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ABSTRACT

Ontology is the logical theory that accounts for a domain’s vocabulary intended meaning,
which allows us to develop computational artifacts that explicitly and formally define the
conceptualization associated with a particular set of vocabulary inside a domain. This
master thesis presents the result of the ontological analysis of the terminology adopted
in sedimentological studies and proposes a domain ontology to support the description
of deep-marine depositional system geological occurrences. The domain in focus is of
special interest primarily because of its economic importance: deep-marine deposits con-
stitute the main type of petroleum reservoir explored nowadays in the world. Further on,
the task in focus demands new approaches in conceptual modeling methodologies because
the available terminology describes an interpretation of the studied occurrences instead of
a rational description of the visually recognized objects. The ontological substrate helps
in choose and define the precise vocabulary requested for the descriptive capturing of
data. Therefore, the project aimed to collect and disambiguate the Geology terminology
to describe reservoir occurrences in deep-marine depositional systems and build a do-
main ontology for reservoir description: the GeoReservoir. A team of professional reser-
voir geologists supported the knowledge acquisition process. We developed the ontology
in iterative steps from an initial prototype to a complete taxonomy of entities, relations,
and qualities, increasingly refined by the experts. The process implied the specialization
of the concepts of two previously existent upper-level ontologies to build GeoReservoir:
the Basic Formal Ontology (BFO) and the GeoCore ontology. This preexisting frame-
work provided us the necessary structure and organization to focus our analysis in the
domain, reducing the development effort. The resulting ontology includes a taxonomy of
sedimentary units, lithologies, geological structures, and contact types. This ontology is
complemented by a spatial relations ontology that formalizes the mereotopological rela-
tions of the described geological objects. The geological occurrences of Karoo turbidites
in South Africa offer the data of a case study for testing and initial validation of the pro-
posed ontology. The ontology is under continuous expansion through the inclusion of
terminology for other depositional environments. A public accessible repository stores an

implemented version of the model and the application case study.

Keywords: Ontology. Artificial intelligence. Deep-marine depositional system. Tur-

bidite. Petroleum reservoir. Geology.



GeoReservoir: Uma Ontologia para a Descricao de Sistemas Deposicionais

Marinhos Profundos

RESUMO

Ontologia € a teoria légica que contempla o significado pretendido do vocabulario de um
dominio, permitindo o desenvolvimento de artefatos computacionais que definem a con-
ceitualizac@o associada ao vocabuldrio de maneira explicita e formal. Esta dissertacao de
mestrado apresenta o resultado da andlise ontoldgica da terminologia adotada em estudos
de sistemas deposicionais marinhos profundos e propde uma ontologia de dominio para
suportar a descri¢@o destas ocorréncias geoldgicas. O dominio em foco € de especial inte-
resse por conta de sua importancia econdmica: depdsitos marinhos profundos constituem
o principal tipo de reservatdrio de petrdleo nos dias atuais. Além disto, a tarefa em foco
demanda novas abordagens em modelagem conceitual porque a terminologia disponivel
descreve uma interpretacdo das ocorréncias estudadas ao invés de uma descricdo racional
dos objetos visualmente reconhecidos. O substrato ontologico auxilia na escolha e defini-
cdo precisa do vocabuldrio necessario para a captura descritiva dos dados. Sendo assim,
0 projeto teve como objetivo a captura e desambiguacdo de termos geoldgicos utilizados
para descrever ocorréncias de reservatdrios e o desenvolvimento de uma ontologia de do-
minio: a GeoReservoir. Este projeto contou com o suporte de um time de gedlogos de
reservatorio profissionais. A ontologia foi desenvolvida em passos iterativos, desde um
protétipo inicial até uma taxonomia completa de entidades, relagdes e qualidades, refina-
dos de forma incremental pelos especialistas. O processo implicou na especializacdo dos
conceitos de duas ontologias previamente existentes: a Basic Formal Ontology (BFO) e
a ontologia GeoCore. Este arcaboucgo preexistente proveu a estrutura e organizagao ne-
cessarios para manter o foco da andlise no dominio de interesse, reduzindo o esforco de
desenvolvimento. A ontologia resultante inclui uma taxonomia de unidades sedimenta-
res, litologias, estruturas geoldgicas e tipos de contatos. Esta ontologia € complementada
por uma ontologia de relacdes espaciais que formaliza as relacdes mereotopoldgicas dos
objetos geoldgicos descritos. Este trabalho inclui um estudo de caso para teste e validagao
inicial da ontologia proposta. A ontologia estd sob expansdo continua através da inclusao

das terminologias de outros ambientes deposicionais.

Palavras-chave: Ontologia. Inteligéncia artificial. Sistema deposicional marinho pro-

fundo. Turbidito. Reservatério de petréleo. Geologia.
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1 INTRODUCTION

Deep-marine sandstone deposits are among the most relevant types of hydrocar-
bon reservoirs around the world (BRUHN et al., 2003; SULLIVAN et al., 2004; MAR-
TINSEN; LIEN; JACKSON, 2005). Much of the knowledge on these deposits is gath-
ered from observation and interpretation of seismic data, calibrated by smaller-scale and
higher-resolution well core and analogous outcrop data. This method is used due to the
inaccessibility and large spatial scale of the sedimentary bodies that compose the deposits
(ARNOTT, 2010).

As the petroleum industry’s demand accelerated over the past decades, large vol-
umes of geological data had been created for different usages and purposes (QU, 2020).
While geologists investigated the data, they began to identify recurring features in dis-
tinct datasets and developed conceptual models, which were intended to help evaluate
the geometry, architecture, and stacking pattern of most deep-marine deposits around
the world, further enhancing the characterization and prediction of petroleum reservoirs
(SPRAGUE et al., 2005; MORAES; BLASKOVSKI; PARAIZO, 2006; MCHARGUE et
al., 2011; CULLIS et al., 2019; LE BOUTEILLER et al., 2019). However, variations in
terminology and criteria applied to classify sedimentary bodies in distinct models became
a hindrance in studying deep-marine deposits (CULLIS et al., 2018).

Comparing geological data from studies that commit to distinct models and even
sharing knowledge between geologists from different schools or research interests is a
common challenge in petroleum exploration. The geological language is not the result of
logical evolution but a natural language that rose from many subjective concepts. Such
a language is often ambiguous and misleading for those who do not master it (ABEL;
PERRIN; CARBONERA, 2015; GARCIA et al., 2020). For example, in deep-marine
depositional systems, a channel can be either a conduit for sediment currents or a deposi-
tional unit consisting of the consolidated sediments that fill a conduit.

This problem becomes especially evident when one intends to develop specialized
software applications to capture and interpret reservoir data. Such an application needs to
integrate heterogeneous data from different sources, while computers require a clear and
unambiguous vocabulary and uniform data format to process and interpret large volumes
of geological data using data analysis techniques. Geologists and scholars can depict the
domain language semantics with some effort analyzing the context and combining with

it previous knowledge, but computers cannot do that. To make this geological language
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processable, it is necessary to build a formal vocabulary that is not open to more than one
interpretation (GARCIA et al., 2020). Such an explicit terminology would allow a more
fluid development of specialized systems and Al models for applications such as reservoir
visualization, pattern determination, analogous search, and many others.

This kind of application scenario in geological information systems is discussed
by Abel, Perrin and Carbonera (2015), who claim that the interpretation heterogeneity in
Geosciences can be amended using ontologies to analyze the conceptual models behind
systems, geological reports, and languages. Furthermore, an empirical study conducted
by Verdonck et al. (2019) demonstrated that conceptual modeling aided by ontology foun-
dations makes novice modelers produce higher quality models than traditional methods
and tools such as ER, UML, and others, especially when dealing with challenging and
ambiguous aspects of the modeled domain. The use of ontologies leads modelers to rea-
son more carefully about the domain and its classification in terms of concepts and their
underlying relationships, making the models more suitable and truthful to a set of phe-
nomena (VERDONCK et al., 2019).

In Computer Science, an ontology is a computational artifact built to formally
organize and represent the structure of a domain of interest. An ontology takes the benefit
of having philosophical foundations and making entities and relations explicit to describe
their intended meaning and represent the worldview of a given community of stakeholders
(STUDER; BENJAMINS; FENSEL, 1998; GUARINO; OBERLE; STAAB, 2009).

An ontology is composed of all the entities and relations of interest in a given
domain. In the ontological sense, an entity represents a concept, which abstracts the
necessary conditions that an instance must hold to match it in terms of properties and
relations (GUIZZARDI, 2005). For example, a Rock concept would abstract properties
and relations like being hard and constituted by minerals or biological matter. As so, an
ontology is a suitable tool to describe the concepts behind terminologies in challenging

domains such as Geology.

1.1 Objectives

This thesis’s main objectives are to describe the GeoReservoir domain ontology
development and to guide its usage. GeoReservoir is an ontology supporting the descrip-

tion of deep-marine deposits’ geometry and lithology, which we put available for reuse’.

I <https://github.com/BDI-UFRGS/GeoReservoirOntology>
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This research covers the ontology development process and the domain ontology’s main
structural definitions. This approach’s final goal is to allow the petroleum exploration
team to populate a database of reservoir occurrences able to be compared and analyzed
under a uniform reference view, without possible contamination of geological school of
thought or interpretation tendencies. Although GeoReservoir’s terminology embodies the
domain semantics in a human view, it is intended to facilitate computer processing on ge-
ological occurrence data, which requires some level of simplification and uniformization
over the collected data. We demonstrate our approach by defining the set of concepts on
turbidite siliciclastic deposits, even though the semantic structure is intended to support
the definition of all types of marine and lacustrine reservoir systems.

This ontology provides formal and clear definitions for describing the main geo-
metric elements and lithologies detected in reservoir studies in outcrop and seismic study
scales. We based our approach on the material philosophical perspective provided by
the Basic Formal Ontology (BFO), which offers the basis for the representation of con-
crete entities (ARP; SMITH; SPEAR, 2015), and the GeoCore ontology, that derives the
BFO perspective providing the definition of material entities that compound the main
framework of geological substrates (GARCIA et al., 2020). These geological definitions
provided by GeoCore include geological bodies, the earth materials that constitute them,
their internal structure, the boundaries that separate one body from its adjacent bodies, and
the types of contact that can be found between the bodies. We follow the same philosoph-
ical view and specialize these entities to offer a formal terminology defining the material
endurants of reservoir geological occurrences. This aspect of our approach also allows
us to envisage the GeoReservoir ontology integration with other ontologies that will be
developed in the future extending GeoCore as well.

At this stage, the GeoReservoir ontology supports the description of any deep-
marine channel and lobe system occurrence in all of its variations. To develop this ontol-
ogy, we extensively reviewed the literature of deep-marine deposits and previous system-
atization projects of sedimentary deposit analysis. We also have counted on the support
of experts with broad expertise in outcrop description and seismic interpretation for reser-
voir characterization in petroleum companies. In the future, the GeoReservoir ontology
is intended to incorporate terminology from all depositional environments.

We orient our work through a philosophical view of considering Geology as a de-
scriptive science, refusing, as much as possible, to adopt the hypothesis-driven approach

that geologists use to analyze the geological occurrences. For example, Shanmugam
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(2002) defines a turbidite as a sediment deposited by a turbidity current. Even though
experts can simulate a turbidity current in research laboratories, it is not possible to see
sediments and sedimentary rocks being formed by turbidity currents in nature because
these processes take thousands or millions of years to happen. Geologists infer these
processes based on their observations, adopting the most probable causes as the generat-
ing processes. Being so, we aim to capture the information as it is objectively described
by the geologists independently of the sedimentary process interpretation, making it the
most independent of tasks as possible. As there is greater agreement about the description
than the interpretation, this descriptive focus favors integration and leverages data reuse
potential.

As an initial research step to support future work such as a database of reservoir
occurrence descriptions, this work has an exploratory focus. In other words, we do not
validate any hypothesis here. The GeoReservoir ontology’s actual benefits will take place
in the future as applications will be developed using this ontology as their conceptual
basis. Nevertheless, we probe the terminology’s adequacy and truthfulness to reality by
conducting a case study in which we describe a geological instance of deep-marine de-
posits using the GeoReservoir ontology. This instance, initially described by Hodgson
et al. (2011), comprises two submarine channel-levee systems in the Karoo Basin that
cropped out near Laingsburg, South Africa. It is used as an analogous in many deep-
marine depositional system studies, configuring a suitable case for ontology application.

Besides building a domain ontology for deep-marine depositional systems, this
work’s inspiration is to show how ontological foundations can help us build high-quality
conceptual models for a complex domain like Geology, which features an elevated level of
terminological ambiguity and many language pitfalls. As conceptual modelers, we aspire
to encourage the community to use ontologies in other complex modeling cases that arise

in a wide variety of domains.

1.2 Thesis structure

This thesis is organized as follows:

e In Chapter 2, we describe the knowledge domain covered by this work in detail;

e In Chapter 3, we review other approaches to describe and integrate deep-marine

depositional system knowledge and geological data in general;
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In Chapter 4, we study the necessary ontological foundations for this work’s com-

prehension, as well as we summarize the BFO and GeoCore ontologies;

In Chapter 5, we present the methods and tools that we used to develop the Geo-

Reservoir ontology, as well as the ontology itself;

In Chapter 6, we present the case study in which we applied the GeoReservoir to

describe a part of a deep-marine depositional system;
In Chapter 7, we discuss and validate our approach’s benefits and limitations;

In Chapter 8, we conclude this thesis and show some future work perspectives.
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2 APPLICATION DOMAIN

In this chapter, we describe the knowledge domain that this thesis covers. We
present the main concepts that geologists use to describe deep-marine depositional sys-
tems. These concepts are scattered in several Geology branches, such as Sedimentology,
Stratigraphy, and Petrology (NICHOLS, 2009). The knowledge in these branches is ap-
plied to depositional systems in general. However, here we describe the most common
geological terms used to characterize deep-marine instances, keeping a descriptive focus
instead of reviewing the sedimentary process interpretations available in the literature.
Besides, this terminology covers the deep-marine deposit description at outcrop and seis-
mic section scale, which constitutes this work’s focus but can be extended in the future

(Figure 2.1).

2.1 Deep-marine depositional systems

Deep-marine depositional systems (Figure 2.2) are groups of sedimentary bod-
ies typically formed in continental slopes (ARNOTT, 2010). As mentioned before, the
study of these deposits relies on several branches of Geology, such as Sedimentology,
Stratigraphy, and Petrology. Sedimentology is the discipline concerned with studying the
conditions in which the sediments and sedimentary rocks form, Stratigraphy is concerned
with investigating the succession of sedimentary rock layers, and Petrology is concerned
with examining the overall characteristics of rocks (NICHOLS, 2009). Another signif-
icant branch is Geophysics, as seismic imaging is essential due to the deposits’ poor
accessibility (ARNOTT, 2010).

Geologists recognize and individualize sedimentary bodies according to their ge-
ometries and facies (MUTTI; NORMARK, 1987; PICKERING et al., 1995). Geome-
tries are the three-dimensional shapes of sedimentary bodies whose identification requires
the delimitation of bounding surfaces or unconformities, where facies change abruptly
(PICKERING et al., 1995). Facies are combinations of features that bestow an aspect of
the sedimentary body (WALKER; JAMES, 1992; DALRYMPLE, 2010). As these fea-
tures usually have genetic significance, we focus on the facies’ descriptive part. In this
context, the features include sedimentary rock type, sedimentary structures such as planar

or cross-stratification, bed thickness, and others (NICHOLS, 2009).
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Figure 2.1 — An illustration of some observation scales in Geology. This work focuses on
descriptions made in the outcrop and seismic section scale.

. Outcro/
oty 385 Seismic
Thin section

10°

size (meters)

Source: modified from Della Favera (2001) and Jarna et al. (2015)

Figure 2.2 — An overview of deep-marine depositional systems. Labels indicate some of the most
significant sedimentary bodies that compose these systems.

Source: modified from Posamentier and Walker (2006)
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Figure 2.3 — A schematic representation of a channel with adjacent levees in a cross-section view.
Yellow represents sand-rich sediments, green represents mud-rich sediments, brown represents

mud-clast-rich sediments, and gray represents pre-existing sediments.
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2.1.1 Sedimentary body types

Sedimentary bodies are classified based on the geometries and typical sedimentary
facies found in deep-marine depositional systems. Some of the most common sedimen-
tary body types are illustrated and labeled in Figure 2.2 and defined in the following.

A channel (Figure 2.3) is an elongated sedimentary body consisting of a concave-
up basal surface and the sediments or sedimentary rocks that fill it (CULLIS et al., 2019).
Individual channels feature dimensions that typically vary, with some uncertainty, from
widths between 100 and 300 meters and thicknesses around 10 meters. These channels
stack to form channel systems!, which constitute one of the most common types of hy-
drocarbon reservoirs found in deep-marine sedimentary environments (MCHARGUE et
al., 2011).

As depicted in Figure 2.3, channel fills are usually organized in three regions: axis,
off-axis, and margin. In the literature, the aggregation of the sedimentary facies usually
found in each region is called a “facies association™?. The axis association is found at
the thickest part of the channel, has thicker beds than the other associations, and has
the highest sand concentration. The margin association, on the other hand, has thinner
beds and the lowest concentration of sand. The off-axis association has intermediate
characteristics in these terms (MCHARGUE et al., 2011).

A lobe is a lobate-shaped sedimentary body having a lobate shape from above

ISee Section 2.1.2. “Channel system” shall not be confounded with “depositional system”, which is the
entire group of sedimentary bodies.

2“A group of sedimentary facies that are used to define a particular sedimentary environment.”
Auvailable at <https://www.encyclopedia.com/science/dictionaries-thesauruses- pictures-and-press-releases/
facies-association-0> . Accessed at 29 dec. 2020.


https://www.encyclopedia.com/science/dictionaries-thesauruses-pictures-and-press-releases/facies-association-0
https://www.encyclopedia.com/science/dictionaries-thesauruses-pictures-and-press-releases/facies-association-0
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and a lens-shaped cross-section, found at some laterals, terminus, or isolated (POSA-
MENTIER; WALKER, 2006). Lobes are much wider and less thick than channels. Such
as occur with channels, the sediments that constitute lobes are organized in three facies
associations: axis, off-axis, and fringe (cf. channel axis, off-axis, and margin).

A levee 1s a wedge or wing-shaped sedimentary body laterally adjacent to a chan-
nel. Generally, levees are found in the most distal parts of the channel systems, i.e., in the
region closer to the lobes, which is considered the end of the depositional systems. In the
proximal parts, channels are more erosional instead of leveed because they typically form
inside canyon walls (see Figure 2.2). As the channels go down on the slopes, the levees
become more prominent in a gradual way (ARNOTT, 2010; MCHARGUE et al., 2011).

An overbank deposit is a sedimentary body with geometries such as lobate and
waveform and found at the overbank area, i.e., a laterally-adjacent area around a channel.
This type of sedimentary body includes sediment waves, crevasse splays, among other
particular bodies. Crevasse splay is a lobate-shaped body that, differently from lobes, is
found at the lateral of channel-levee complexes, starting from some point of rupture that
passes through a levee. On its hand, a sediment wave is more isolated from its associated
channel, as if the sediment flow that generated the channel fill is supposed to pass over
the levee (POSAMENTIER; WALKER, 2006).

A mass transport deposit (MTD) is a sedimentary body with an irregular top sur-
face, a chaotic internal structure, and constituted by sediments or sedimentary rocks that
were rapidly remobilized and redeposited on the seafloor (POSAMENTIER; MARTIN-
SEN, 2011). As these bodies can show a wide variety of geometries and lithological
features, this term is more related to process interpretation than descriptive features. Nev-
ertheless, MTD bodies are very relevant in deep-marine studies to provide information on

hydrocarbon production potential (LE BOUTEILLER et al., 2019).

2.1.2 Hierarchical classifications

Channel and lobe bodies can be nested in increasingly larger bodies. Geologists
assign hierarchical classifications to indicate the bodies’ spatial order (SPRAGUE et al.,
2005; CULLIS et al., 2018). In the geomorphological sense, these bodies are found
stacked and nested in a fractal-like way, e.g., individual channels stack to form a complex
and bigger body that also features a channel geometry (see Figure 2.4). There exists a

wide variety of hierarchical classifications in the literature, and distinct classifications
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Figure 2.4 — A hierarchical classification scheme for channels. This classification can also be
analogously applied to lobes.

Channel complex system

Source: Modified from Sprague et al. (2005) and Cullis et al. (2018)

are not necessarily interchangeable because of variations in the criteria used to classify
sedimentary bodies (CULLIS et al., 2018).

The classification depicted in Figure 2.4 is defined by Sprague et al. (2005) and
amended by McHargue et al. (2011). It includes the following terms: channel/lobe ele-
ment, channel/lobe complex, channel/lobe complex set, and channel/lobe complex sys-
tem. In such a classification, a system is composed of at least two complex sets, which
are composed of at least two complexes, which are composed of at least two elements.
There exist spatially smaller hierarchical scales such as channel/lobe storey, bed, and
lamina (SPRAGUE et al., 2005; MCHARGUE et al., 2011). However, we do not address
hierarchical scales smaller than elements in this work because it is intended to support
the description of sedimentary bodies at outcrop and seismic section scales, which cover
from elements to complex systems. Nonetheless, one can extend this work in the future

for description in more detailed scales.

2.2 An instance of deep-marine depositional system

The work of Hodgson et al. (2011) describes an outcrop of a deep-marine depo-

sitional system found in an area near the city of Laingsburg, South Africa (Figure 2.5).
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Figure 2.5 — A drawing over satellite images representing the Karoo deposits outcrop (A) near
Laingsburg, South Africa (B). The deposits’ location is approximate.
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Source: edited by the author using supplementary data from Hodgson et al. (2011) and
Google Maps images <https://www.google.com/maps>.

This outcrop features two seismic-scale channel-levee systems (named Units C and D)
contained in the Karoo Supergroup, whose rocks cover almost two-thirds of the southern
African land surface®. In the study of Hodgson et al. (2011), the authors present a corre-
lation panel (Figure 2.6) built using data collected from more than two hundred measured
sections and detailing the actual bodies’ geomorphological and lithological features.

The Karoo Basin evolved from Permian to Triassic as a result of the subsidence
of a retroarc region. In the Laingsburg depocentre, a 1.4 km thick Permian prograda-
tional basin floor to upper slope succession is well exposed and is being the object of

several stratigraphic studies. The main lithostratigraphic units are: (1) close channel-

3 Available at <https://en.wikipedia.org/wiki/Karoo_Supergroup>. Accessed at 10 jan. 2021.


https://www.google.com/maps
https://en.wikipedia.org/wiki/Karoo_Supergroup
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Figure 2.6 — The correlation panel featuring the representation of the channel-levee systems
described in this section. The detailed panel is available in the source. The red rectangle outlines
the part of the channel-levee system that we use in this work’s case study.

Source: Hodgson et al. (2011)

ized facies with cross-cutting erosion surfaces overlain by mudstone clast conglomerates,
amalgamated fine-grained sandstones, mass-flow deposits (chaotic and folded strata), and
thin-bedded ripple laminated beds that locally fine and thin onto erosion surfaces; and (2)
non-channelized facies comprising mudstones, tabular, planar laminated siltstones, and
climbing ripple laminated very fine and fine-grained sandstones. The basal datum for
the sedimentary logs is a thin but extensive fine-grained sandstone unit overlain by mud-
stone. The whole site shows occurrences of a complex of channels, with the presence of
an external levee and a lobe in the basal part (HODGSON et al., 2011).

Part of this data is used in this work in a case study to evaluate the GeoReservoir
ontology adequacy and truthfulness (see Figure 2.6). We describe this subset with a higher
detail level in Chapter 6.

2.3 Discussion about the domain terminology characteristics

It is a complex task to establish a standard reference to the knowledge in deep-
marine depositional systems due to the variety of terminologies available in the literature,
representing different views about the domain entities (ABEL; PERRIN; CARBONERA,
2015; CULLIS et al., 2018). As so, it is essential to distinguish and classify the termi-
nology in two categories: descriptive and interpretative terms. Descriptive terms repre-
sent abstractions of visual and spatial aspects that geologists perceive in the sedimentary
bodies, referring to the entities that exist when observed. Interpretative terms represent
abstractions of processes that generate and modify these bodies, referring to entities that
occurred or existed in the past (CARBONERA, 2012). An example of a descriptive term
is “thin-bedded sandstone”, which is based entirely on what the specialists observe in the
geological field. On the other hand, “turbidity current” is an example of an interpretative

term because geologists assume that some portion of rock was generated by a turbidity
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current by observing that portion’s descriptive features, e.g., an instance of the Bouma
sequence (BOUMA, 1962).

Such interpretations are hypothesis-driven and can evolve over time. This is why it
is crucial to address the correct definition and storage of descriptive data when designing
a geological information system. If some stored data is based on an interpretation, it is
impossible to re-evaluate this interpretation when it becomes obsolete at some moment
or when some geologist disagrees with it. On the other hand, storing the descriptive
data in which an interpretation is based allows multiple evaluations. Such an approach
leverages the data integration potential because there exists a higher level of agreement
in descriptive knowledge than in interpretative knowledge, making it much more feasible
to integrate descriptive data between different systems and geological reports. For these
reasons, the present work focuses on separating and capturing the descriptive knowledge
contained in the literature.

In deep-marine deposit studies, some terms have unclear connotations concerning
this descriptive-versus-interpretative distinction. Terms such as “turbidite”, “debrite”, and
“MTD” present both descriptive and interpretative meaning. When a geologist refers
to some turbidite, he emphasizes the hypothetical fact that some portion of rock was
generated by a turbidity current. Even though this hypothesis is endorsed by a set of
descriptive features found in that portion of rock, the problem we address here is that these
terms emphasize interpreted sedimentary processes instead of descriptive sedimentary
characteristics.

Another relevant trait found in the domain terminology is the ambiguity presented
by some terms. For example, the term “channel” sometimes refers to the conduits where
sedimentary flows such as turbidity currents pass by and leave sediments that become
channel fills (MUTTI; NORMARK, 1987). Other times, this same term refers to the
channel fills and the surface where the sedimentation took place (i.e., their boundaries).
Even though the two concepts are related, they refer to distinct entities in ontological
terms. A computer application cannot deal with this ambiguity since the properties of the
two entities differ.

Besides ambiguity, there exists a variety of distinct terms that refer to the same
abstraction. For example, “channel fill” (SPRAGUE et al., 2005), “individual channel”
(MORAES; BLASKOVSKI; PARAIZO, 2006), and “channel element” (MCHARGUE
et al., 2011) refer to the same individual channelized sedimentary body that can stack to

form more complex and bigger channelized bodies. This characteristic also represents a
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challenge for computer application development since software or ontology engineers can
be misled to address the different terms as referring to distinct entities.

The terminological issues faced here were addressed by many works involving
computation and data analysis in Geology, e.g., Carbonera (2012), Abel, Perrin and Car-
bonera (2015), and Garcia et al. (2020). The novelty in the present work is that we con-
textualize these problems in deep-marine deposit studies. To our knowledge, there does
not exist a work that successfully addressed these problems in this domain at this thesis’s

publication date.

2.4 Final considerations

The application domain that is conceptually modeled in this work has many lan-
guage pitfalls, such as the cases of ambiguity, the variety of classifications, the lack of
a standard reference to the concepts, and the presence of interpretative meaning in the
terminology. These particularities are an obstacle for data integration and make modeling
these concepts a challenging task. This work is intended to ameliorate these issues by
building the GeoReservoir ontology, which defines these concepts in a standard, unam-
biguous and formal way, supporting the description of deep-marine depositional systems

instances and their further processing by computer applications.
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3 LITERATURE REVIEW

Extensive research has been done on conceptual models for deep-marine deposi-
tional systems, Sedimentology, and Geology in general in the last two decades, aiming
to achieve a uniform model for comparing reservoir data with the support of computer
applications. In this chapter, we systematically review these conceptual models. We have
selected the approaches that propose conceptual models for deep-marine depositional sys-
tems, especially turbidite deposits. We built our selection with studies in Stratigraphy,
Sedimentology, and Informatics that focus on the systematic description of the deposits
for further analysis by parametric search or artificial intelligence methods. These works
present distinct levels of formalization of the published conceptual models, but they all
contribute to raise and understand the main features that support reservoir geological in-
terpretation.

We compared these approaches according to some comparison criteria defined
according to the context and problem described in this thesis. The comparison criteria are

listed in the following:

e Focused on deep-marine: indicates whether the model focuses on deep-marine
channel and levee description. In the negative case, we consider that the model

describes Geology in a broad sense.

e Formal: indicates whether the model is readable for computers. Formal mod-
els can be integrated into software applications and artificial intelligence models

(STUDER; BENJAMINS; FENSEL, 1998).

e Has public repository: has at least one publicly available implementation persisted
in some standard format such as OWL, UML, RDF, and others. This aspect is
related with to intent to produce processable and reusable models.

e Descriptive: it is independent of geological process interpretation. To be consid-
ered descriptive, the model’s geological material entity definitions (e.g., rocks, rock
units, geological structures) should be comprehensible without needing to consult
the definitions of the geological process that are supposed to generate or modify
them. This distinction between descriptive and interpretative knowledge was dis-

cussed in Section 2.3.

e Analyzes metaproperties: the model analyzes at least one of the ontological metaprop-

erties mentioned in Chapter 4. Ontological metaproperty analysis is essential to
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Focused | Has All.gned
on ublic Descrip- Analyzes with a
Source p Formal . P meta- found-
deep- repo- tive . .
. . properties | ational
marine | sitory
ontology
SWEET
(2005) No Yes Yes No No No
Sprague et al.
(2005) Yes No No No No No
Moraes et al.
(2006) Yes No No No No No
GeoSciML
(2006) No Yes Yes Yes No No
Lorenzatti et al.
(2010) No No Yes Yes Yes Yes
McHargue et al.
2011) Yes No No No No No
Cullis et al.
(2019) Yes No Yes No No No
Le Bouteiller et al.
(2019) Yes No Yes Yes No No
Qu
(2020) Yes No Yes No Yes Yes

Source: the author

classify the entities according to what they are in reality and not to the geologists’
point of view (GARCIA et al., 2020).

o Aligned with foundational ontology: the model is aligned with some foundational
ontology such as BFO, UFO (GUIZZARDI, 2005), and others. Foundational on-
tology alignment eases integration with other ontologies and draws the benefits
from the conceptual and philosophical basis to the domain ontology (GUARINO;
OBERLE; STAAB, 2009; ARP; SMITH; SPEAR, 2015).

We list this comparison in Table 3.1 and detail each work in the following sections,

starting from the most relevant models for this thesis’s objectives.

3.1 An ontology for deep-marine depositional system interpretation

The master’s thesis in Geology presented by Qu (2020), which was developed

with our collaboration, proposes an ontology that formalizes the deep-marine depositional
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system concepts required for computer-assisted geological process interpretation. This
ontology features a systematic definition of the geological descriptions and interpreted
sedimentary processes in deep-marine settings, resting on the ontological foundations of
the BFO, GeoCore, and IAO ontologies, as well as taking advantage of the ontological
metaproperty analysis. Qu’s work intends to identify what are the required descriptions
to support sedimentary process interpretation and formally defines the entities needed for
the geological description.

Qu divides his ontology (Figure 3.1) into two main sections: general clastic de-
positional system and deep-marine clastic depositional system. The former is intended to
be applicable to any kind of depositional system, such as deep-marine, aeolian, shallow-
marine, fluvial, and deltaic, while the latter is focused on deep-marine. For all concepts’
complete definition, one should refer to Qu (2020). The GeoCore and BFO concepts
mentioned in the following are reviewed in detail in Chapter 4. In our work’s perspective,

some of the most relevant concepts in the general part of Qu’s ontology are:

e Sedimentary Rock: a GeoCore Rock constituted by a collection of grains and gen-

erated by some Sedimentary Process;

e Clastic Rock: a Sedimentary Rock constituted by a collection of grains originated

from a pre-existing Rock and generated by some Mechanical Process;

o Sedimentary Object: a GeoCore Geological Object constituted by some Sedimen-

tary Rock and generated by some Sedimentary Process;

e Clastic Unit: a Sedimentary Object constituted by some Clastic Rock;

e Clastic Complex: a Sedimentary Object composed of more than one Clastic Units;

e Depositional Unit: a Clastic Unit that is a member of a Depositional System;

e Depositional Complex: a Clastic Complex composed of more than one Depositional
Units;

e Depositional System: a BFO Object Aggregate whose members are genetically-
related Depositional Units;

e Sedimentary Structure: a GeoCore Geological Structure dependent on some Clastic
Unit that is the pattern of the internal arrangement of that unit and is generated by
some Sedimentary Process;

e Lithofacies: a BFO Generically Dependent Continuant dependent on some Clastic
Unit and concretized as multiple BFO Qualities of that unit and the GeoCore Rock

that constitutes it, such as Grain Size, Sorting, and Angularity;
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Figure 3.1 — Diagram depicting some of the most relevant concepts from the ontology of Qu
(2020). White boxes represent BFO and GeoCore concepts, while gray boxes represent the
concepts defined by the ontology. Arrows represent “subsumed by” (i.e., taxonomical) relations.
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e Geometry: a BFO Quality of some GeoCore Geological Object that describes its

external three-dimensional form;

Sedimentary Process: a GeoCore Geological Process that generates some Sedi-
mentary Rock, involving the deposition of a collection of grains from a pre-existing
rock, the cementation of mineral or organic particles, and the subsequent lithifica-

tion;

e Mechanical Process: a Sedimentary Process which erodes, transports, deposits, and

compacts a collection of grains from some pre-existing Rock, and having erosional

and depositional processes as temporal parts.

The deep-marine clastic depositional system, in its turn, features the following

concepts among the most relevant ones:

Deep-marine Depositional Unit: a Depositional Unit that is a member of a Deep-
marine Depositional System;

Deep-marine Depositional Complex: a Depositional Complex composed of more
than one Deep-marine Depositional Units;

Deep-marine Depositional System: a Depositional System located in the deep-
marine environment, which is over 200 m deep from the continental shelf edge
down to the basin floor;

Deep-marine Erosional Feature: a BFO Site confined by some GeoCore Rock,
having the function of a Deep-marine Conduit and generated by some Deep-marine
Gravity Driven Process;

Sediment Gravity Flow Deposit: a Deep-marine Depositional Unit generated by
some Sediment Gravity Flow;

Turbidite: a Sediment Gravity Flow Deposit generated by some Turbidity Current;
Channel: a Deep-marine Erosional Feature located on the relatively moderate-
gradient continental slope or basin floor and characterized by a concave-up shape
in transverse profile;

Deep-marine Conduit: a BFO Function of being a conduit for some Deep-marine
Gravity Driven Process and transporting a collection of grains;

Channel Element: a Deep-marine Depositional Complex with steady aggradation,
located in some Channel, and having a Geometry with “channel” nominal value;
Channel Complex: a Deep-marine Depositional Complex located in a Channel and

composed of more than one Channel Element;
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e Lobe Element: a Deep-marine Depositional Complex with steady aggradation, gen-
erated by some Deep-marine Gravity Driven Process;
e Lobe Complex: a Deep-marine Depositional Complex composed of more than one

Lobe Element;

e Deep-marine Gravity Driven Process: a Mechanical Process that happens at under
200 m of depth below the sea surface, driven by gravity, and having some water,

Clastic Rock, and a collection of grains as participants;

e Sediment Gravity Flow: a Deep-marine Gravity Driven Process that generates some
Sediment Gravity Flow Deposit;

e Turbidity Current: a non-cohesive, turbulent, and Newtonian Sediment Gravity

Flow that generates some Turbidite.

Qu’s work offers a systematic view of the literature about deep-marine deposi-
tional systems, formalized and analyzed under the same ontological foundations that we
use to build the GeoReservoir ontology. Nevertheless, it is not descriptive under this the-
sis’s sense because many definitions of entities observed in the geological field have both
descriptive and interpretative sense, e.g., Turbidite. Being so, in our work, we analyze
these descriptive features further and define them independently of the relations with the

sedimentary processes and genetic connotation as much as possible.

3.2 A database for quantitative analysis of deep-marine instances

The work of Cullis et al. (2019) describes a relational database for deep-marine
occurrence quantitative analysis. As such, its relational schema (Figure 3.2) has an under-
lying conceptual model, which is also described in the paper. The work’s main objective
is to demonstrate how the integration of deep-marine deposit data can allow the applica-
tion of meaningful queries to discover new knowledge about these depositional systems.
It is an extension of another approach initially proposed by Baas, McCaffrey and Knipe
(2005), which also addresses integration for deep-marine deposit data. The works of
Cullis et al. (2019) and Baas, McCaffrey and Knipe (2005) have the same ultimate goal
that our thesis presents: capturing descriptions of geological occurrences in a system-
atic way in order to support computer applications to query, extract patterns, and detect
analogous occurrences.

The authors divide the data schema (Figure 3.2) into three conceptual categories:
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Figure 3.2 — Representation of the relational database schema proposed by Cullis et al. (2019).
Boxes represent tables, connecting lines represent relationships, and colored areas represent the
three conceptual categories of data described by the authors: geological units, spatial
relationships, and metadata.
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Source: Cullis et al. (2019)
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data on geological units, data on spatial relationships between geological units, and as-
sociated metadata. The first category comprises systems, basins, elements, and facies.
A system is defined as a unit that extends itself from the slope-break to the most distal
point of deposition. An element is a unit with a distinct architectural or geomorphological
expression, reflecting a particular suite of processes occurring in a specific deep-marine
sub-environment. Elements are characterized by features like geometry, sinuosity, pale-
oflow, gradient, age, and net-to-gross ratio, and are further classified by general types such
as channel, levee, lateral splay, terminal deposit, and MTD. Facies are the smallest units
in the database, each one contained in a single element and characterized by lithological
and textural features. Although not conceptually defined in the work, a basin is character-
ized by features like tectonic setting, mechanisms of formation, geological evolution, and
physiography. When data cannot be associated with an individual element, it is stored in
the “Subset statistics” table.

The category of spatial relationships comprises element transitions, facies tran-
sitions, channel networks, subset relation, and 1D relations. An element transition is a
spatial relationship between elements, while a facies transition is a spatial relationship
between facies. Both types of transitions relate units whose boundaries or gradational
changes are in contact. A channel network is a particular kind of transition between
channel elements bounded by points of avulsion or branching. Subset relations and 1D
relations are transitions between study areas, which are included in the last conceptual
category.

This last category, namely metadata, includes sources, case studies, subsets, 2D
data, and 1D data. A source is a record that describes the published or unpublished work
that originated the associated data. A case study refers to a system or a portion thereof,
which has been the subject of study by one or more groups of authors. A subset is a part
of a case study distinguished on the type of information it provides and can be linked to
specific metadata when it is sourced by a 2D (e.g., cross-section) or 1D (e.g., well log)
dataset. As stated above, subsets can be spatially related through the “subset relation” and
“1D relation” entities in the spatial relationships category.

Although formal, some of the database’s conceptual definitions are not descriptive
since they are vague or linked to process definitions that are not addressed. For example,
the authors define an “element” as “a geological unit with a distinct architectural or ge-
omorphological expression, which reflects a particular suite of processes occurring in a

specific deep-marine sub-environment” (CULLIS et al., 2019). The model is not intended
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to be an ontology, so no ontological analysis or foundational ontology alignment is pre-
sented. Consequently, the ambiguity and vagueness of the original vocabulary affect the
use case descriptions and the queries. In our analysis, this model has further conceptual
issues, such as a “channel network™ being presented as a type of “transition”, which are
clearly distinct entities. The presentation lacks cardinality definitions and an exact list
of attributes that compose each table, which cannot be accessed because the data model
is not publicly available. In summary, further formal definition and disambiguation are

required for our work’s purposes.

3.3 A knowledge model for description and intepretation of mass transport deposits

(MTD)

In the approach described by Le Bouteiller et al. (2019), the authors build a knowl-
edge base, structured as a graph, to support the description of MTD bodies and the inter-
pretation of mass transport processes. In this graph (Figure 3.3), nodes represent MTD
descriptors, depositional process features, and environmental controls. Directed edges
link pairs of causally related nodes, e.g., a process to a descriptor in which the process
has some impact or influence. Undirected edges link pairs of related nodes in which the
nodes mutually influence themselves.

Descriptors are dimensions that compose MTD properties. The knowledge base
features seven MTD properties: morphology, basal surface, upper surface, position, head-
scarp, internal facies distributions, and global environment. For example, “volume” is a
descriptor of the “morphology” property. Identically, the depositional process features
compose depositional process properties. The depositional properties are: trigger phase,
transport phase, and deposition phase. Environmental controls are considered larger-scale
processes associated with the regional or global environment, e.g., “sea-level evolution”.

Along with the knowledge graph, the authors propose an interpretation method-
ology relying on the graph. In this methodology, they first characterize the MTD units
in terms of the properties described in the graph. Then, based on the edges, they look
for possible causes or explanations for each descriptor’s value. Lastly, for each possible
cause, they evaluate their certainty based on the number of pointing to the cause. There-
fore, the authors specify that the results are not necessarily interpretations, possibly being
hypotheses depending on the case.

The work of Le Bouteiller et al. (2019) shows several limitations concerning the
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Figure 3.3 — Representation of the knowledge graph proposed by Le Bouteiller et al. (2019),
where dots correspond to nodes, arrows correspond to directed edges, and lines correspond to
undirected edges.

fluid ov ressure
BS.flat on basalsurface
sub-hol ‘ tal zone

BS stro @ plitude

vertical distribution
of MTQs

sea Iev olution

rate

ientatic

prf eipal
direction
'1‘\;1 all - -
? atliag d 3 opje d MTD-groportion
’\\ ot pathwa in sedimentary pile
d' pUgra (opk evolution
Ire 0 U ‘-‘ !
i w.r, ion &f\ MTDs

thrusteda 'm istribution

4 [ 8nce i
frol * | ; ).
o1 ression
comprsn : \g = ) -
or ridges eformed,faci 2

local thickening of
flowing Mmaterial
orma

VO .a-
transported mate g@
: ickness|
remtion
triggeringeascading
ass ements

upward conne to other MTDs

Environmental controls, MTD descriptors
MM properties 1
g () MTD descriptors
A O Trigger,
D 2 Transport,
Depositional
B processes
/ E : () Environmental
controls
Directed edge = Undirected edge =
impact relationship simple relationship

Source: Le Bouteiller et al. (2019)



36

maintenance of the knowledge model and further integration with other geological models
and applications. The natural lack of structure of the graph formalism and no ontolog-
ical foundation in the conceptual model building guarantee a high grade of freedom in
the model design and evolution. However, the drawback is the difficulty in keeping con-
sistency and avoiding semantic redundancy on the model evolution, both of which are
qualities aimed by this thesis’s ontological approach. Besides that, the descriptive capture
of MTD features is not the main interest of Le Bouteiller and colleagues’ work. Therefore,
their work does not detail the MTD features’ meaning and focuses on MTD units, while
our work is concerned with deep-marine channels, levees, lobes, and mounds in general.
Nevertheless, the study domain in the work of Le Bouteiller et al. (2019) intersects with

the set of depositional unit geometrical and lithological properties described in this thesis.

3.4 Conceptual models for deep-marine recurring features description

The non-formal conceptual models proposed by Sprague et al. (2005), Moraes,
Blaskovski and Paraizo (2006), and McHargue et al. (2011) are relevant sources of infor-
mation about deep-marine deposit recurring features like geometries, architectures, hier-
archical classifications, stacking patterns, and lithological characters. There exists a wide
variety of these models in the literature, which was extensively reviewed by Cullis et al.
(2018). Therefore, we selected these three works for having the most practical application
for the GeoReservoir ontology goals.

The three models establish a hierarchical framework for channelized deposits
(Figure 3.4), such as the hierarchical classification presented in Chapter 2. This hier-
archical framework consists of the orders: (1) channel fill (SPRAGUE et al., 2005),
individual channel (MORAES; BLASKOVSKI; PARAIZO, 2006), or channel element
(MCHARGUE et al., 2011); (2) channel complex (SPRAGUE et al., 2005; MCHAR-
GUE et al., 2011) or composite channel (MORAES; BLASKOVSKI; PARAIZO, 2006);
(3) channel complex set (SPRAGUE et al., 2005; MCHARGUE et al., 2011) or channel
complex (MORAES; BLASKOVSKI; PARAIZO, 2006); and (4) channel complex sys-
tem (SPRAGUE et al., 2005). According to Sprague et al. (2005), this hierarchy can be
analogously applied to lobes, consisting of lobe, lobe complex, lobe complex set, and
lobe complex system. Channel elements (order 1) are the volumes of sediment deposited
in single channel filling and abandonment cycles. Channel complexes (order 2) are com-

posed of genetically related channel elements having a similar architectural style. The



37

subsequent orders (orders 3 and 4) are composed of genetically related units of lower or-
der. Levees are further classified into two categories: inner levee, which is often adjacent
to channel elements (order 1), and outer levee, which is often adjacent to channel complex
sets (order 3).

The models also establish architectural patterns according to the deposits’ relative
position to the continental slope: the most proximal channel complexes are confined while
the most distal are distributary, i.e., as the channels get father from the slope break, they
gradually lose their lateral walls or levees while they become wider and thinner until
they reach the terminal lobes. Sprague et al. (2005) classify the most confined channels
as “bypass” and “leveed”. “Bypass” refers to the erosional nature of some channels, in
conformance with Arnott (2010), whose lateral confinement mostly consists of erosional
excavation at the surface. “Leveed” refers to the presence of wedge-shaped sedimentary
units at the channel laterals, as the depositional channels described by Arnott (2010).
Proximal channels can be erosional, leveed, or both.

Regarding facies, the models organize and describe the most common facies found
in deep-marine depositional systems. For example, the most confined channels usually
contain thin-bedded and coarse-grained sedimentary rocks, which constitute lower quality
reservoirs, while the less confined channels usually contain sandy rocks with a high net-
to-gross ratio (SPRAGUE et al., 2005).

These models are used by McHargue et al. (2011) as the conceptual bases for the
assertion of “rules”, which are observations and hypotheses of events that generate and
modify deep-marine depositional systems. Based on these rules, the authors construct
reproducible forward models that simulate the reservoirs’ evolution, enhancing the geol-
ogists’ understanding of deep-marine deposit geometry and architecture.

This category of conceptual models is crucial for the geological studies and knowl-
edge dissemination about deep-marine depositional systems and Sedimentology in gen-
eral. However, for our work’s purposes, these models lack formality and have many of
the conceptual issues discussed in Section 2.3. They are not descriptive in this work’s
sense; e.g., a channel element is defined as a “volume of sediment deposited in a single
cycle of channel filling and abandonment” (SPRAGUE et al., 2005). Such a definition
requires further knowledge of what a “cycle of channel filling and abandonment” is. As
a geological process, this kind of cycle is interpreted and not observed. As discussed
throughout our thesis, descriptions that merge observation and interpretation create prob-

lems like contaminating the data with subjective hypotheses, hiding the descriptive data
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Figure 3.4 — Hierarchical classification for channellized deposits according to Sprague et al.
(2005), Moraes, Blaskovski and Paraizo (2006), and McHargue et al. (2011).

CHANNEL COMPLEX SET (SPRAGUE et al., 2005; MCHARGUE et al., 2011) /
CHANNEL COMPLEX (MORAES; BLASKOVSKI; PARAIZO, 2006)

CHANNEL COMPLEX (SPRAGUE et al., 2005, MCHARGUE et al., 2011) /
COMPOSITE CHANNEL (MORAES; BLASKOVSKI; PARAIZO, 2006)

CHANNEL FILL (SPRAGUE et al., 2005) /
INDIVIDUAL CHANNEL (MORAES; BLASKOVSKI; PARAIZO, 2006) /
CHANNEL ELEMENT (MCHARGUE et al., 2011)

Source: modified from Moraes, Blaskovski and Paraizo (2006)
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that allowed the interpretation, and limiting the integration of data described under differ-
ent hypotheses.

The lack of formality also demands an amount of effort from both experts and
non-specialists to understand the conceptual basis behind the geological definitions and
hampers the integration of data from different sources in computer applications. As such,
these models require further ontological analysis for this work’s objectives.

It is also essential to notice that predictive definitions such as “the most confined
channels usually contain thin-bedded and coarse-grained sedimentary rocks, which con-
stitute lower quality reservoirs” (SPRAGUE et al., 2005) comprise epistemological defi-
nitions instead of ontological ones. In our thesis, we focus on building ontological defini-

tions, which will serve as the basis for future predictive models and interpretations.

3.5 An ontology for the description of visual sedimentological properties

The work of Lorenzatti et al. (2010) describes an ontology for the representation of
visual knowledge in the Sedimentary Stratigraphy domain. Their work assumes that ge-
ologists rely on their visual perceptions to describe geological occurrences and that visual
knowledge representation can support the domain documentation, communication, and
construction of knowledge-based systems. The ontology defines a set of primitives that
combine visual and textual descriptions and formalizes them using the UFO ontology’s
conceptual basis (GUIZZARDI, 2005).

In the ontology proposed by the authors (Figure 3.5), a Sedimentary Facies is a
rigid sortal with own identity' that groups together a set of a sedimentary rock’s visual
aspects, which are strongly connected with the depositional conditions in which the rock
was created (LORENZATTI et al., 2010). A Sedimentary Facies is characterized by a
set of qualities, namely Sorting, Roundness, Sphericity, Geometry, Grain Size, and Color.
Although not necessary, a Sedimentary Facies can also be composed of some Sedimentary
Structure (i.e., the visual aspect of some internal spatial arrangement of the rock grains)
and some Fossil.

As such, the ontology proposed by Lorenzatti et al. (2010) works with the notion
that a sedimentary facies is the sum of the visual aspects of one rock body. Although this
is a descriptive view, in the GeoReservoir ontology, we work with a different notion: a

sedimentary facies is a pattern concretized in one or many sedimentary geological objects

'We review the meanings of rigidity and identity in Chapter 4.
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Figure 3.5 — An illustration of the Sedimentary Facies concept as defined by Lorenzatti et al.
(2010) with its relations with the datatypes, the Fossil concept, and the Sedimentary Structure
concept.
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constituted by some sedimentary rock thereof (see Chapter 5). Nonetheless, the sedimen-
tary facies ontology of Lorenzatti et al. (2010) features foundational ontology alignment
and ontological metaproperty analysis, which ensures the evaluation of the ontological
nature of the entities being modeled, e.g., separating the visual aspects perceived by the
geologists from the actual rock bodies. This ontology misses core ontology alignment,
which we address in this thesis, enabling these concepts’ further integration with other

geological ontologies.

3.6 Models for general Geology and Geosciences description

SWEET (RASKIN; PAN, 2005) is an ontology network that aims to represent the
full domain of Earth Sciences. The SWEET ontologies include an extensive collection of
terms, which are divided into facets. Each facet features a set of ontologies concerning a
specific sub-field of Earth Sciences. The facets are described as follows (RASKIN; PAN,
2005):

e EarthRealm: concepts about the spheres of the Earth, e.g., atmosphere, lithosphere,

and hydrosphere;
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e NonLivingSubstances: non-living building blocks of nature such as particles, elec-

tromagnetic radiation, and chemical compounds;
o LivingSubstances: plants and animal species, i.e., the biosphere;

e PhysicalProcesses: processes that affect living and non-living substances, such as

diffusion and evaporation;

e PhysicalProperties: properties that apply to living and non-living substances, such

as temperature, pressure, and height;
e Units: measurement units such as kilometer;

e Time: temporal extents, such as duration, season, and century, and temporal rela-

tions, such as after and before;

e Space: spatial extents, such as country and equator, and spatial relations, such as

above and north of;

e Numerics: numerical extents, such as interval and point, and numerical relations,

such as greater than;

e PhysicalPhenomena: phenomena associated with concepts from other facets (time,
space, living and non-living substances) such as hurricane, earthquake, and volcan-
ism;

o HumanActivities: activities that humans engage in, such as commerce and fishery,

regarding their impact in nature;

e Data: dataset concepts such as representation, storage, and modeling.

The entire ontology network is available in a public Web repository?. For our
work’s interest, the most relevant facet is NonLivingSubstances, which includes rocks,
their chemical properties, and associated processes. The SWEET ontologies are inte-
grated between themselves, e.g., rock is related to the solid state concept, which is used
by other ontologies. However, further integration with other domains using foundational
ontologies is not addressed in this approach. The ontologies lack definitions that could ex-
plain and clarify each concept’s meaning, as it defines only the formal relations between
the concepts. They also do not feature geological unit concepts such as ‘“sedimentary
unit”, which play a central role in the GeoReservoir ontology’s definitions.

The GeoSciML (SIMONS et al., 2006; RICHARD et al., 2007) is a data model
and data exchange format intended to support the building and integration of geologi-

cal maps, containing geological descriptions attached to geospatial referencing. These

2<https://github.com/ESIPFed/sweet>
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geological descriptions include instances of units and rocks with their compositions and
structures such as folds and foliations. The data format is available as an XML schema and
documented as a UML model®. The model evolved since its first release during the year
2005 and influenced important integration standards such as the RESQML of Energistics*
(KING et al., 2012). The latest version at this thesis’s publication date is GeoSciML 4.1,
published in 2017.

GeoSciML is divided into a set of packages, which are defined as follows:

e GeoSciMLBasic: represents fundamental geological map features and the relations

between them;

e GeologicTime: describes geological periods, boundaries, and the relationships be-

tween them:;

e GeoSciMLExtension: provides further descriptions of basic classes by adding more

properties and relations;
e Borehole: describes boreholes and related artifacts;

e LaboratoryAnalysis-Specimen: describes processes and results related to the anal-

ysis of geological samples using instruments;

e GeoSciMLLite: a separated package that provides a simplified view of the other

packages, organized as a set of flat tables.

Some of the most relevant classes for this thesis are specified as follows. A Ge-
ologicFeature is a conceptual feature that represents some particular Earth phenomenon
or observation thereof. It is formally related to a MappedFeature, i.e., an instance that
carries a geometry or shape and holds a geospatial reference. A GeologicUnit is a Ge-
ologicFeature representing a body of some EarthMaterial, which represents a naturally
occurring substance in the Earth, independent of quantity and location. A GeologicStruc-
ture is a GeologicFeature that describes a configuration of matter in the Earth based on a
describable heterogeneity or pattern, such as a contact, a foliation, and a fault. Descrip-
tion classes represent further details about many of these entities and are formally related
to the classes they help describe.

Compared to SWEET in this thesis’s terms, GeoSciML features a good clarifi-
cation on the concepts that it defines. As occur with SWEET, GeoSciML also lacks

ontological metaproperty analysis and foundational ontology alignment, which would as-

3<http://geosciml.org/doc/geosciml/4.1/documentation/html>
“<https://www.energistics.org/resqml-standards/>


http://geosciml.org/doc/geosciml/4.1/documentation/html
https://www.energistics.org/resqml-standards/

43

sist the integration with other ontologies and domains. As a core model for Geology,
GeoSciML’s issues are discussed in more detail by Garcia et al. (2020), which present the
GeoCore ontology and discuss the conceptual similarities and differences between Geo-
Core and GeoSciML. As stated in Chapter 1 and further discussed in Chapter 4, GeoCore
is a core ontology for the Geology domain that we adopt as GeoReservoir’s conceptual
basis by virtue of the previously made ontological analysis, disambiguation, and founda-

tional ontology alignment.

3.7 Final considerations

The previous works reviewed in this chapter give us useful insights into our model’s
development. However, they do not cover all of this project’s requirements. We consider
that a strict focus on descriptive view over the domain, with the least contamination of
process interpretation as possible, will allow us to create a reusable database of geologi-
cal occurrences that can support several applications. Moreover, we acknowledge that a
strong ontological foundation and the alignment with previously developed foundational
and core ontologies builds a solid basis for our model’s definition and integration with
further effort for Geology ontology development in the industry and academy.

Therefore, we need to develop a new ontology focused on describing deep-marine
reservoir geometry and lithology that reuses the GeoCore and the BFO ontologies’ con-
ceptual framework. Nonetheless, much of the knowledge described by the GeoReservoir
ontology is based on the aggregation and further ontological analysis of the concepts re-

viewed in this chapter.
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4 ONTOLOGICAL FOUNDATIONS AND BACKGROUND

In order to build a model providing a standard, unambiguous, and integrable lan-
guage for the domain described in Chapter 2, we use the framework of ontology theories,
which we review in this chapter. Moreover, we define the ontological terms that we use
throughout this thesis and review the BFO and GeoCore ontologies, which compose the

reusable conceptual basis that supports the GeoReservoir ontology.

4.1 What is an ontology?

The term “ontology” has at least two meanings depending on the context in which
it appears. Here, we adopt the same distinction of Guarino, Oberle and Staab (2009),
which differentiates between the meanings of “ontology” in Philosophy and in Computer
Science. In Philosophy, Ontology (with uppercase “O”) is the branch that studies the
nature and structure of reality, such as the attributes of entities that belong to them because
of their essence. Unlike epistemological sciences concerned with describing reality as
being perceived under a particular perspective, Ontology focuses on describing things as
they are.

In Computer Science, an ontology (with lowercase “0”) is a logical theory that
accounts for a domain’s vocabulary intended meaning. When we apply this theory to build
a conceptual model, we refer to the resulting ontology as a computational artifact that
describes a domain’s concepts and their relations (GUARINO; OBERLE; STAAB, 2009).
Under this view, Studer, Benjamins and Fensel (1998) defined ontology as a “formal and
explicit specification of a shared conceptualization”. Formal means that an ontology is
computer-readable, allowing ontology-driven data processing and automated reasoning.
Explicit means that the definition contained in an ontology should be exact and precise.
Shared indicates that an ontology must capture the consensual knowledge accepted by a
group and not just an individual. Conceptualization means that an ontology captures an
abstract and intensional model of some phenomenon in the world.

As so, ontologies in Computer Science assume a more pragmatic view than the
Ontology in Philosophy: things in reality are perceived under the lenses of concepts.
As stated by Guizzardi (2005), concepts are abstract entities that only exist in the mind
of a user or a community of users of a language. Each symbol in a language does not

represent a thing in reality but actually represents a concept that abstracts something in
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Figure 4.1 — The Ullmann’s triangle, which draws the relations between a symbol in a language, a
concept in the mind of one or more users of this language, and a thing in reality.

Concept
(conceptualization)

represents abstracts
Symbol refers to Thing
(language) (reality)

Source: Ullmann (1972) and Guizzardi (2005)

reality. These relations between symbol, concept, and thing are depicted by the Ullmann’s
triangle (Figure 4.1). A concept does not abstract a single individual in the world but
rather abstracts every individual that holds the necessary conditions to be considered a
sample of it. An example of a concept in this sense would be Rock, which abstracts
all the individuals in the world that hold properties like being hard, being constituted by
minerals or biological matter, and so forth.

It is crucial to notice that all models have an ontological commitment indepen-
dently of being ontologies or not. A model’s ontological commitment is the mapping of
its symbols or terms to the concepts that they represent. The ontologies’ role is to make
the models’ ontological commitments explicit, a practice that contributes to the develop-
ment of more unambiguous and reusable terminologies (GUIZZARDI, 2005; GUARINO;
GUIZZARDI; MYLOPOULOQOS, 2019).

4.2 Structural ontological relations and metaproperties

In this thesis, we consider as an entity any unary predicate applicable to individuals
that abstracts the necessary conditions for an individual to be considered a sample of it.
This “entity” definition represents the “concept” definition presented in Section 4.1 in a
logic formalism. Having this formal representation, we can apply it to an individual x by
asserting, for example, that “x is a Rock™.

A relation is a binary predicate that connects two instances, two entities, or an
instance to an entity (ARP; SMITH; SPEAR, 2015). Relations are directional so that

if a relation 7 connects x to y, it does not necessarily connect y to z. An example is
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Figure 4.2 — Illustration of a modeling example of Rock and its related concepts. Boxes represent
concepts, arrows with closed endings represent “is a” relations, and arrows with open endings
represent other relations.
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Source: the author

the constitution relation (GARCIA et al., 2019), which connects a material entity like
Depositional Unit to the matter that constitutes all these objects like Sedimentary Rock
(see Figure 4.2).

One particular and significant structural relation is subsumption. It is a taxonomi-
cal relation where, given two entities, p and g, if p subsumes ¢, all instances of ¢ are also
instances of p (GUARINO; WELTY, 2002b). Let us suppose we have the concept of Rock
and three basic types of rock that model the concepts: Igneous Rock, Sedimentary Rock,
and Metamorphic Rock. All instances of these three basic types are instances of Rock.
Hence, Rock subsumes Igneous Rock, Sedimentary Rock, and Metamorphic Rock. The
inverse relation of Subsumes is “Is A”, i.e., if Rock subsumes Sedimentary Rock, then
Sedimentary Rock is a Rock (see Figure 4.2).

To model subsumption relations consistently, it is useful to analyze the concepts’
metaproperties and how they reflect in the entities’ representation in the model. A metaprop-
erty is a predicate that abstracts some aspect of the ontological nature of a concept.
Here, we use the following metaproperties for ontological analysis (GUARINO; WELTY,
2002a; ABEL; PERRIN; CARBONERA, 2015):

e Rigidity: a rigid concept is essential for all its instances so that every individual
that instantiates that concept must instantiate it while it exists. For example, Rock
is a rigid concept because no individual can cease being a rock without ceasing to
exist. On the other hand, a not rigid concept is not necessarily essential for all its
instances; e.g., Hard is essential for rocks for not for reefs. Some concepts are not
essential for all their instances; these are anti-rigid. Reservoir Rock is anti-rigid
because every reservoir rock can cease being a reservoir rock once its petroleum is

extracted (yet it continues being a rock).

e Carrying identity: identity refers to the criteria that we use to tell whether multiple
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individuals are the same one. When a concept carries identity, it means that all
its instances hold identity criteria, whatever it is. This metaproperty differentiates

sortal concepts like Rock from categories or mixins like Porous Rock.

e Providing identity: some concepts that carry identity also provide their own identity.
For example, Rock provides its own identity while Reservoir Rock carries it. In
other words, the criteria that we use to distinguish reservoir rocks are the same that
we use to distinguish rocks. Every individual must instantiate exactly one concept

that provides identity.

e Carrying unity: unity refers to the criteria that we use to recognize an entity as
a whole composed of parts and delimited by boundaries. When a concept carries
unity, all its instances hold unity criteria. On the other hand, when a concept carries
anti-unity, it means that all its instances do not hold unity criteria. This metaprop-
erty helps us distinguish bounded objects like Depositional Unit from the matter or

substance that constitutes them, such as Sedimentary Rock.

e Existential dependence: denotes that all instances of a concept depend on other
entities’ existence to exist. For example, the porosity of a rock depends on the
existence of that rock to exist. In this case, Porosity is existentially dependent while

Rock is the bearer of Porosity.

The practical interests of ontological metaproperty analysis are many. For exam-
ple, let us suppose that a modeler depicted that Sedimentary Rock subsumes Depositional
Unit, i.e., all depositional units are rocks. If we analyze these concepts’ metaproperties,
we should assign “carrying anti-unity” to Sedimentary Rock and “carrying unity” to De-
positional Unit. In other words, all sedimentary rocks carry no unity criteria because
of their ontological nature as substances, while all depositional units hold unity criteria
for being bounded objects that have parts such as layers and depositional surfaces. Such
a model is considered inconsistent by this analysis because it creates a logical contra-
diction: all sedimentary rocks hold no unity, all depositional units hold unity, and all
depositional units are sedimentary rocks, which hold no unity. Hence, Sedimentary Rock
cannot subsume Depositional Unit, and the relation between them must be another, such
as constitution (GUARINO; WELTY, 2004; GARCIA et al., 2019).

As presented in this section and also discussed by Abel, Perrin and Carbonera
(2015), assigning these metaproperties to concepts helps us clarify each term’s intended
meaning. Besides, capturing the concepts that are rigid and provide their own identity

assists modelers to develop integrable models since the corresponding entities are more
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prone to arise in different systems and contexts. For instance, Rock is a concept that is
represented in almost all geological studies, while Reservoir Rock most likely appears in

petroleum exploration and production studies.

4.3 Ontology classification by scope

In this work, we adopt a classification of ontologies according to their general-
ization level (GUARINO, 1998; OBERLE, 2006; GUARINO; OBERLE; STAAB, 2009).
A foundational ontology is an ontology that aims to provide a broad view of the world.
Such an ontology is independent of domain because it describes very general entities,
which can include ontological metaproperty connotations such as in the UFO ontology
(GUIZZARDI, 2005), or taxonomies and properties of general categories like in DOLCE
and BFO ontologies (GANGEMI et al., 2002; ARP; SMITH; SPEAR, 2015).

A core ontology is an ontology that describes a domain’s most general entities. A
core ontology allows integrating the manifold sub-fields of a domain, such as Stratigraphy,
Sedimentology, and Petrography in Geology (OBERLE, 2006; GARCIA et al., 2020). A
core ontology can specialize a foundational ontology to describe its domain, allowing
further integration with other core ontologies and taking advantage of the foundational
ontology’s philosophical and conceptual basis.

A domain ontology is an ontology that covers a restricted domain of interest, such
as the deep-marine reservoir geometry covered by this work. A domain ontology can
specialize both a foundational and a core ontology, in the same fashion that a core ontol-
ogy can specialize a foundational ontology. In this work, we develop the GeoReservoir
ontology, which specializes the GeoCore (a core ontology) and the BFO (a foundational
ontology). This organization is illustrated in Figure 4.3.

As stated by Oberle (2006), the borderline between the types of ontologies is not
clearly defined because there is no exhaustive enumeration of all the knowledge domains
and their sub-fields. Nevertheless, this distinction is intuitively meaningful and useful
for building ontologies. In this thesis’s research context, it is essential to have such a
distinction for scope delimitation purposes, as we intend to build an integrated ontology

network covering many fields of interest for petroleum exploration and production.
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Figure 4.3 — Diagram representing the ontology classification as addressed by this work.
Rounded boxes bounded by solid lines represent ontology types, while rounded boxes bounded
by dashed lines represent example ontologies for each ontology type. Arrows represent relations
between the types or ontologies. It is interesting to notice that the GeoReservoir ontology directly
specializes both the BFO and the GeoCore ontologies as it uses entities of these two ontologies in
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Source: the author

4.4 The BFO ontology

The BFO (Basic Formal Ontology) is a foundational ontology designed to sup-
port the description and integration of entities usually found in scientific domains (ARP;
SMITH; SPEAR, 2015). It defines a small set of domain-neutral entities that helps on-
tologists address terminology selection, definition, and classification. The BFO rests on
the principle of Realism, which is defined as “a philosophical position according to which
reality and its constituents exist independently of our (linguistic, conceptual, theoretical,
cultural) representations and can be known, for example, through perceptual experience
and through application of the scientific method” (ARP; SMITH; SPEAR, 2015). In other
words, it assumes that a sedimentary layer, for example, exists whether geologists assume
that it composes a rock body or a stratigraphic succession (GARCIA et al., 2020). Fur-
thermore, the BFO underlies a wide range of domain ontologies openly available on the
Web (e.g., the OBO Foundry' ontologies).

The BFO ontology divides entities into two main categories: Continuant and Oc-
current. A continuant is an entity that continues or persists through time, while an oc-
current is an entity that occurs or happens in time. These two basic categories are also
represented by the “endurant” and “perdurant” terms in the literature (GANGEMI et al.,
2002; GUIZZARDI, 2005). Occurrents have temporal parts and continuant participants,

I <http://www.obofoundry.org>
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Figure 4.4 — Diagram representing the BFO continuants. Boxes represent entities and arrows
represent “is a” relations.
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e.g., a geological process like a given folding occurs in a particular geological age and
modifies the shape of a sedimentary layer, which is a participant in this process (ARP;
SMITH; SPEAR, 2015; GARCIA et al., 2020).

Since this thesis accounts for the deep-marine reservoir geometry and lithology
description, we define continuant entities in the GeoReservoir ontology. We do not define
occurrents such as sedimentary processes, even though these continuants are anticipated
to support further modeling of occurrents in which they participate. Hence, we review
the Continuant subtypes defined by the BFO in this section (Figure 4.4). For a complete
reference on all the entities that the BFO defines, one should refer to Arp, Smith and Spear

(2015). We depict the BFO continuant entities’ summarized definitions as follows:

e Independent Continuant: a Continuant that holds no existential dependence and can
be the bearer of qualities and other existentially dependent continuants;

e Material Entity: an Independent Continuant that has some portion of matter as a
part;

e Object: a Material Entity that is spatially extended in three dimensions and carries
unity criteria, i.e., is a whole composed of unified parts;

e Fiat Object Part: a Material Entity that is a part of some Object but is not demar-

cated from the remainder of that object by any physical discontinuities;
e Object Aggregate: a Material Entity made up of a collection of separate Objects;
e [mmaterial Entity: an Independent Continuant having no Material Entity as part;

e Continuant Fiat Boundary: an Immaterial Entity of zero, one, or two dimensions
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that does not include a Spatial Region as a part and intuitively exists where a Mate-

rial Entity meets its surroundings;

e Site: an Immaterial Entity in which Material Entities are or can be contained and is
bounded by a Material Entity or is a three-dimensional immaterial part of another
Site thereof;

e Spatial Region: an Immaterial Entity of zero, one, two, or three dimensions that is
a part of space;

e Specifically Dependent Continuant: a Continuant holding existential dependence
on one or more specific Independent Continuants;

e Quality: a Specifically Dependent Continuant that is exhibited in its bearers in the
whole time;

e Relational Quality: a Quality that holds existential dependence on more than one
bearer, denoting some relation between its bearers;

e Realizable Entity: a Specifically Dependent Continuant that is exhibited in its bear-
ers during some process Occurrent only;

e Role: a Realizable Entity that is optional to its bearers, i.e., exists because of some
external circumstance in which the bearers do not have to be necessarily involved;

e Disposition: a Realizable Entity that exists because of some physical setting of its
bearers, 1.e., if the disposition ceases to exist, then the bearer is physically changed;

e Function: a Disposition that exists because of the conception of its bearers, either
natural or by design;

e Generically Dependent Continuant: a Continuant that holds existential dependence

on one or more bearers and can migrate between bearers.

According to Garcia et al. (2020), using the BFO allows us to take advantage
of these entities that are already defined and focus exclusively on the geological do-
main’s main aspects. Besides, other BFO’s benefits are that it is small, simple, and well-

documented. A few examples using sedimentological terms are presented as follows?:

e Depositional Unit: it is an Object for being a whole delimited by depositional sur-
faces or unconformities and having layers or other units as parts;
e Sedimentary Rock: a Material Entity for being an amount of matter that is not

unified;

2We present these examples in order to explain the advantages of using BFO in the sedimentological
domain. These examples do not necessarily reflect the GeoReservoir ontology definitions.
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e Depositional Surface: a Continuant Fiat Part of two dimensions for existing where
Depositional Unit meets their surroundings;
e Channel (element): an Object such as a Depositional Unit because it consists of a

channel-form depositional surface and the sediments that fill it;

e Channel (conduit): a Continuant Fiat Boundary for including no Spatial Region as

a part and being an erosional surface in which depositional processes can occur;
e Porosity: a Quality that inheres in some Sedimentary Rock;

e Permeability: a Disposition that inheres in some Sedimentary Rock and is exhibited

as it lets fluids pass through it;

e Cross-stratification: a Generically Dependent Continuant since it is a pattern that is

repeatedly and continuously exhibited in many Depositional Units.

It is interesting to notice how the BFO also serves as a tool for terminology disam-
biguation, such as in the Channel example above. As discussed in Chapter 2, this term is
often ambiguous in the literature because sometimes it refers to the conduits where sedi-
mentary flows pass by, and other times it refers to the channel sedimentary fills and their
boundaries. Classifying a term like this under the BFO taxonomy is a practice that helps

us depict its multiple meanings.

4.5 The GeoCore ontology

The GeoCore is a core ontology for the Geology domain (GARCIA et al., 2020).
It is designed to precisely define a limited set of general entities that permeate the whole
Petroleum Geology domain. The authors offer a sound and general-use ontology that aids
in integrating knowledge about distinct sub-domains of Geology, Reservoir Engineering,
Geophysics, among others. The core ontology specializes BFO entities in terms of ge-
ological entities. It aims to cover the main entities, but it is not a complete partition,
allowing its users to include entities that specialize BFO’s entities directly, such as qual-
ities. Hence, users can take advantage of both GeoCore and BFO’s conceptual basis to
build specialized domain ontologies, such as we do in this work.

Considering the BFO’s distinction between continuants and occurrents and our
strict focus on the continuants (see Section 4.4), we review the GeoCore continuant defi-
nitions in this section (Figure 4.5). For a complete reference on all definitions, one should

refer to Garcia et al. (2020). Some definitions rest on metaproperties, which are reviewed
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Figure 4.5 — Diagram representing the GeoCore continuants. Gray boxes represent GeoCore
entities, while white boxes represent BFO entities. Arrows represent “is a” relations.
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in Section 4.2. We summarize the GeoCore continuant definitions as follows:

Geological Object: a natural BFO Object generated by some geological process
and constituted by some Earth Material, providing its own identity, carrying unity,
and being rigid;

Earth Material: a BFO Material Entity of natural matter, either solid, fluid, or
unconsolidated, generated by some geological process, providing its own identity
and being rigid but carrying no unity;

Rock: a solid and consolidated Earth Material made of polycrystalline, monocrys-
talline, or amorphous mineral matter or material of biological origin;
Unconsolidated Earth Material: an Earth Material’ constituted by an aggregate of

solid particles but not consolidated as a Rock itself;

Earth Fluid: a fluid Earth Material such as water, oil, gas, and mixtures of those;
Geological Boundary: a BFO Continuant Fiat Boundary corresponding to a physi-
cal discontinuity of any nature, located on a Geological Object’s external surface;
Geological Contact: a BFO Relational Quality that relates two Geological Objects
whose external boundaries are adjacent;

Geological Age: a BFO Quality of some Geological Object related to a geological
time interval during which some geological process generated that object;
Geological Structure: a BFO Generically Dependent Continuant that describes the

internal arrangement of some Geological Object, i.e., the configuration and mutual
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relations between its different parts, such as a fold.

GeoCore also rests on the constitution relation defined by Garcia et al. (2019), i.e.,
a Geological Object is constituted by an Earth Material. This assumption determines that
an object and the matter that constitutes it are different entities, even though they occupy
the same place in space. For example, let us consider a channel element as of McHargue et
al. (2011), which is a channel-form sedimentary body delimited by depositional surfaces
or discontinuities, i.e., its boundaries. Under the GeoCore ontology, this sedimentary
body is a Geological Object, while the portion of sedimentary rock contained within these
boundaries is a Rock. In other words, this view assumes that the Rock constituting some
Geological Object can be transported between different bodies or even cease constituting
a body.

Analyzing the ontological features of Geological Objects and Rocks, we can clearly
distinguish these two entities. A Rock has its identity defined by its composition and the
geological process that generated it, has uniform properties across all of its spatial exten-
sion, and has no unifying relation among its parts. A Geological Object, by its hand, has
a unifying relation among its parts (e.g., the portions of Rock that constitute it) and holds
its own identity criteria.

This distinction between Rock and Geological Object is essential because the ex-
istentially dependent entities that characterize rocks and geological objects are different.
Geologists characterize rocks by their intrinsic properties, such as porosity and perme-
ability, which are inherent to the amount of matter generated in the original geological
process and are preserved in their portions even when physically disconnected. On its
hand, a Geological Object defines a whole and has its identity associated with its bound-
aries and expression in a three-dimensional space, being characterized by its geometric
shape, dimensions, location, and other geometrical properties. When analyzing the archi-
tecture and geometry of depositional systems in outcrop and seismic scales, geologists are
usually interested in properties and relations that hold between Geological Objects. Ac-
knowledging this distinction is vital for the accurate modeling of the domain addressed

by this thesis.
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4.6 Qualitative spatial representation

As the GeoReservoir ontology is intended to support the description of geomet-
rical and lithological properties of deep-marine depositional systems, we include spatial
relations in this work in order to represent the sedimentary bodies’ spatial distribution.
Specifically, we need to represent two spatial aspects: the mereotopology, i.e., the part-
hood relations by virtue of the bodies’ spatial arrangement, and the orientation relations,
which define in what directions the bodies are located relative to each other (COHN;
RENZ, 2008). These two aspects are sufficient to describe the depositional systems’
spatial distribution and were exhaustively studied, validated, and documented in the liter-
ature.

The mereotopological aspect asserts that two spatial entities are connected if the
intersection of the spaces occupied by both is not empty. Considering this, a spatial entity
x 1s a mereotopological part of another spatial entity y if and only if whatever entity con-
nected to x is also connected to y. Based on these notions, the RCC-8 (Region Connection
Calculus) is a set of qualitative spatial relations that consists of the following definitions
(see Figure 4.6): Is Disconnected From (DC), Is Externally Connected To (EC), Partially
Overlaps (PO), Is a Tangential Proper Part Of (TPP), Has Tangential Proper Part (TPP1i),
Is a Non-tangential Proper Part (NTPP), Has Non-tangential Proper Part (NTPPi), and Is
Identical With (EQ) (COHN et al., 1997; COHN; RENZ, 2008).

The directional relations express where an object is located relative to another
object and a frame of reference. As such, these relations can be ternary such that the relata
are the two related entities and the frame of reference, or can be binary and presuppose a
specific frame of reference. Moreover, a frame of reference can be extrinsic to the related
entities such as the cardinal reference system (directions North, South, East, and West),
or intrinsic to one of the related entities, e.g., when we say that a person is in the front of
a vehicle (Figure 4.7). Whatever the case, it is necessary to explicitly assume a frame of
reference to ensure that the directional relations’ meanings are precise (COHN; RENZ,
2008).

We assume that mereotopological and directional relations are sufficient for de-
positional systems to describe the sedimentary bodies’ spatial distribution. Furthermore,
spatial relations are correlated with some sedimentary features. For example, when a
channel-form sedimentary unit is a proper part of another sedimentary unit having the

same geometry, the former holds a lower hierarchical order than the latter unit. Know-
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Figure 4.6 — Visual representation of the RCC-8 relations. Circles or ellipses represent spatial

entities.
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Figure 4.7 — Examples of distinct frames of reference for directional spatial relations. The

relation illustrated in (A) uses the cardinal reference system as its frame of reference, while the

relation illustrated in (B) assumes an intrinsic frame of reference
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ing the orientation of a depositional system, it is possible to establish the relative ages of
sedimentary units, e.g., the uppermost units are younger than the lower ones because they
were the last to be deposited in that system. Being so, spatial relations compose a cru-
cial aspect to describe geological occurrences’ descriptive features, which is this thesis’s

focus, and further interpret these occurrences in the future (CICCONETO et al., 2020).

4.7 Final considerations

Relying on structural ontological foundations, metaproperties, and previously de-
veloped ontologies, we compose a solid and robust framework to analyze the sedimento-
logical terms and build a sound and unambiguous terminology to support the description
of deep-marine depositional system lithological and geometrical properties. The approach
presented in this thesis depicts how we can take advantage of these foundations to build
a knowledge model coping with the complexity and difficulties that arise in the effort to

define the domain’s most relevant entities.
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5 GEORESERVOIR ONTOLOGY DEVELOPMENT

This chapter presents the GeoReservoir ontology, which supports the descrip-
tion of deep-marine depositional systems’ geometrical and lithological properties, as pre-
sented in Chapter 2. The GeoReservoir ontology extends the BFO and GeoCore ontolo-
gies, which were reviewed and described in Chapter 4.

In this project, we understood that spatial relation definitions could serve several
sub-domains in Geology and not only the domain presented in this thesis. Hence, we sep-
arated the spatial relations in another ontology distinct from GeoReservoir and developed
this separate ontology as a complement to GeoCore (Figure 5.1). This spatial relations
ontology, which embodies the relations presented in Section 4.6, was published and pre-
sented at the Ontobras 2020 conference, which occurred in Vitéria, Brazil (CICCONETO
et al., 2020).

We start this section by presenting the methods and tools employed to build the
GeoReservoir and spatial relation ontologies. Next, we describe the notations that we
use to present the ontologies formally. Finally, we present the GeoReservoir and spatial

relation ontologies themselves.

5.1 Methods and tools

To develop the GeoReservoir ontology, we did a collaborative effort involving on-
tology engineers and domain experts trained in ontology foundations. This collaboration
included a series of meetings in which the stakeholders identified the key concepts and
discussed their ontological nature based on the foundations described in Chapter 4.

We structured the ontology development (Figure 5.2) as an iterative process, in
which each iteration creates an evolving prototype. This “evolving prototype” idea is
based on the METHONTOLOGY process (FERNANDEZ-LOPEZ; GOMEZ-PEREZ;
JURISTO, 1997), in which each ontology development cycle produces a prototype that is
evaluated and further developed in subsequent cycles. Even after this thesis’s publication,
further iterations can be executed to evolve and release new versions of the ontologies
whose development is described here.

Each development iteration is divided into a series of steps, which we structured

as follows (Figure 5.2):
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Figure 5.1 — Diagram representing the relations between the ontologies depicted in this work.
Gray rounded boxes represent the ontologies developed in this work, while white rounded boxes
represent the ontologies reused by this work. Arrows represent relations between the ontologies.
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Figure 5.2 — The GeoReservoir ontology continuous development process. Each iteration (i.e.,
from scope definition to evaluation) creates an evolving prototype that can be approved or not. If
not approved, a new iteration is started.
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1. Scope definition: in this step, we define the ontology’s scope and purposes, which

we described in Chapters 1 and 2 of this thesis.

2. Conceptualization: here, we identify, define, and organize the relevant concepts of
the domain. In this step, we build a taxonomical structure, align the entities with
BFO and GeoCore ontology, and establish relations between them, resulting in a

semi-formal ontology.

3. Formalization: in this step, we formalize the ontology using Aristotelic definitions
(i.e., “an A is a B that C”), assign metaproperties, and establish the necessary formal
relations, i.e., the relations that the entities necessarily hold when they exist. The

formal ontology is detailed in Subsections 5.3 and 5.4.

4. Implementation: here, we implement the ontology in OWL 2 language using Pro-
tégé, which is detailed below. This implementation is available in a Web reposi-
tory'.

5. Evaluation: in this final step, we do a user-focused evaluation?, validating whether
the domain specialists consider that the ontology is detailed enough to represent all

the relevant reservoir features and support geological interpretations.

The Protégé tool, which we use in step 4, is a free and publicly available knowl-
edge model editor (MUSEN, 2015). It persists models in OWL 2 and other available
languages. Although Protégé and OWL 2 have some limitations in expressing the whole
model semantics, they hold the advantages of interoperability and extensibility since BFO
and GeoCore also have OWL 2 implementations, allowing us to import and integrate them
with our ontology. Protégé also features an embedded automated reasoner, which we em-

ploy to validate the ontology’s logical consistency.

5.2 Formal notations

We adopt the notation described in the following to formalize the GeoReservoir
ontology entities. This notation aims to provide all formal information to the reader and
clarify the entities’ meaning explicitly and clearly. When a definition reuses some pre-
viously existent entity from another ontology such as BFO and GeoCore, we point out

this reuse quoting in parentheses. Indeed, we keep the alignment with these previously

I <https://github.com/BDI-UFRGS/GeoReservoirOntology>
’This “user-focused evaluation” step is based on the ontology evaluation methods described by Sure,
Staab and Studer (2009).
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defined ontologies as much as possible and include only our application domain’s def-
initions. The ontological foundations and structural relations needed to understand the
formal definitions are detailed in Chapter 4.

Each definition is formally described by the following sequence of information:

e A brief textual definition;

e Subsumed by: indicates that the entity’s instances are also instances of another
entity;

¢ Disjoint with: indicates that the entity’s instances cannot be instances of the listed
entities simultaneously;

e Metaproperties: indicates the entity’s metaproperties using a notation that we de-

scribe below;

e Relation: defines the necessary relations for the entity using a notation that we

describe below;
e Equivalent to: for entities that are synonyms, we list the equivalent terms;

e Notes: some discussion or usage example.
For metaproperties, we use the following notation:

e R+ /R—/R~: rigid / not rigid / anti-rigid;

e [+ /I—: carries / does not carry identity;

e O+ / O—: provides / does not provide identity;
e U+ /U—: carries / does not carry unity;

e ED+ / ED—: existentially dependent / independent.

For formal relations, we use a notation similar to that used by Protégé. One exam-
ple of a relation using this notation is “Constituted By (GeoCore) some Sedimentary Rock
(Definition 8)”, which indicates that every instance of the target entity must be constituted
by at least one instance of Sedimentary Rock. The complete notation term list is defined

as follows:
e some: existential quantifier (at least one instance);
e only: universal quantifier (all instances);
e min n: existential quantifier with minimum cardinality;

e not: logical negation;

3 A very similar notation is used by Guarino and Welty (2004) and Abel, Perrin and Carbonera (2015).
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e and: logical conjunction;

e or : logical disjunction (not exclusive);

e decimal: real number without constraint;

e decimal[constraint]: real number with some constraint;
e / : aliteral number;

e string: any sequence of characters;

e “abc’: aliteral string;

e [“abc”, “def”, 1, 2}: a disjoint set of literals.
For relation definitions, we use the following structure:

e A brief textual definition;

e Subrelation of: indicates that, when the relation holds for x and y, some other

relation also holds for x and y;
e Domain and image: indicate the entities that can hold the relation;

e Inverse of: indicates that, when the relation holds for x and ¥, some other relations

holds for y and « in the inverse direction.

e Properties: transitive indicates that, when the relation holds for x and y and also
for y and z, it also holds for x and z; and symmetric indicates that, when the relation

holds for = and v, it also holds for y and x in the inverse direction.

5.3 GeoReservoir ontology presentation

In the following, we present the GeoReservoir ontology entities and relations (Fig-
ures 5.3 and 5.4). Some definitions require to report to the GeoCore (GARCIA et al.,
2020) or the BFO (ARP; SMITH; SPEAR, 2015) ontologies to get a complete under-
standing.

An important distinction we make in our model is the separation between sub-
stantial entities and moments. Substantials are existentially independent entities, such
as a depositional unit or a rock (Figure 5.3). Moments are existentially dependent enti-
ties, such as the sinuosity of a channel, needing a substantial entity as its bearer to exist
(Figure 5.4). This distinction affects the modeling because, to get a consistent usage of
the model, we can only instantiate a moment having instantiated its bearer. Considering

the substantial entities, another distinction is significant: identifying the substantial enti-
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ties that supply ontological identity and those that carry identity (GUARINO; WELTY,
2002b). In our model, most of the substantial entities derive from Geological Object and
Rock, which are defined in GeoCore and supply identity. These two GeoCore entities are
present in most geological models and anchor different conceptual models in the Geology

domain to the same ontological reference, ensuring the models’ integrability.

5.3.1 Substantial entities

1. Sedimentary Geological Object A Geological Object constituted by some Sedi-

mentary Rock or Sediment.

Subsumed by: Geological Object (GeoCore)

Metaproperties: R+ [+ O— U+ ED—

Relation: Constituted By (GeoCore) only Sedimentary Rock (Definition 8)

2. Depositional Unit A Sedimentary Geological Object recognizable in a mapping
scale of at least 1:1000 m.

Subsumed by: Sedimentary Geological Object (Definition 1)
Metaproperties: R+ 14+ O— U+ ED—

3. Channel Unit An elongated Depositional Unit having some Channel Surface as
its boundary and constituted by some Sediment or Sedimentary Rock that fills it
(MCHARGUE et al., 2011).

Subsumed by: Depositional Unit (Definition 2)

Disjoint with: Lobe Unit (Definition 4), Levee Unit (Definition 5), Mound Unit
(Definition 6)

Metaproperties: R+ [+ O— U+ ED—

Relation: Has 2D Boundary (BFO) some Channel Surface (Definition 11)
Relation: Has Quality (BFO) some Channel Geometry (Definition 18)

Notes: in stratigraphic terms, a channel unit is constituted by the sediments or
sedimentary rocks that fill a channel. It is important to notice that, in more general
terms, a channel is a passageway for fluids or sediments, i.e., an immaterial entity.
Shall one elaborate about the erosion and deposition processes that generate these
units (MCHARGUE et al., 2011), it is essential to have this disambiguation.
Notes: in this work, we decided not to model the named hierarchical scales as

entities (e.g., Channel Element, Channel Complex, Channel Complex Set) because
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Figure 5.3 — GeoReservoir ontology substantial entities’ taxonomical overview. White boxes
represent BFO and GeoCore entities, while gray boxes represent GeoReservoir entities. All
arrows represent “subsumed by’ relations.
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there exists a wide variety of hierarchical schemes in the literature, and they are
not necessarily interoperable (CULLIS et al., 2018). Instead, we focus on the fact
that units can be fractally nested: a unit can be a Proper Spatial Part Of (Definition
34) another unit, which can be a Proper Spatial Part Of another unit, and so forth.
We consider that this approach solves the problem of implementing a solution for
the repeatability of the geological objects in multiple scales. As so, a Channel Unit
can be decomposed in other Channel Units many times as necessary, keeping the
representation structure. In the future, we can study the integration of hierarchical
schemes and try to infer scales from the spatial relations.

. Lobe Unit A Depositional Unit having some Lobe Geometry.

Subsumed by: Depositional Unit (Definition 2)

Disjoint with: Channel Unit (Definition 3), Levee Unit (Definition 5), Mound Unit
(Definition 6)

Metaproperties: R+ [+ O— U+ ED—

Relation: Has Quality (BFO) some Lobe Geometry (Definition 19)

Notes: these depositional units are usually found at deep-marine depositional sys-
tem terminal regions, or at channel laterals as Overbank Units (Definition 7).
Notes: for Lobe Unit hierarchical scales, we adopted the same approach as in Chan-

nel Unit (Definition 3).

. Levee Unit A Depositional Unit having Wedge Geometry and forming a bank or
ridge geomorphology associated with some Channel Unit.

Subsumed by: Depositional Unit (Definition 2)

Disjoint with: Channel Unit (Definition 3), Lobe Unit (Definition 4), Mound Unit
(Definition 6)

Metaproperties: R~ [+ O— U+ ED—

Relation: Has Quality (BFO) some Wedge Geometry (Definition 21)

Notes: this term is not consensual as some authors refer to these units as the wedge-
shape embankments around channels, which is the definition that we adopt here,
while other authors refer to them as not necessarily being these embankments and
possibly having wing shapes, among other definitions.

Notes: this term refers specifically to the geomorphological association of some
wedge-shaped unit with some channel unit, even if the channel does not exist at
the moment of the observation by the geologist and the levee is probabilistically

identified by tendencies (e.g., typical facies). In other words, the term “levee” onto-



66

10.

11.

logically denotes this relation even though it cannot be deterministically observed.

Mound Unit A Depositional Unit having Mound Geometry with an irregular top
surface and internal chaotic facies.

Subsumed by: Depositional Unit (Definition 2)

Disjoint with: Channel Unit (Definition 3), Lobe Unit (Definition 4), Levee Unit
(Definition 5)

Metaproperties: R+ [+ O— U+ ED—

Relation: Has Quality (BFO) some Mound Geometry (Definition 20)

. Overbank Unit A Depositional Unit found at some overbank area, which is geo-

morphologically associated with some Channel Unit or Levee Unit.

Subsumed by: Depositional Unit (Definition 2)

Metaproperties: R~ [+ O— U+ ED—

Notes: this term refers to the units that usually result from the sedimentary cur-
rent overflows and have geometries such as lobate or waveform. In the same way
that occurs with Levee Unit (Definition 5), this term refers to a geomorphological

association with some other unit that may not exist at the observation moment.

. Sedimentary Rock A Rock constituted by some collection of sedimentary grains

or particles (GARCIA et al., 2019).
Subsumed by: Rock (GeoCore)
Metaproperties: R+ [+ O— U— ED—

. Sediment An Unconsolidated Earth Material constituted by some collection of sed-

imentary grains or particles (GARCIA et al., 2019).

Subsumed by: Unconsolidated Earth Material (GeoCore)

Metaproperties: R+ [+ O— U— ED—

Depositional System An Object Aggregate whose members are mereotopologi-
cally linked Depositional Units.

Subsumed by: Object Aggregate (BFO)

Metaproperties: R+ [+ O+ U+ ED—

Relation: Has Member (BFO) min 2 Depositional Unit (Definition 2)

Channel Surface A Geological Boundary that forms the basis of a Channel Unit,
having a concave-up shape unless truncated by overlying depositional units.
Subsumed by: Geological Boundary (GeoCore)

Metaproperties: R+ [+ O— U+ ED—

Relation: 2D Boundary Of (BFO) some Channel Unit (Definition 3)
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Figure 5.4 — GeoReservoir ontology moment entities’ taxonomical overview. White boxes
represent BFO and GeoCore entities, while gray boxes represent GeoReservoir entities. All
arrows represent “subsumed by’ relations.
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Source: the author

5.3.2 Moment entities

All the entities below correspond to existentially dependent (ED+) entities, whose
ontological identities are somewhat linked to their respective bearers. Hence, we do not

present their ontological metaproperties individually.

12. Dimension A Quality that inheres in an Independent Continuant by virtue of one
of its one-dimensional extents. It is a category that includes at least the three di-
mensions defined in this ontology: Width, Length, and Thickness. All dimensions
are expressed by a real number indicating its value and a literal string indicating its
measurement unit.

Subsumed by: Quality (BFO)

Relation: Quality Of (BFO) exactly 1 Independent Continuant (BFO) and Quality
Of (BFO) only Independent Continuant (BFO)

Relation: Has Quality Value (Definition 27) some decimal and Has Quality Value
(Definition 27) only decimal

Relation: Has Measurement Unit (Definition 28) some string and Has Measure-

ment Unit (Definition 28) only string

13. Width A Dimension that inheres in an Independent Continuant by virtue of the
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14.

15.

16.

17.

18.

19.

20.

21.

22.

distance between its two lateral extremes.

Subsumed by: Dimension (Definition 12)

Length A Dimension that inheres in an Independent Continuant by virtue of the
distance between its two extremes along its longest side.

Subsumed by: Dimension (Definition 12)

Thickness A Dimension that inheres in an Independent Continuant by virtue of the
distance between its two extremes perpendicularly to its width and length.

Subsumed by: Dimension (Definition 12)

Geometry A Quality that inheres in a Depositional Unit by virtue of its external
three-dimensional shape. It does not reflect the exact mathematical specifications
of a geometric shape but abstracts and simplifies these specifications (ROVETTO,
2011).

Subsumed by: Quality (BFO)

Relation: Quality Of (BFO) exactly 1 Depositional Unit (Definition 2) and Quality
Of (BFO) only Depositional Unit (Definition 2)

Relation: Has Quality Value (Definition 27) exactly 1 Geometry Value (Definition
17) and Has Quality Value (Definition 27) only Geometry Value (Definition 17)

Geometry Value An enumeration of the possible values for Geometry instances.

YN 1Y

Equivalent to: {“channel”, “irregular”, “lens”, “lobe”, “mound”, “scour”, “sheet”,
“sigmoid”, “waveform”, “wedge”, “wing”}

Channel Geometry A synonym for Geometry with “channel” value.

Equivalent to: Geometry (Definition 16) and Has Quality Value (Definition 27)

only {“channel”}

Lobe Geometry A synonym for Geometry with “lobe” value.

Equivalent to: Geometry (Definition 16) and Has Quality Value (Definition 27)
only {“lobe”}

Mound Geometry A synonym for Geometry with “mound” value.

Equivalent to: Geometry (Definition 16) and Has Quality Value (Definition 27)

only {“mound”}

Wedge Geometry A synonym for Geometry with “wedge” value.
Equivalent to: Geometry (Definition 16) and Has Quality Value (Definition 27)
only {“wedge”}

Sinuosity A Quality that inheres in a Channel Unit by virtue of how wavy it is



23.

24.

25.
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across its length. It is expressed by a real number given by its curved length divided
by its length in a straight line.

Subsumed by: Quality (BFO)

Relation: Quality Of (BFO) exactly 1 Channel Unit (Definition 3) and Quality Of
(BFO) exactly 1 Channel Unit (Definition 3)

Relation: Has Quality Value (Definition 27) some decimal[> 1] and Has Quality
Value (Definition 27) only decimal[> 1]

Facies A visual pattern of properties of Geological Objects.

Subsumed by: Generically Dependent Continuant (BFO)

Relation: Generically Depends On (BFO) only Geological Object (GeoCore)
Notes: this entity is defined in the literature as a combination of features that dif-
ferentiates a geological object from its adjacent geological objects (WALKER;
JAMES, 1992). However, a Facies does not describe a single Geological Ob-
ject’s features: it might repeat in several objects as a pattern. This particular as-
pect matches the definition of Generically Dependent Continuant in BFO. Another
important aspect is that the features that compose facies vary depending on the re-
search context, e.g., Sedimentary Facies (Definition 24), Petrofacies (ROS; GOLD-
BERG, 2007), Lithofacies, Ichnofacies, and Biofacies (NICHOLS, 2009).

Sedimentary Facies A Facies consisting of the sum of the sedimentological char-
acteristics of Depositional Units (MIDDLETON, 1973; NICHOLS, 2009; CAR-
BONERA; ABEL; SCHERER, 2015).

Subsumed by: Facies (Definition 23)

Relation: Generically Depends On (BFO) only Depositional Unit (Definition 2)
Notes: as an example, if we would model Cross-bedded Sandstone (NICHOLS,
2009), it would be an entity subsumed by Sedimentary Facies having the follow-
ing relations: (1) Generically Depends On (BFO) some (Constituted By (GeoCore)
some Sandstone (a)); and (2) Has Part (BFO) some Cross-bedding Structure (b).
(a): Sandstone would be an entity subsumed by Sedimentary Rock (Definition 8).
(b): Cross-bedding Structure would be an entity subsumed by Sedimentary Struc-

ture (Definition 26).

Facies Association A Generically Dependent Continuant that consists of a collec-
tive of Facies.

Subsumed by: Generically Dependent Continuant (BFO)

Relation: Has Member (BFO) min 2 Facies (Definition 23)
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Notes: it usually describes the Facies that are typically found in specific regions or
sub-environments. For example, the Channel Axis Association (MCHARGUE et
al., 2011) describes Sedimentary Facies typically found at the center part of chan-

nels (in a cross-section point of view).

26. Sedimentary Structure A Geological Structure consisting of a pattern of the inter-
nal arrangement of Depositional Units.
Subsumed by: Geological Structure (GeoCore)
Relation: Generically Depends On (BFO) only Depositional Unit (Definition 2)

Notes: an example would be Cross-bedding Structure as noted in Definition 24.

5.3.3 Auxiliary relations

27. Has Quality Value A relation between a Quality and its value.
Domain: Quality (BFO)

28. Has Measurement Unit A relation between a measurable Quality and a literal
string that represents its measurement unit.
Domain: Quality (BFO)

Image: string

5.4 Geological Spatial Relations ontology presentation

In the following, we present the Geological Spatial Relations ontology (Figure
5.5), which complements the GeoCore ontology with the relations required to support the
geological bodies’ spatial distribution description. Some definitions require to report to
the BFO ontology (ARP; SMITH; SPEAR, 2015) to get a complete understanding.

All relations described by the ontology connect particulars that instantiate the type
Independent Continuant (BFO). We made this modeling decision because Independent
Continuant is a category that covers all the types of spatial entities that can be related,
such as Geological Object, Site, and Geological Boundary. This modeling decision also

increases the ontology’s reuse and integration potential.

29. Spatially Discrete From A spatial relation between two Independent Continuants
in which both do not share the same spatial region, either wholly or partially.

Domain: Independent Continuant (BFO)
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Figure 5.5 — Geological Spatial Relations ontology overview. White boxes represent BFO
relations, while gray boxes represent our ontology’s relations. Arrows with closed endings
represent Subrelation axioms, and arrows with open endings represent other axioms.
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Source: modified from Cicconeto et al. (2020)

Image: Independent Continuant (BFO)

Properties: symmetric

30. Spatially Disconnected From A spatial relation between two Independent Contin-
uants that are Spatially Discrete From each other and whose external boundaries
are not adjacent.

Subrelation of: Spatially Discrete From (Definition 29)
Domain: Independent Continuant (BFO)
Image: Independent Continuant (BFO)

Properties: symmetric

31. Externally Connected With A spatial relation between two Independent Continu-
ants that are Spatially Discrete From each other and whose external boundaries are
adjacent.

Subrelation of: Spatially Discrete From (Definition 29)
Domain: Independent Continuant (BFO)
Image: Independent Continuant (BFO)

Properties: symmetric

32. Spatially Identical To A spatial relation between two Independent Continuants in
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33.

34.

35.

36.

37.

which both occupy precisely the same spatial region.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Properties: symmetric

Spatially Partially Overlaps A spatial relation between two Independent Contin-
uants in which both share a part of the spatial regions they occupy.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Properties: symmetric

Proper Spatial Part Of A spatial relation between two Independent Continuants,
x and y, in which the spatial region that x occupies is entirely inside of the spatial
region that y occupies.

Subrelation of: Located In (BFO)

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Has Proper Spatial Part (Definition 37)

Properties: transitive

Tangential Proper Spatial Part Of A spatial relation between two Independent
Continuants, x and y, in which z is a Proper Spatial Part Of y and whose external
boundaries are adjacent.

Subrelation of: Proper Spatial Part Of (Definition 34)

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Has Tangential Proper Spatial Part (Definition 38)

Non-tangential Proper Spatial Part Of A spatial relation between two Indepen-
dent Continuants, z and y, in which x is a Proper Spatial Part Of y and whose
external boundaries are not adjacent.

Subrelation of: Proper Spatial Part Of (Definition 34)

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Has Non-tangential Proper Spatial Part (Definition 39)

Has Proper Spatial Part A spatial relation between two Independent Continuants,
x and y, in which the spatial region that y occupies is entirely inside the spatial

region that x occupies.
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Subrelation of: Location Of (BFO)

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Proper Spatial Part Of (Definition 34)

Properties: transitive

Has Tangential Proper Spatial Part A spatial relation between two Independent
Continuants, x and y, in which x has y as a Proper Spatial Part and whose external
boundaries are adjacent.

Subrelation of: Has Proper Spatial Part (Definition 37)

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Tangential Proper Spatial Part Of (Definition 35)

Has Non-tangential Proper Spatial Part A spatial relation between two Indepen-
dent Continuants, = and y, in which x has y as a Proper Spatial Part and whose
external boundaries are not adjacent.

Subrelation of: Has Proper Spatial Part (Definition 37)

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Non-tangential Proper Spatial Part Of (Definition 36)

Below A spatial relation between two Independent Continuants, x and y, in which
x has a location lower than the location of y in the vertical axis corresponding to
the same frame of reference.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Above (Definition 41)

Above A spatial relation between two Independent Continuants, = and y, in which
x has a location higher than the location of y in the vertical axis corresponding to
the same frame of reference.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Below (Definition 40)

Left Of A spatial relation between two Independent Continuants, x and y, in which
2 has a location to the east of the location of y in the horizontal axis corresponding

to the same frame of reference.
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43.

44,

45.

Domain: Independent Continuant (BFO)
Image: Independent Continuant (BFO)
Inverse of: Right Of (Definition 43)

Right Of A spatial relation between two Independent Continuants,  and y, in
which z has a location to the west of the location of y in the horizontal axis corre-
sponding to the same frame of reference.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Left Of (Definition 42)

In Front Of A spatial relation between two Independent Continuants, x and y, in
which = has a location that makes it nearer than y in the longitudinal axis corre-
sponding to the same frame of reference.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: Behind (Definition 45)

Behind A spatial relation between two Independent Continuants, = and ¥, in which
y has a location that makes it nearer than x in the longitudinal axis corresponding
to the same frame of reference.

Domain: Independent Continuant (BFO)

Image: Independent Continuant (BFO)

Inverse of: In Front Of (Definition 44)

5.5 Final considerations

The GeoReservoir ontology presented in this chapter aims to provide formal and

clear definitions to support the description of deep-marine depositional system lithologi-

cal and geometrical properties. As so, it is proposed to ameliorate several terminological

issues in the domain by presenting semantical disambiguation, supporting the uniform

data collection, and separating geological description from interpretation. Furthermore,

the ontology ensures interoperability with other models and applications anchored at the

same ontological framework by extending the BFO and GeoCore ontologies. The Geo-

Reservoir ontology model implemented in OWL 2 is available in a public repository at

<https://github.com/BDI-UFRGS/GeoReservoirOntology>.
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The next step of the present work, which is reported in the next chapter, is to vali-
date the terminology’s adequacy and truthfulness by applying the GeoReservoir ontology

in a geological case study.
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6 ONTOLOGY APPLICATION

This chapter presents the GeoReservoir ontology application in a case study to
evaluate the adequacy, truthfulness, and limitations in describing the domain entities.
Reservoir geologists evaluated the ontology’s competence on reservoir description using
the restricted terminology to describe a geological occurrence of a deep-marine deposit.
The source of data was not the real outcrop but a previous detailed study described in a
professional technical report. This report is originally presented by Hodgson et al. (2011)
and summarized in Section 2.2. The intention was to verify if the terminology could cap-
ture all the detailed descriptions and sketches as presented in the technical document. For
simplicity, we selected a section of the technical report and not the entire description.

This section (Figure 6.1) features a few depositional bodies in different hierarchi-
cal scales, which are named “channel element” and “channel complex”. Erosion surfaces
are represented as solid red lines (or dashed red lines when they were inferred) and delimit
the channel units. We chose to describe here, as a demonstration, the channel elements 1,
2, and 3 since they show the whole geometry in the outcrop section under analysis. We
annotate them as Chl, Ch2, and Ch3. The three other channels on the right side of the
figure do not show their central axes in this particular, so we do not describe them here.
Channel 3, even keeping its unity, also contains internal thin-bedded silt-sandstone layers
preserved after some oscillation of the energy of deposition. We annotated these layers as
p3 and p2, while the p1 is the main channel facies. The three parts compose together the
Channel 3 unit. The three channel elements that we consider here compose the channel
complex. All these bodies compose a larger-scale body, which is not entirely described
here, in the “channel complex set” scale. There is also an “external levee” that is later-
ally adjacent to the channelized bodies. The facies are represented by distinct colors and
named in the figure’s legend.

Similar to the GeoReservoir ontology, this case study was implemented using Pro-
tégé and persisted in OWL 2 code. The implementation is available in the same Web
repository that contains the GeoReservoir ontology!. In the following of this chapter,
we describe the afore summarized subset using GeoReservoir terms. When a description
refers to an entity defined in one of the ontologies described or reviewed in this thesis,
this term is presented in an italic text followed by the referenced ontology or definition in

parentheses.

I <https://github.com/BDI-UFRGS/GeoReservoirOntology>
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Figure 6.1 — The subset of Karoo basin geological data used in this work’s case study.
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Source: modified from Hodgson et al. (2011) and Cicconeto et al. (2020)

6.1 Material instances and their mereotopology

In terms of the GeoReservoir ontology, depositional bodies in all scales are in-
stances of Depositional Unit (Definition 2). Channel elements and the complex are Chan-
nel Unit (Definition 3) instances, while the external levee is an instance of Levee Unit
(Definition 5).

These units’ spatial distribution model is illustrated in Figure 6.2. About the hi-
erarchical relations, lower-order units are Proper Spatial Parts Of (Definition 34) higher-
order units, e.g., the channel elements are Tangential Proper Spatial Parts Of (Definition
35) the channel complex. Depositional units in the same scale are always Spatially Dis-
crete From (Definition 29) each other, being Externally Connected With (Definition 31) if
they are adjacent or Spatially Disconnected From (Definition 30) otherwise. Furthermore,
they are related by direction according to their relative distribution, e.g., Left Of (Defi-
nition 42) and Below (Definition 40). The external levee is Externally Connected With
(Definition 31) the channel complex. Additionally, all these mereotopologically-related
objects are Members Of (BFO) a Depositional System (Definition 10) instance.

As described in Section 4.6, it is necessary to have a frame of reference in order
to represent directional spatial relations such as Left Of (Definition 42) and Below (Def-
inition 40). In this work, we assume that depositional systems hold an intrinsic frame of
reference fixed by the direction in which the units are deposited, which can be observed,

for example, by the channel units’ orientation. Although this frame of reference is rela-



Figure 6.2 — The spatial distribution model of the Karoo channel-levee case study. Boxes
represent instances with the entities that they instantiate between chevron symbols, while arrows
represent relations.
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tive and can vary in different depositional systems, we assume that it does not affect the
modeling of the geometry and architecture of the depositional system, still keeping the
model’s simplicity. Any future software application supported by the GeoReservoir on-
tology should include additional geographical reference information for the depositional
system as a whole, which will allow calculating the real position of the geological bodies
according to a geographical reference. This external frame of reference is essential for
provenance interpretation, advanced geospatial reasoning, and data integration with other

applications.

6.2 Sedimentary facies and lithological features

Regarding lithology, this Karoo subset features two distinct facies: Massive Sand-
stone and Thin Bedded Sand/Siltstone (Figure 6.3). Each of these two facies is an in-
stance of Sedimentary Facies (Definition 24). We include the two facies associations
defined by Hodgson et al. (2011), namely Channelized and Non-channelized, as Facies
Associations (Definition 25). We relate the Channelized association with the two facies
and the Non-channelized association with the Thin Bedded Sand/Siltstone facies, in both
cases using the Has Member (BFO) relation. We also relate each facies to its respective
Depositional Units (Definition 2) as colored in Figure 6.1: the Massive Sandstone facies

Generically Depends On (BFO) the “Ch 17, “Ch 2”, and “p1” units, while the Thin Bed-
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Figure 6.3 — The sedimentary facies model of the Karoo channel-levee case study. Boxes
represent instances with the entities that they instantiate between chevron symbols, while arrows
represent relations.
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ded Sand/Siltstone facies Generically Depends On (BFO) the “p2”, “p3”, and “external
levee” units.

The terms “thin bedded” and “massive” imply the presence of some sedimentary
structures. Hence, we have two Sedimentary Structure (Definition 26) instances, which
also Generically Depend On (BFO) the same units as their respective facies. Further-
more, the terms “sandstone” and “sand/siltstone” imply that the units in which the facies
generically depend on are Constituted By (GeoCore) some subtypes of Sedimentary Rock
(Definition 8): Sandstone in the former case, and both Sandstone and Siltstone in the lat-
ter case. In the future, we plan to create a complete taxonomy of rocks. For this work’s
purposes, we just include Sandstone and Siltstone in this case study scope (see Figure

6.4).

6.3 Final considerations

This case study demonstrates how we can use the GeoReservoir and its related
ontologies to depict the descriptive features of a deep-marine channel-levee system. An
ontology-controlled description restricts the geologists’ freedom in using figurative lan-

guage and imposes a scale and level of detail to the description. Even so, this approach
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Figure 6.4 — The sedimentary rocks model of the Karoo channel-levee case study. Boxes
represent instances with the entities that they instantiate between chevron symbols or entities
when they don’t have chevron symbols. Arrows with closed ending represent Subsumed By

relations, while arrows with open endings represent other relations.
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shows the significant advantage of creating a uniform record that a software application
can search and compare. We consider that these gains outweigh the disadvantages since
the approach allows to extract patterns, tendencies, and repetitions that may be not per-
ceived in free textual reports. Moreover, the ontologies give us a sound and truthful
terminology that we can use to precisely describe the geometrical and lithological aspects
of deep-marine depositional systems.

A complete demonstration of the ontology capabilities would require representing
a large set of channel, levee, and lobe deposits, showing how we could integrate and search
over the data. This is the next step in the project in which this work is inserted, aiming
to produce a useful library of deep-marine deposit data with the support of a description
system. Nevertheless, we discuss the benefits and limitations of this thesis’s approach in

the next chapter.
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7 DISCUSSION

In sedimentological studies, geologists describe the lithological features and spa-
tial relations among the units based in a low-precision language complemented by figures
and pictures of outcrops or seismic sections. The result is a non-uniform record with many
language ambiguity and unclearness cases, offering low automatic processing capability.
We present the GeoReservoir ontology as a solution to improve this scenario by defining
a formal and precise domain terminology.

This chapter discusses the GeoReservoir’s practical benefit in ameliorating the
geological language’s issues, considering the literature review, methodology, and case
study presented in this work. Such as we did in Chapter 6, when we refer to an entity
defined in one of the ontologies described or reviewed in this thesis, this term is presented

in an italic text followed by the referenced ontology or definition in parentheses.

7.1 GeoReservoir: a tool for language analysis and disambiguation in deep-marine

settings

The GeoReservoir ontology is not intended to define a new terminology but to
disambiguate and formalize the existing geological terminology, as well as to enable its
integration with other vocabularies formalized under the same ontological basis that we
employed in this work. As so, the ontology clarifies the meaning variations of ambiguous
terms, such as “channel”.

As stated in Chapter 2, the term “channel” sometimes refers to the conduits where
sedimentary flows pass by and leave sediments that become channel fills. This “channel
fill” term leads us to the second meaning of the “channel” term, which is the concave-up
shaped sedimentary unit constituted by these sediments. In this work, we define both
meanings: the former as Channel Surface (Definition 11), and the latter as Channel Unit
(Definition 3). Even though both terms are related (see Figure 7.1), when the term “chan-
nel” appears singly in a geological report, it is necessary to analyze the context in which
it appears to decide what definition it fits.

For example, in the approach presented by Cullis et al. (2019), the term “chan-
nel” is associated with the “element” definition, which is the same kind of entity that the
Depositional Unit (Definition 2) term refers to. As so, the “channel” term of Cullis et

al. (2019) is equivalent to the Channel Unit (Definition 3) term. This meaning makes
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Figure 7.1 — Figure that illustrates the two meanings of the “‘channel” term defined in this work.
Boxes represent entities, while arrows represent relations.
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Source: modified from Hodgson et al. (2011) and Cicconeto et al. (2020)

sense for their approach because the authors focus on developing a database for deep-
marine deposit qualitative and quantitative analysis, in which the geologist is responsible
for filtering the correct meaning of the data. However, if we imagine an application for
geological process simulation that requires the Channel Surface (Definition 11) term, this
definition is missing and can even be misunderstood as a Channel Unit. Being so, the
GeoReservoir approach gains on reusability as the ontological analysis presented in this
work addresses such terminological issues. The ontology vocabulary can be reused by
data analysis, geological process simulation, and many other applications, further allow-
ing intrinsic integrability between them or at least clarifying the vocabulary distinctions.
Another term that requires careful clarification is “facies”. As discussed in Chap-
ters 3 and 5, a Facies (Definition 23) is an entity that can inhere in many Geological
Objects (GeoCore). In the approaches described by Lorenzatti et al. (2010) and Cullis et
al. (2019), a facies is a unit contained in a single element, in conformance with most of the
geological literature (WALKER; JAMES, 1992; DALRYMPLE, 2010). This distinction
is relevant because it makes the approach described in this work naturally able to answer
questions like “What depositional units present ‘thin bedded sand/silstone’ facies?”’. The
approaches presented by Lorenzatti et al. (2010) and Cullis et al. (2019), on the other
hand, require further effort to quantitatively analyze the depositional unit’s characters in

order to answer the same question.
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7.2 Separation between geological description and process interpretation

One of this work’s relevant contributions is to separate the terminology’s genetic
connotation from its descriptive meaning. As Geology studies the Earth’s structure, com-
position, and the processes that generate and modify the Earth, geologists frequently de-
fine their vocabulary based on these genetic properties instead of what they observe on
Earth.

For example, when defining the meaning of “depositional system”, a geologist
will postulate that it is the collection of the sedimentary bodies generated by a suite of re-
lated processes in a determined area. Although this definition is trivial for an experienced
geologist, it does not clarify the descriptive features that make a collection of sedimentary
bodies a depositional system, making it difficult for non-specialists and computer appli-
cations to understand how to distinguish these entities as these genetic features are highly
interpretative.

This semantic separation between descriptive and interpretative terms is expected
to ease computer application and artificial intelligence model development because it re-
quests the geologists to bring the descriptive data that allow interpretation. Furthermore,
it improves the possibilities of exploring Sedimentology and Stratigraphy as descriptive
sciences, which strongly expands the reuse potential of collected data as time passes, since
it is not contaminated by the evolution of geological theories.

Le Bouteiller et al. (2019) did a similar approach in separating and relating de-
positional features and sedimentary processes. However, the approach presented in this
thesis is intended to cover all deep-marine deposits, while Le Bouteiller et al. (2019) is
specialized in MTD features and processes. Our approach also features a higher level
of formality as GeoReservoir and the other ontologies presented in this thesis define all
relations’ semantics.

These relations’ semantics were successfully defined by Qu (2020). However, his
work did not formally describe the descriptive properties of depositional features, relying
primarily on process interpretation to compose the definitions. Such an approach holds a
downside as it can hide the descriptive data that backed the interpretations.

An important limitation of this approach is that the explicit formalization of the
descriptive features is not always completely possible. Let us consider the definition of
Sedimentary Rock (Definition 8). According to this definition, a sedimentary rock is con-

stituted by some collection of sedimentary grains or particles. However, this “sedimen-
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tary” term can be thought of as referring to the geological processes that carry these grains
or particles to some deposition site. Actually, this term refers to the rock’s compositional
and geometrical aspects that geologists identify in sedimentary rocks. However, there
is no exact specification of these aspects in our knowledge, so that we cannot formalize
them.

Another limitation is that we could not define some relevant terms found in the
literature, such as MTD, turbidite, and debrite, since we focused on the descriptive terms’
definition. These terms have a high genetic connotation and need the process definitions
to be properly formalized. We also did not define any hierarchical classification schema
because of the many variations available in the literature. We considered that, for this
initial research step, it is more important to define and validate the formal terminology
for depositional units’ spatial distribution, as the hierarchical orders in any schema can be

derived in the future from the spatial relations formalized in this work.

7.3 GeoReservoir’s reuse potential in other depositional environments

As presented in Chapter 3, in the approach presented by Qu (2020), the author
separated his ontology into two main sections: general clastic depositional system and
deep-marine clastic depositional system.

At the beginning of the work described in this thesis, we intended to divide the
GeoReservoir ontology in the same sense. However, during the development, we noticed
that the deep-marine environment does not have a specific terminology. A Depositional
Unit (Definition 2), for instance, has the same essential properties and identity criteria
regardless of depositional environment. In other words, the criteria that geologists use to
differentiate a sedimentary unit in deep-marine, fluvial, or shallow-marine settings are the
same, and the environment in which the unit is found does not add essential properties to
it.

As stated by Smith (2006), an ontology should only define terms that are either
expected that its intended users will need or required to fill some gap in order to complete
the formal definitions. In our approach, we managed to build a single ontology aiming
to describe deep-marine depositional systems but keeping its potential for reuse in other

depositional environments.
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7.4 Comparison with the GeoSciML and SWEET approaches

The models presented in the GeoSciML format (SIMONS et al., 2006; RICHARD
et al., 2007) and the SWEET ontologies (RASKIN; PAN, 2005) provide useful stan-
dards for geological descriptions. In particular, the academy and industry widely adopted
GeoSciML, which constitutes an important initial step for terminology definition in Ge-
ology. However, as discussed in Chapter 3 and by Garcia et al. (2020), these models have
missed the ontological analysis as done in the state of the art conceptual modeling and
applied in this thesis for terminological ambiguity reduction.

Furthermore, GeoReservoir defines a set of sedimentology-specific entities, di-
minishing the effort to align previous data with the ontologies and enriching the semantics
associated with the aligned data. For example, it is possible to assign the Levee Unit (Defi-
nition 5) entity to some chunk of data, bringing along its formal definitions, such as being
adjacent to some Channel Unit (Definition 3). In GeoSciML and SWEET, such a unit

would be a GeologicUnit and a Rock Body respectively, configuring generic semantics.
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8 CONCLUSION

As the geological language evolved over the past decades, a series of ambiguities
and language pitfalls became a challenge in Geology, especially for those who intended
to develop computer applications. Software applications need formal and explicit termi-
nologies in order to process large volumes of data and discover useful knowledge. In
deep-marine sedimentological studies, these challenges are potentialized by the fact that
the data is very noisy because of the deposit’s poor accessibility and wide scale.

In this thesis, we described the GeoReservoir ontology and guided its use. The
GeoReservoir is an ontology intended to support the description of deep-marine deposi-
tional system geometrical and lithological features, providing a formal and precise lan-
guage for deposits in outcrop and seismic section scales. Our approach separates descrip-
tive properties from interpretative features, addressing the problem in which the geologists
systematically rely on process interpretation to describe geological data.

We strongly relied on ontological foundations and methods to build the ontology,
such as the metaproperties described by Guarino and Welty (2002a) and Guarino and
Welty (2004). Moreover, we reused the conceptual basis built by the BFO and GeoCore
ontologies, which provides a robust framework for the description of Geology in general.
This approach allowed us to take advantage of previously analyzed and reviewed defini-
tions, reducing the effort inherent to the development process of any conceptual model.
Moreover, this approach will allow the integration of the GeoReservoir ontology with
other models developed in the future using the same conceptual basis.

Although a formal specification cannot represent all the complexity of the nature
in reality, the conceptual framework of ontologies helps us not to oversimplify this com-
plexity and keep an interesting tradeoff. Furthermore, the work present in this thesis is an
example of how ontological foundations can be used to model complex domains like Ge-

ology, which feature many cases of terminological ambiguity and unprecise definitions.

8.1 Future work

The present work is inserted in a larger project, which encompasses the devel-
opment of a reservoir geometry and lithology database. In the future, the GeoReservoir
ontology will support the application of artificial intelligence methods in order to assist

petroleum exploration decisions. These methods include clustering similar deposits and
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depositional systems, discovering patterns and tendencies in reservoir occurrences, and
others.

Other future work perspectives include developing a complete ontology of rocks,
defining not only sedimentary rocks that are relevant for GeoReservoir but also other
types of rocks, such as carbonate and salt, which are important for petroleum exploration
and production. This perspective is likely to produce another research topic, as there exist
many rock classifications in the literature, and further ontological analysis is required.
Furthermore, the same kind of analysis can be applied to common facies classifications
and sedimentary structures, producing standard and useful taxonomies and relations.

Computer-assisted geological process interpretation is also an interesting research
topic to explore. To do so, an ontology of geological processes would be helpful, as
well as the relations between the processes and the observational features defined in the
GeoReservoir ontology. This topic is relevant because a complete series of ontologies
supporting observation and interpretation would help geologists in studying the formation

and evolution of petroleum reservoirs.
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APPENDIX A - RESUMO EXPANDIDO EM PORTUGUES

Sistemas deposicionais marinhos profundos constituem os mais importantes tipos
de reservatorios de hidrocarbonetos do mundo. Muito do conhecimento nestes depdsitos
sedimentares € extraido através da observacgdo e interpretacdo de dados de sismica, cal-
ibrados por dados de testemunhos e afloramentos, os quais possuem maior resolucio e
detalhamento. Estes métodos sdo utilizados por conta da inacessibilidade e grande escala
dos corpos sedimentares que compdem estes depdsitos.

Com o passar dos anos, gedlogos identificaram caracteristicas recorrentes nestes
dados e desenvolveram modelos conceituais descrevendo os padrdes mais comuns en-
contrados em depdsitos marinhos profundos. Porém, variacdes de terminologia e inter-
pretacdes distintas tornaram-se um problema no estudo dos depodsitos e no desenvolvi-
mento de aplicacdes de software com o objetivo de auxiliar na interpretacdo de grandes
quantidades de dados geoldgicos. Tais aplicacdes demandam uma linguagem clara e ndo-
ambigua.

Conforme ja estudado em trabalhos anteriores que abordaram o desenvolvimento
de aplicagdes e terminologias para a Geologia, a terminologia utilizada pelos gedlogos
apresenta muitos casos de ambiguidade e termos distintos que possuem 0 mesmo signifi-
cado. Além disto, a Geologia € uma ciéncia que estuda a histdria da Terra e como a sua
composi¢do rochosa evoluiu ao longo desta histdria. Sendo assim, uma parte significativa
da linguagem utilizada pelos gedlogos € baseada em interpretacdes de como 0s processos
geoldgicos ocorreram. Estas interpretagdes evoluem juntamente aos estudos cientificos,
tornando fundamental a correta defini¢do e armazenamento dos dados descritivos que su-
portam estas interpretacoes.

Neste contexto, o objetivo da presente dissertacdo € descrever o desenvolvimento
e a utilizagdo da ontologia GeoReservoir, a qual foi projetada para abordar os problemas
terminoldgicos deste dominio. A contribui¢ido apresentada € relevante porque preenche
lacunas apresentadas por trabalhos anteriores em modelagem conceitual e andlise de da-
dos para sistemas deposicionais marinhos profundos. Além disto, esta ontologia é o passo
inicial de um projeto que pretende integrar de maneira uniforme e formal os dados de sis-
temas deposicionais ao redor do mundo, suportando um banco de dados e um sistema de-
scritivo que permitirdo a aplicacdo de técnicas de Inteligéncia Artificial para a descoberta
de tendéncias e padrdes em reservatérios de petréleo.

A metodologia utilizada prevé a reutilizacdo das ontologias BFO (Basic Formal
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Ontology) e GeoCore, além da aplicacdo de andlise ontoldgica através da atribuicdo de
metapropriedades sobre os termos definidos. A BFO € uma ontologia de fundamen-
tacdo amplamente utilizada para a descricdo de conhecimento em dominios cientificos,
enquanto a GeoCore € uma ontologia core que prevé a integracdo de todos os diversos
sub-dominios da Geologia de Petréleo. Nao obstante, a abordagem incorporou um con-
junto de relagdes espaciais mereotopoldgicas e direcionais em uma ontologia distinta e
independente, complementando o trabalho e alavancando o seu potencial de redso. A ter-
minologia foi desenvolvida em uma série de iteragdes que produziram protétipos evolu-
tivos, os quais foram desenvolvidos e avaliados com o apoio de ge6logos com experiéncia
na industria petrolifera.

Para avaliar a precisdo, adequagdo e completude da terminologia, o trabalho in-
clui um estudo de caso utilizando dados de um sistema deposicional da Bacia do Karoo
na Africa do Sul. Neste estudo, os dados foram descritos utilizando o vocabulario da on-
tologia GeoReservoir, demonstrando um exemplo de aplicacdo e comprovando a validade
dos termos definidos.

O resultado do presente trabalho é uma ontologia completa, formal e clara para
suportar a descri¢do dos aspectos observacionais de sistemas deposicionais marinho pro-
fundos. Como principais contribui¢des, a abordagem apresenta: (1) a desambiguacdo de
diversos termos utilizados em Sedimentologia e Estratigrafia; (2) a separacdo entre ter-
mos descritivos e interpretativos da Geologia de Petréleo; (3) uma ontologia que pode ser
reutilizada e expandida para outros ambientes deposicionais, como fluvial e marinho raso;
(4) definicdo de uma semantica processavel que pode ser associada a dados de relatérios
geoldgicos, permitindo o raciocinio computadorizado sobre estes relatorios; e (5) a garan-
tia de integrabilidade com outros modelos que reutilizem o mesmo arcabouco ontolégico.

Como préximo passo do projeto no qual o presente trabalho estd inserido, serd
realizada a integracdo de uma grande quantidade de relatérios geolégicos com o suporte
da ontologia aqui desenvolvida, gerando assim uma base de dados sobre a qual podera
ser realizada a descoberta de conhecimento através de métodos de mineracao de dados e
outras técnicas computacionais. Outras perspectivas de trabalhos futuros incluem: (1) o
desenvolvimento de ontologias completas de rochas, facies e estruturas sedimentares, os
quais também requerem andlise ontolégica e desambiguacgao; e (2) o desenvolvimento de
ontologias que definam termos de interpretacdo geoldgica tais como os processos sedi-
mentares que hipoteticamente geram as entidades materiais descritas na ontologia Geo-

Reservoir.
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