Brazil: Soils and Rocks, v. 40, p. 187-194.

Richardson, M. A. -A., and Tassinari, C. C. G., 2019, Total organic carbon,
porosity and permeability correlation: A tool for carbon dioxide storage
potential evaluation in Irati Formation of the Parana Basin, Brazil: Energy and
Environmental Engineering, v. 13, p. 602-606.

Rivoirard, J., 1994, Introduction to disjunctive kriging and non-linear geostatistics:
New York, Oxford University Press.

Rivoirard, J., Freulon, X., Demange, C., and Lécureuil, A., 2014, Kriging,
indicators, and nonlinear geostatistics: Journal of the Southern African Institute
of Mining and Metallurgy, v. 114, p. 245-250.

Rocha, H. V., Mendes, M., Pereira, Z., Rodrigues, C., Fernandes, P., Lopes, G.,
Sant’Anna, L. G., Tassinari, C. C. G., and Lemos de Sousa, M. J., 2020, New
palynostratigraphic data of the Irati (Assisténcia Member) and the Corumbatai
formations, Parana Basin, Brazil, and correlation with other south American
basins: Journal of South American Earth Sciences, v. 102, p. 102631.

Rockett, G. C., Machado, C. X., Ketzer, J. M. M., and Centeno, C. 1., 2011, The
CARBMAP project: Matching CO- sources and geological sinks in Brazil using
geographic information system: Energy Procedia, v. 4, p. 2764-2771.

Rodosta, T. D., Litynski, J. T., Plasynski, S. 1., Hickman, S., Frailey, S., and
Myer, L., 2011, U. S. Department of energy’s site screening, site selection, and
initial characterization for storage of CO: in deep geological formations: Energy
Procedia, v. 4, p. 4664-4671.

Rossi, M. E., and Deutsch, C. V., 2013, Mineral resource estimation, Springer
Science & Business Media.

Salazar, F. J. T., Mclnnes, C. R., and Winter, O. C., 2016, Intervening in Earth’s
climate system through space-based solar reflectors: Advances in Space Research,
v. 58, p. 17-29.

Salter, S., Sortino, G., and Latham, J., 2008, Sea-going hardware for the cloud
albedo method of reversing global warming: Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, v. 366, p.
3989-4006.

126



Use of 3D Modelling in the CO, Geological Storage, Possible Applications for Parand and Santos Basins

Santarosa, C. S., Crandall, D., Haljasmaa, 1. V., Hur, T. -B., Fazio, J. J,
Warzinski, R. P., Heemann, R., Ketzer, J. M. M., and Romanov, V. N., 2013, CO:
sequestration potential of Charqueadas coal field in Brazil: International Journal
of Coal Geology, v. 106, p. 25-34.

Savchenko, V. V., Pasko, A. A., Okunev, O. G., and Kunii, T. L., 1995, Function
Representation of Solids Reconstructed from Scattered Surface Points and
Contours: Computer Graphics Forum, v. 14, p. 181-188.

Schaaf, A., de la Varga, M., Wellmann, F., and Bond, C. E., 2020, Constraining
stochastic 3-D structural geological models with topology information using
Approximate Bayesian Computation using GemPy 2.1: Geosci. Model Dev.
Discuss., v. 2020, p. 1-24.

Schetselaar, E., Pehrsson, S., Devine, C., Lafrance, B., White, D., and Malinowski,
M., 2016, 3-D geologic modeling in the Flin Flon mining district, Trans-Hudson
orogen, Canada: Evidence for polyphase imbrication of the Flin Flon-777-
Callinan volcanogenic massive sulfide ore system: Economic Geology, v. 111, p.
877-901.

Shogenov, K., Forlin, E., and Shogenova, A., 2017, 3D Geological and
Petrophysical Numerical Models of E6 Structure for CO- Storage in the Baltic
Sea: Energy Procedia, v. 114, p. 3564-3571.

Smith, M., Campbell, D., Mackay, E., and Polson, D., 2011, CO:2 aquifer storage
site evaluation and monitoring: Understanding the challenges of CO- storage:
results of the CASSEM project: Heriot-Watt University, Edimburgh, Scottish
Carbon Capture and Storage (SCCS).

Spencer, L. K., Bradshaw, J., Bradshaw, B. E., Lahtinen, A. -L., and Chirinos, A.,
2011, Regional storage capacity estimates: Prospectivity not statistics: Energy
Procedia, v. 4, p. 4857-4864.

Stoch, B., Anthonissen, C. J., McCall, M. J., Basson, 1. J., Deacon, J., Cloete,
E., Botha, J., Britz, J., Strydom, M., Nel, D., and Bester, M., 2018, 3D implicit
modeling of the Sishen Mine: new resolution of the geometry and origin of Fe
mineralization: Mineralium Deposita, v. 53, p. 835-853.

Stoyan, D., Kendall, W. S., and Mecke, J., 1987, Stochastic geometry and its
applications: New York, John Wiley & Sons.

Strebelle, S., 2002, Conditional Simulation of Complex Geological Structures
Using Multiple-Point Statistics: Mathematical Geology, v. 34, p. 1-21.



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

Thornton, J. M., Mariethoz, G., and Brunner, P., 2018, A 3D geological model
of a structurally complex Alpine region as a basis for interdisciplinary research:
Scientific Data, v. 5, p. 180238.

Trentin, F. A., Lavina, E. L. C,, Silveira, A. S. d., Engelke da Silva, V., Lopes,
S. R. X,, Lopes, A. A. d. O., and Faccion, J. E., 2019, 3D stratigraphic forward
modeling of an ancient transgressive barrier system: A case study of accuracy
and sensitivity: Marine and Petroleum Geology, v. 109, p. 675-686.

Turner, A. K., 2006, Challenges and trends for geological modelling and
visualisation: Bulletin of Engineering Geology and the Environment, v. 65, p.
109-127.

Vasilis, S., J, H. L., and R, T. H., 2018, Carbon sequestration potential of the
South Wales Coalfield: Environmental Geotechnics, v. 5, p. 234-246.

Vidal-Gilbert, S., Nauroy, J. -F., and Brosse, E., 2009, 3D geomechanical
modelling for CO:2 geologic storage in the Dogger carbonates of the Paris Basin:
International Journal of Greenhouse Gas Control, v. 3, p. 288-299.

Visioni, D., Pitari, G., and Aquila, V., 2017, Sulfate geoengineering: a review
of the factors controlling the needed injection of sulfur dioxide: Atmos. Chem.
Phys., v. 17, p. 3879-3889.

Vo Thanh, H., Sugai, Y., Nguele, R., and Sasaki, K., 2019, Integrated workflow
in 3D geological model construction for evaluation of CO: storage capacity of a
fractured basement reservoir in Cuu Long Basin, Vietnam: International Journal
of Greenhouse Gas Control, v. 90, p. 102826.

Vollgger, S. A., Cruden, A. R., Ailleres, L., and Cowan, E. J., 2015, Regional dome
evolution and its control on ore-grade distribution: Insights from 3D implicit
modelling of the Navachab gold deposit, Namibia: Ore Geology Reviews, v. 69,
p. 268-284.

Wang, C., Wang, G., Liu, J., and Zhang, D., 2019, 3D geochemical modeling for
subsurface targets of Dashui Au deposit in Western Qinling (China): Journal of
Geochemical Exploration, v. 203, p. 59-77.

Wang, G., Li, R, Carranza, E. J. M., Zhang, S., Yan, C., Zhu, Y., Qu, J., Hong, D.,
Song, Y., Han, J., Ma, Z., Zhang, H., and Yang, F., 2015, 3D geological modeling
for prediction of subsurface Mo targets in the Luanchuan district, China: Ore
Geology Reviews, v. 71, p. 592-610.

128



Use of 3D Modelling in the Co, Geological Storage, Possible Applications for Parand and Santos Basins

Wang, G., Zhang, S., Yan, C., Song, Y., Sun, Y., Li, D., and Xu, F., 2011, Mineral
potential targeting and resource assessment based on 3D geological modeling in
Luanchuan region, China: Computers & Geosciences, v. 37, p. 1976-1988.

Wellmann, F., and Caumon, G., 2018, Chapter One - 3-D Structural geological
models: Concepts, methods, and uncertainties, in Schmelzbach, C., ed., Advances
in Geophysics, 59, Elsevier, p. 1-121.

Weniger, P., Kalkreuth, W., Busch, A., and Krooss, B. M., 2010, High-pressure
methane and carbon dioxide sorption on coal and shale samples from the Parana
Basin, Brazil: International Journal of Coal Geology, v. 84, p. 190-205.

Williamson, P., Wallace, D. W. R., Law, C. S., Boyd, P. W., Collos, Y., Croot, P.,
Denman, K., Riebesell, U., Takeda, S., and Vivian, C., 2012, Ocean fertilization
for geoengineering: A review of effectiveness, environmental impacts and

emerging governance: Process Safety and Environmental Protection, v. 90, p.
475-488.

Xiang, Z., Gu, X., Wang, E., Wang, X., Zhang, Y., and Wang, Y., 2019, Delineation
of deep prospecting targets by combining factor and fractal analysis in the
Kekeshala skarn Cu deposit, NW China: Journal of Geochemical Exploration, v.
198, p. 71-81.

Xie, Y., Cullick, A. S., and Deutsch, C. V., 2001, Surface-Geometry and Trend
Modeling for Integration of Stratigraphic Data in Reservoir Models.

Xu, W., and Journel, A. G., 1993, GTSIM: gaussian truncated simulations of
reservoir units in a W. Texas carbonate field: SPE, v. 27412, p. 3-6.

Yuan, F,, Li, X., Zhang, M., Jowitt, S. M., Jia, C., Zheng, T., and Zhou, T., 2014,
Three-dimensional weights of evidence-based prospectivity modeling: A case
study of the Baixiangshan mining area, Ningwu Basin, Middle and Lower

Yangtze Metallogenic Belt, China: Journal of Geochemical Exploration, v. 145,
p. 82-97.

Zhong, Z., and Carr, T. R., 2019, Geostatistical 3D geological model construction
to estimate the capacity of commercial scale injection and storage of CO: in
Jacksonburg-Stringtown oil field, West Virginia, USA: International Journal of
Greenhouse Gas Control, v. 80, p. 61-75.

129








