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ABSTRACT

Oil, a complex mixture of hydrocarbons, is a crucial energy resource and industrial commodity with a wide
range of applications, from powering transportation to serving as the foundation for various chemical
products. Understanding its spatial distribution within drill cores is essential for optimizing drilling
strategies and targeted exploration efforts, such as horizontal drilling and hydraulic fracturing. Beyond
exploration, mapping the oil concentration in drill cores provides valuable insights into the porosity and
permeability of different lithologies, which is critical for enhancing fluid flow in geothermal reservoirs.
Additionally, identifying impermeable caps in hydrocarbon reservoirs is vital for effective carbon storage.
Previous studies on oil in drill cores have primarily focused on the Alberta region of Canada, known for
bituminous oils. These studies use uncemented drill cores containing heavy, viscous oil and minerals such
as smectite, quartz, and clays, which have non-overlapping absorption features with oil. This study,
however, addresses the detection, mapping, and classification of oil and minerals in drill cores from Dutch
hydrocarbon reservoirs, which contain lighter oils and minerals such as clays, carbonates, and evaporites,
whose absorption features overlap with those of oil.

Two datasets were utilized in this study. The first dataset comprised pure oil samples, which served as a
training set to determine the spectral properties of oil in the VNIR, SWIR, and TIR ranges. The second
data set consisted of two drill cores, differentiated based on their mineral composition and the type of oil
they contain. The first drill core contains transparent oil with minerals like kaolinite, gypsum, calcite,
quartz, and hematite, while the second drill core contains heavy oil along with minerals like kaolinite and
quartz. The understanding obtained from measuring and comparing the spectra of the oil samples was
then applied to detect, map, and classify oil and minerals within the drill core. Oil detection was achieved
independently through the UV fluorescence property of oils, confirming the presence of oil in both the
drill cores. Furthermore, the mapping of oil and minerals in a drill core was achieved using techniques like
Hydrocarbon Index, Spectral Angle Mapper, and Minimum Wavelength Mapper. The existing
Hydrocarbon Index was modified to include another significant oil feature, resulting in improved accuracy
and reduced noise. The Spectral Angle Mapper and Minimum Wavelength Mapper were applied over
specific wavelength ranges, differing from previous studies that applied SAM over the full range. The
ranges of 1.65 pm to 1.85 pm and 2.3 pm to 2.36 pm were identified as optimal for mapping oil in the drill
core. These specific ranges highlighted by this study helped to better map the spatial distribution of the oil
and minerals. Additionally, the mapping techniques used also reflected the relative concentration of oil
within the drill cores.

This study also aimed to classify the oil in the drill cores based on the functional groups present in the oil.
Hydrogen and carbon are the most abundant elements in oil, making their absorption features more
prominent compared to those of nitrogen, oxygen, and sulphur. The functional groups formed by these
elements are best differentiated in the TIR range, while the SWIR and VNIR range only show major
absorption features due to C-H bonds and minor absorption features due to the O-H and N-H bonds.
When present in a drill core, these minor absorption features of oil are masked by the other minerals or
water present. Thus, the study reveals that classifying the oil in the drill core based on the functional
groups is not possible from the VNIR and SWIR spectra. Lastly, this study provides a prototype workflow
to detect and map the oil and minerals in a drill core.

Keywords: Oil concentration, functional groups, wavelength mapping, UV fluorescence, transparent oil
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DETECTION, MAPPING AND CLASSIFICATION OF CRUDE OIL IN DRILL CORE USING HYPERSPECTRAL IMAGERY

1. INTRODUCTION

11. Background

1.1.1. Crude Oil Formation and Importance

Crude oil, also referred to as petroleum or black gold, is a type of fossil fuel. It is formed through the
decomposition of organic matter, such as algae and plants residing in shallow seas, which mixes with
sediments and, when subjected to high pressure and temperature, gradually transforms into fossil fuels
over millions of years (Tissot & Welte, 1984). Since its commercial utilization in the 19 century, oil has
played an important role in shaping modern civilisation (Altawell, 2021). Society relies on oil for its
economic, social, and environmental progress (Hall et al., 2003).

The global consumption of oil is dominated by the transportation sector, with significant usage also
observed in the manufacturing industry, power generation, residential and commercial heating, and the
petrochemical industry (EIA, 2023). With the ongoing energy transition, crude oil plays an important role
as a transitional resource by acting as a bridge to facilitate a smooth and sustainable shift from fossil fuels
to renewable energy sources, ensuring energy security and economic stability during this transformative
period. However, it is essential to note that despite advancements in renewable energy, crude oil remains
irreplaceable in certain sectors due to its unique properties and established infrastructure (Insights, 2023).

1.1.2. Importance of understanding Qil distribution in Drill Cores

The importance of drill cores in oil exploration cannot be overstated, given the critical role of crude oil in
various industries. Information derived from drill cores is indispensable for the extraction and production
processes. Understanding the spatial distribution of oil within a drill core is crucial for identifying optimal
drilling locations and guiding targeted exploration efforts, such as horizontal drilling and hydraulic
fracturing (Canadian Association of Petroleum Producers, 2019). These techniques not only facilitate
efficient extraction but also contribute to reducing the overall costs associated with oil exploration.

Hyperspectral imaging emerges as a valuable tool for analysing oil-bearing drill cores. It is a relatively cost-
effective and non-destructive technique that enables rapid visual assessment of the spatial distribution of
oil in the core (Linton et al., 2023). Beyond its direct implications for crude oil exploration, the mapping of
oil in the subsurface has broader applications in geothermal exploration and carbon storage.

The presence or absence of oil within the layers of an oil-bearing drill core serves as an indicator of the
porosity and permeability of various lithologies. This information is crucial for understanding fluid
movement within geothermal reservoirs, particularly with the increasing repurposing of Abandoned Oil
and Gas Wells (AOGW) for geothermal utilization and carbon storage (Ashena, 2023; Kang et al., 2023;
Nian & Cheng, 2018; Romdhane et al., 2022). Porosity and permeability estimations play a vital role in
optimizing fluid flow in geothermal reservoirs (Eggertsson et al.,, 2020), while impermeable caps are
essential for the effectiveness of carbon storage reservoirs (Fang et al., 2017). Thus, accurate mapping of
crude oil within a drill core becomes imperative for a range of applications beyond traditional oil
exploration.
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1.1.3. Classification of Crude Qil

Accurate classification of crude oil, which is essential for effective extraction and production, holds
significant importance for various stakeholders in the oil sector, including traders, refiners, regulators, and
environmental agencies. Through precise classification, stakeholders can better understand the
characteristics and properties of different crude oil types, allowing for tailored approaches to their
handling and processing. This classification is rooted in a thorough assessment of crude oil's physical
properties, molecular structure, and the proportions of hydrocarbons it contains (Selley & Sonnenberg,
2022). Traditionally, this process has been labour-intensive and costly, involving the use of complex
equipment and hazardous substances, which pose both logistical and safety challenges (Kharrat et al.,
2007).

However, advancements in spectroscopy have revolutionized the classification process, offering numerous
advantages over traditional methods. Spectroscopic techniques provide rapid, cost-effective, and non-
destructive means of analysing crude oil samples. Moreover, they significantly reduce the labour
requirements and enable the processing of a large number of samples with ease, enhancing efficiency and
productivity in classification procedures (Pabén & Filho, 2019). By leveraging spectroscopy, stakeholders
can accelerate decision-making processes, optimize resource allocation, and mitigate risks associated with
crude oil handling and processing.

When categorizing crude oil based on its molecular composition and structure, it is typically classified into
aliphatics, aromatics, and hetero-compound groups containing elements such as oxygen, nitrogen, and
sulphur. Each of these compounds plays a crucial role in determining the characteristics and properties of
the crude oil. For instance, oxygen-containing compounds, including ketones, esters, phenols, and
carboxylic acids, can significantly influence the stability, reactivity, and volatility of crude oil (Hsu &
Robinson, 2019; Irina Smirnova, 1995; Tissot & Welte, 1984). Similarly, nitrogen compounds, such as
amines and amides, contribute to the overall composition and behaviour of crude oil.

One of the most critical considerations in crude oil classification is its sulphur content, which has
significant implications for its quality and usability. Crude oil with high sulphur content is commonly
referred to as ‘sour oil, while those with low sulphur content are known as ‘sweet oil’ (Selley &
Sonnenberg, 2022). The distinction between sour and sweet crude oils is essential, as sulphur compounds
can lead to corrosion and environmental harm during processing and utilization. Sweet crude oil is
preferred in the industry due to its reduced corrosiveness and environmental impact, making it easier and
safer to handle and process (Groysman, 2014). Therefore, the accurate detection and classification of
functional groups within crude oil are essential for informing decisions related to extraction,
transportation, storage, and refining processes, ensuring efficiency, safety, and environmental
responsibility across the oil sector.

1.1.4. Spectral Properties of Crude Oil

Building on the classification of crude oil, understanding its spectral properties is crucial for non-
destructive analysis. Absorption features in the infrared spectrum, arising from hydrocarbons, primarily
stem from the vibrational bonds between carbon and hydrogen atoms (Cloutis, 1989; Lyder et al., 2010;
Speta et al., 2013). The fundamental vibrations of these bonds are predominantly observed in the thermal
infrared (TIR) range, spanning from 2.5 um to 15 um (4000 cm™ to 667 cm™), with overtones and
combination tones extending into the visible near-infrared (VNIR), short-wave infrared (SWIR), and TIR
range from 0.5 pm to 6.67 pm (20000 cm™ to 1500 cm™) (Lammoglia & Filho, 2011).
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Figure 1.1 Absorption spectrum of light crude oil, highlighting the absorption regions of the C-H bond
overtones and combination tones in the SWIR range (Soutce: Alves & Poppi, 2015).

Figure 1.1 illustrates the absorption spectrum of light crude oil, emphasizing the absorption regions of the
C-H bond overtones and combination tones in the SWIR range (Alves & Poppi, 2015). The first
overtones manifest between 1.7 um and 1.8 pm (5555 cm™ and 5882 cm™), the second overtones between
1.15 um and 1.21 pm (8264 cm™ and 8696 cm™), and the third overtones between 0.88 um and 0.915 pm
(10929 cm™ and 11364 cm™). Additionally, combination tones are discerned between 2.2 pm and 2.5 pm
(4000 cm™ and 4545 cm™), as well as between 1.3 um and 1.5 um (6666 cm™ and 7690 cm™). In the
VNIR range, the n (Pi) electronic bonding between atoms causes absorption (Asadzadeh & Filho, 2017).
As the number of rings and the complexity of molecules in the oil increase, as seen in heavy oils, this
absorption feature becomes broader and the minimum shifts towards longer wavelengths. This
broadening and shifting are indicative of the increasing molecular complexity and the presence of larger

hydrocarbon structures.

Table 1.1 provides details on the fundamental vibrations, first overtones, and second overtones of the
vibrational bonds of molecules present in crude oil and its associated functional groups. The fundamental
vibrations were taken from Asemani & Rabbani (2020), Kiefer & Corsetti (2018) and Smith (1998), while
the first and second overtones were calculated from the fundamental vibration ranges. The ranges
highlighted in blue correspond to TIR spectra, those in yellow to SWIR spectra, and those in green to
VNIR spectra. Data on absorption spectra from these studies offer insights into the wavelengths at which
absorption features occur and the vibrational bonds responsible for these features. Asemani & Rabbani
(2020) utilized this information to relate the absorption features of pure crude oil with its functional group
in the TIR range. However, the functional groups of oil in drill cores have yet to be examined, which can
be influenced by the absorption features of other minerals, posing a major challenge.
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Table 1.1 Fundamental vibrations, first overtones, and second overtones of the vibrational bonds of molecules
present in crude oil and its associated functional groups. The ranges in blue correspond to TIR spectra, those in
yellow to SWIR spectra, and the ranges in green to VNIR spectra (Modified from: Asemani & Rabbani, 2020; Kiefer
& Corsetti, 2017; Smith, 1998).

Vibrational Bonds Functional Groups Fundamental Vibrations (nm) | First Overtone (nm) | Second Overtones (nm)

O-H stretching Alcohol, Phenols and Carboxylic Acid 2941 to 3030 1471 to 1515 735to 758
N-H stretching Amides 3101 1551 775

C-H stretching Aromatics 3226 to 3333 1613 to 1667 807 to 883
C-H stretching Aliphatics 3333t0 3636 1667 to 1818 883 to 909
C=0 stretching Carboxylic Acids, Esters, Ketones 5556 to 6250 2778 to 3125 1389 to 1563
C=C stretching Aromatics 6250 to 6667 3125to0 3334 1563 to 1667
CH3 bending, CH2 scissors  |Aliphatics 6667 to 7143 3334to0 3572 1667 to 1786
O-H stretching Phenols 7326 3663 1832

C-N stretching Secondary Amides 7692 to 8333 3846 to 4167 1923 to 2083
C-C-0 asymmetric stretch Esters, Alcohols 8333 t0 9091 4167 to 4546 2083 to 2273
S=0 stretching Sulphur Oxide Group 9346 t0 9709 4673 to 4855 2337 to 2427
C-H out-of-plane bending Aromatics 11111 to 14286 5556 to 7143 2778 to 3572
C—C bending Aromatics 14493 7247 3623

The spectral properties of crude oil also depend on its thickness. Lammoglia & Filho (2011) and R. D. M.
Scafutto & Filho (2016) demonstrate that as the thickness or concentration of oil increases in a medium,
the reflectance value decreases, and the depths of the absorption features increase. This indicates that the
concentration of oil can significantly influence its spectral characteristics, thereby affecting the accuracy of
methods used in oil exploration and production.

Another important property of crude oil is fluorescence. When illuminated with a UV source, the aromatic
and hetero-compound fraction of the crude oil causes fluorescence in the VNIR range (Hagemann &
Hollerbach, 1986). This property can help detect oil in seawater as oil spills (Hou et al., 2022) and in drill
cores and cuttings (Jiaqi, 2018). The fluorescence spectra depend on the wavelength of the UV source, the
concentration of oil and the type of oil. Ryder (2005) and Steffens et al. (2011) demonstrated that as the
wavelength of the UV source shifts towards longer wavelengths, the peak of the fluorescence spectra also
shifts towards longer wavelengths. Peng et al. (2013) and Steffens et al. (2011) also showed that as the
concentration of oil increases, the intensity of the fluorescence spectra decreases. Finally, Hagemann &
Hollerbach (1986) and Jiaqi (2018) showed that the fluorescence spectra also depend on the type of the
oil, with biodegraded or heavy oils showing a brown fluorescence, light oils showing a green to yellow
fluorescence and very light oils or condensates showing a blue fluorescence.

1.1.5.

In the process of petroleum accumulation, crude oil becomes concentrated and confined within

Crude Oil Reservoirs in the Netherlands

conventional reservoir rocks, which primarily include sandstones comprising silicate minerals like quartz
and feldspar, as well as carbonate rocks like limestones consisting of calcite and dolomite (Ali, 2017; Tissot
& Welte, 1984). Halite, commonly found in rock salt and salt domes, acts as an effective seal and cap rock,
preventing the upward migration of oil and gas. Additionally, clay minerals such as kaolinites, muscovites,
illites, and iron oxides, typically present in shales, play crucial roles as seals and cap rocks, further
confining the hydrocarbons within the reservoir (Ali, 2017; Tissot & Welte, 1984). Consequently, a diverse
array of minerals is encountered in crude oil-bearing drill cores, reflecting the complex geological
processes involved in their formation.
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In the Netherlands, crude oil reservoirs are distributed across various geological basins, both on-shore and
off-shore. These basins include the Southern Permian Basin, Broad Fourteens Basin, West Nethetrlands
Basin, Dutch Central Graben, and Terschelling Basin (Bouw & Lutgert, 2012; den Hartog Jager, 1996;
Geluk, 2000; Mijnlieff, 2020; Verweij et al., 2003; Verweij & Simmelink, 2002). Within these basins, Type-
II and Type-III kerogen are predominant and are associated with oil-gas and gas formations, respectively
(de Jager & Geluk, 2007). Lithologies found in these basins primarily consist of sandstones, limestones,
shales, and carbonates, with occasional occurrences of chalk, mudstones, marl, anhydrite, and halite.
Consequently, the mineral composition of oil-bearing lithologies in the Netherlands is characterized by the
prevalence of quartz, feldspar, calcite, and dolomite, along with illite, muscovite, kaolinite, pyrite, and
evaporite minerals (Mijnlieff, 2020; Verweij & Simmelink, 2002). Figure 1.2 illustrates the distribution of
oil and gas fields in the Netherlands, with the black circle indicating the area from where the drill cores
used in this study were obtained, located within the Broad Fourteens Basin (Verweij, 2003).

Bl Gas fields
[ Bl oifields
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Figure 1.2 Distribution of oil and gas fields in the Netherlands. The black circle marks the area from where the drill
core used in this study has been obtained, which lies in the Broad Fourteens Basin (Source: de Jager & Geluk, 2007)

1.2. Research Gap

Hyperspectral scans have played a crucial role in understanding the spectral characteristics of minerals.
They allow researchers to delve deep into the composition of rocks and sediments by analysing their
unique absorption features across various wavelengths. Iron-bearing minerals, such as goethite, hematite,
jarosite, and siderite, are known to exhibit distinctive absorption features in the VNIR region (Sherman,
1985). Similarly, carbonate minerals like calcites and dolomites, as well as clay minerals such as illites,
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muscovites, and kaolinites, showcase characteristic absorption features in the SWIR range (Clark et al.,
1990; Hunt & Ashley, 1979), while non-hydroxylated silicate minerals like feldspars and quartz exhibit
absorption features in the TIR range (Hecker et al., 2010, 2019). These features arise from molecular
vibrations within the crystal lattice structure of the minerals and aid in the detection and characterization
of these minerals in geological samples.

Furthermore, automated workflows have been developed to streamline the process of mineral mapping in
drill cores. These workflows leverage hyperspectral imaging data to detect and classify minerals based on
their spectral signatures accurately. By automating this process, researchers can expedite the analysis of
large datasets, enabling more efficient geological exploration and resource assessment (Huntington et al.,
20006; Schodlok et al., 2016).

In addition to mineral mapping, hyperspectral imaging has been applied to study oil sand drill cores,
particulatly in regions like Alberta, Canada, known for their bituminous oils (i.e., oil with an API° of 6 to
10). Studies have focused on identifying spectral absorption features of bitumen, quantifying Total
Bitumen Content (TBC), and detecting sedimentary and biogenic features within drill cores (Lyder et al.,
2010; Rivard et al., 2010; Shchepetkina et al., 2017; Speta, 2016; Speta et al., 2013, 2015, 2016, 2018). The
oil sands in this region are comprised of quartz, feldspar, clays, bitumen, and water. They are uncemented,
well-sorted, and of medium to fine grain size, held together by highly viscous bitumen. The oil sands
belong to the Lower Cretaceous Mannville Group, indicating a fluvial to estuarine to marginal marine
environment of deposition.

Speta (2016) and Speta et al. (2016) used Spectral Angle Mapper (SAM) on SWIR and LWIR hyperspectral
imagery to map oil sand cores from the McMurray Formation into five classes: oil sand, barren sand,
siltstone, mudstone, and siderite. In the SWIR region, these studies primarily focus on bitumen absorption
features at 1.7 um and 2.3 pm, clay mineral absorption features at 1.4 pm and 2.2 pm, water absorption
features at 1.9 um, and siderite features at 1.0-1.2 pm and 2.53 um. In these studies, the oil is present along
with sand, which is not spectrally active in the SWIR range. Moreover, the oil sand endmember spectra
used in this process did not have any ovetlapping features with the endmember spectra of other classes.
Thus, the oil sands in the drill core could be correctly mapped. This methodology is effective for simple,
uncemented oil sands where the major constituent is quartz, along with clays and siderites.

However, while these methodologies have proven effective in mapping oil sands in regions like Alberta,
they may face challenges when applied to hydrocarbon reservoirs in other locations, such as the
Netherlands. The reservoirs in the Netherlands often contain lighter oils and a diverse range of minerals
(Verweij, 2003), including evaporites like gypsum with absorption features in 1.7 pm and carbonates like
calcites and dolomites, with absorption features in 2.3 pm. Understanding how the spectral features of oil
overlap with minerals across different wavelength ranges remains a critical research question. Additionally,
delineating optimal wavelength ranges and identifying suitable methods for mapping oil within mixtures
involving these minerals in a drill core remains a challenge.

1.3. Research Problem

This research aims to address this gap by investigating the absorption features present in crude oil across
the VNIR, SWIR, and TIR ranges. By analysing the spectral signatures of oil and typical drill core
minerals, the study seeks to develop a prototype workflow for mapping oil and minerals in drill cores from
Dutch hydrocarbon reservoirs, which consist of relatively lighter oils than the oil found in the Alberta
region. Furthermore, the research also explores the possibility of detecting functional groups present in
crude oil by analysing mixed spectra of oil and minerals from the drill core.
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14. Research Objectives

Main Objective

This research aims to measure and characterise the spectral properties of crude oil in the VNIR, SWIR
and TIR range, integrate this into a mapping workflow and further apply this workflow to detect, map,
and classify crude oil and minerals using the hyperspectral images of drill cores from the Dutch region.

Sub-Objective 1: To determine the spectra of the heavy, light and very light oil and explain the
differences in absorption features in terms of the thickness of oil and functional groups present in these
three oil samples.

RQ1: What are the absorption features of the three oil samples in the VNIR, SWIR and TIR
range?

RQ2: How do these absorption features differ for heavy, light, and very light oils?

RQ3: What functional groups contribute to the observed differences in the absorption features
of heavy, light, and very light oils?

RQ4: How do the spectra of the oil change with respect to its thickness?

Sub-Obijective 2: To analyse the absorption features of the oil and the minerals present in a drill core
from quartz-rich sandstone reservoir rock that contains clays, evaporites and carbonate minerals.

RQ5: How do the absorption features in the spectra of the oil and minerals differ?

RQ6: How do these spectra interfere, and what are the non-overlapping wavelength ranges that
can be identified?

Sub-Obijective 3: To develop a prototype workflow for mapping the oil and typical minerals present in a
drill core.

RQ7: Which wavelength ranges and mapping methods can be used to form the workflow that can
help differentiate and map oil and typical minerals present within a drill core?

Sub-Obijective 4: To implement the prototype workflow on the hyperspectral images of sample drill
cores and further classify the oil in the drill cores based on the functional groups present.

RQ8: What is the location and relative concentration of the oil found in the drill core?

RQY: Can the mix spectra of crude oil and typical minerals present in the drill core be used to
determine the functional groups present in the oil?
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2. DATASETS AND METHODOLOGY

2.1. Datasets

This section describes the datasets that were used in this study. The first set of data used were the crude
oil samples provided by PanTerra Geoconsultants B.V. through the contacts of Deep Atlas. The second
dataset was two drill cores from the Geological Survey of the Netherlands (GDN) Core House in Zeist.

21.1. Crude Oil Samples

This study analysed three distinct oil samples: heavy oil, light oil, and very light oil (condensate), each
characterized by different density values, which affect their viscosity and overall behaviour (Figure 2.1).

e Heavy Oil (H.Oil): The heavy oil sample has a density of 0.9786 g/cm? at 15°C and an °API gravity
of 12.6. This type of oil is characterised by its thick consistency, dark colour, and high viscosity.
Handling this oil requires more effort due to its resistance to flow, typically needing tools like a spoon
rather than a pipette.

e Light Oil (L.Oil): The light oil sample has a density of 0.8505 g/cm?® and an °API gravity of 34.1.
This oil is less dense and more fluid than heavy oil. It is dark brown and flows more readily, making it
easier to handle with a pipette.

e Very Light Oil (V.Oil): The very light oil sample, or condensate, has a density of 0.7449 g/cm? and
an °API gravity of 57.2. This oil is transparent and exhibits very low viscosity, behaving much like a
volatile liquid that flows easily and can be handled effortlessly with a pipette.

These three samples represent a wide spectrum of oil types, each showcasing unique physical properties
that underscore their diverse chemical compositions. The spectra of these three oil samples were recorded
and analysed across VNIR, SWIR, and TIR ranges, along with UV fluorescence, to discern their distinct
absorption features, reflectance, and fluorescence properties.

Heavy ot . Ught oil
5
Densty: 0.9786 g/em’ 3t Density: 0.8505 g/em’ 915

AP126 at15°C API3a1 at1s°C

Figure 2.1 The three oil samples that were used in this study.
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2.1.2. Drill Cores

In addition to the crude oil samples, this study utilised two oil-bearing drill cores differentiated based on
the type of oil they contain and their mineral composition. The first drill core (DC1) contains transparent
oil, while the second drill core (DC2) contains dark-coloured oil. These drill cores provide a valuable
context for understanding the interaction between crude oil and the minerals they contain.

Drill Core 1 (DC1)

The first drill core was obtained from Well Q4-10, specifically from an interval between 2668 meters and
2671 meters depth (Figure 2.2). This section is part of the Lower Volprichausen Sandstone Member
(Munsterman et al., 2012). According to the wellsite geological report by Robbemond et al. (2002), this
core comprises greyish-red to very dusky-red sandstone. The sandstone is characterized as hard and friable
with calcareous cement, exhibiting moderate to good visual porosity. The quartz grains within the
sandstone are fine to medium-grained, rounded, and display moderate to well sorting. These grains are
transparent to translucent, coloutrless, and occasionally show milky white and orange hues.

The Lower Volprichausen Sandstone Member, a part of the Main Buntsandstein Subgroup, is significant
in the context of hydrocarbon reservoirs of the Lower Triassic epoch in the southern North Sea area
(Kortekaas et al., 2018). This member, along with the Detfurth Sandstone Member, constitutes primary
reservoir rocks, predominantly comprising quartz, feldspars, and other clay minerals such as kaolinites,
muscovites, and illites (Olivarius et al., 2017).

Top:2668m Bottom: 2669m

Top:2670m Bottom: 2671m
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Figure 2.2 Photograph of Drill Core 1
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Drill Core 2 (DC2)

The second drill core was obtained from Well Q01-Helm-A01, spanning an interval from 1247 meters to
1250 meters depth (Figure 2.3), which is part of the Helder Member (Munsterman et al., 2012). According
to the well completion report by Ayyad & Parmigiano (1983), this core consists of off-white to light
greyish-brown sandstone, which is poorly sorted with no visible cement. The quartz grains in the
sandstone are fine to medium-grained and are subangular to subrounded. This drill core has a porosity of
22%, and the middle part contains oil with a 17.4°API (Sebborn, 1982).

The Helder Member belongs to the Vlieland Sandstone Formation of the Lower Cretaceous epoch within
the Rijnland Group (Kortekaas et al., 2018).

Top:1247m Bottom: 1248m

Top:1248m | Bottom: 1249m

Top:1249m Bom: 150m

x

Figure 2.3 Photograph of Drill Core 2.

Both drill cores originate from members of the Broad Fourteens Basin, known for rich, marine Type-11
kerogen source rocks. These source rocks, with an intermediate hydrogen-to-carbon (H/C) by oxygen-to-
carbon (O/C) ratio, are both oil and gas-prone (de Jager & Geluk, 2007). The oil in the first drill core is
lighter (high °API gravity) and present in a deeper formation. In contrast, the oil in the second drill core,
found at relatively shallower depths, has a low °API gravity due to biodegradation (Connan, 1984; Palmer,
1993; Verweij, 2003).

10
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2.2 Methodology

This section details the methodology employed in this study, which is divided into two main parts: the
analysis of oil samples and the analysis of drill cores. The three oil samples setved as the training data to
determine their absorption features and compare them to that of the minerals present in the drill core.
This understanding was then applied to the drill core to detect, map and classify the oil and minerals.
Various instruments and software were used to record and process the data of the oil samples and the drill
cores. Table 2.1 gives the name of the instruments used and their wavelength range.

Table 2.1 Instruments used and their wavelength range.

Instrument Wavelength Range

Spectral Evolution SR-6500 0.35 um to 2.50 um
Specim Camera VNIR 0.38 um to 1.00 pm
Specim Camera SWIR 1.00 um to 2.50 um
Bruker Vertex 70 FTIR Spectrometer 2.50 um to 15.0 um

A UV light source of 3 watts and peak emittance at 365 nm was used for the UV fluorescence
spectroscopy. The software used to process the data is as follows:

e Hyperspectral Python (HypPy) (Bakker, 2024)
e ENVIG.0

2.2.1. Qil Samples

The initial focus was on analysing the three oil samples to comprehensively understand the spectral nature
of crude oil. This process began with recording the spectra of the oil in the TIR range to identify
absorption features caused by fundamental vibrations. Subsequently, the VNIR-SWIR range was
examined to capture overtones and combination tones. By varying the thickness of the oil samples,
changes in absorption features were observed and documented. Comparative analysis was conducted
between the absorption features of the oil and those of minerals typically present in hydrocarbon-bearing
drill cores in the Dutch region to identify non-overlapping ranges. In addition, the UV fluorescence
spectra of the oil were recorded in the VNIR range to further characterise the samples. Finally, to simulate
the presence of oil within a geological context, the oil samples were soaked in pieces of sandstone and
scanned using an imaging spectrometer, providing a realistic representation of their spectral characteristics
in drill cores.

TIR Spectroscopy (2.5 pm to 15 pam)

This subsection details the process of recording the TIR spectra of the oil samples to identify fundamental
vibrations and absorption features in the infrared range. The Bruker Vertex 70 FTIR spectrometer was
used to record spectra, utilizing the Attenuated Total Reflectance (ATR) setup with the Pt-ATR-Diamond
accessory (Hecker et al., 2011). Each sample was scanned in the range from 2.5 um to 15 um at 2 cm'!
resolution and a sample scan time of 512 scans per sample to reduce the noise in the spectra. After each
scan, the sample compartment and the arm level of the instrument were cleaned with toluene and a blank
scan was taken. The resulting transmission spectra of the three oil samples were analysed for their
maximum wavelengths of absorption using the localmaxfit expression in the SpecLib Viewer tool in

HypPy.

11
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VNIR-SWIR Point Spectroscopy

This subsection outlines the process of recording the VNIR and SWIR spectra of the oil to identify the
overtones and combinations of the fundamental vibrations, thereby creating a comprehensive spectral
profile of the oil samples. The Spectral Evolution SR-6500 spectrometer was used to record the spectra of
the three oil samples. Figure 2.4 shows the photograph of the setup.
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Figure 2.4 Setup of the VNIR-SWIR Point Spectroscopy

To record the spectra of the heavy oil, it was feasible to spread the viscous oil on a petri dish using a
spoon, allowing for the recording of its reflectance spectra due to its thick consistency. However, this
method was not applicable to very light and light oils. These oils were instead placed on a petri dish using
a pipette and positioned on a white reference surface for spectrum recording. Due to their liquid and
transparent nature, the produced spectra were a combination of reflectance and transmittance.
Additionally, when using a petri dish, the recorded spectra included the spectrum of the glass.

To cotrect for this, the reflectance spectra of the oil first needed to be subtracted from the recorded
spectra. The resulting spectra were then divided by the transmittance and reflectance spectra of the glass
to obtain the true transmittance spectra of the oil. However, this result was the square of the transmission
spectra of the oil. Figure 2.5 provides a diagrammatic representation of this process.

12
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Figure 2.5 Diagrammatic representation of the light ray recorded by the spectrometer after interacting with the oil,
glass and white reference. Here I- incident ray, L- reflected ray, T- transmittance and R- reflectance, o- oil, g- glass
and wr- white reference.

The reflectance spectra of the oil were recorded by placing the petri dish on a dark surface with very low
reflectance, ensuring that only the reflectance spectra of the oil were captured. Upon analysing the
reflected spectra, it was observed that the reflected spectra had a very low value and were thus omitted
when calculating the transmittance spectra of the oil. Figure 2.6 shows the spectra of the petri dish on the

R, + R, +TTS

R, + TR+ T)

white reference and a dark surface, along with the uncorrected spectra of the oil.
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Figure 2.6 Spectra of the glass (petri dish) and oil recorded over a white reference (WR) and dark surface (DR)
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Subsequently, the absorption features of the three oil samples were analysed for their minimum
wavelength of absorption using the localminfit expression in the SpecLib Viewer tool in HypPy.
Additionally, band ratios and mean reflectance values for the three oils were computed using HypPy. The
mean reflectance value is the sum of reflectance values divided by the total number of wavelength values.

To gain deeper insights into spectral changes with varying oil thickness, recordings were made at
incremental oil volumes ranging from 0.25 ml to 6.00 ml in the petri dish. The resulting spectra were then
analysed to ascertain the depth of the deepest features, employing the dpeaks expression on the shoulders
of the feature within the SpecLib Viewer tool in HypPy.

For the comparison between the absorption features of the oil and minerals, most of the mineral spectra
were taken from the USGS Spectral Library Version 7 (Kokaly et al., 2017), except for Anhydrite which
was taken from ECOSTRESS Spectral Library Version 1 (Baldridge et al., 2009; Meerdink et al., 2019)
because of the lack of absorption features in the Anhydrite spectra from the USGS spectral library. The
minimum wavelengths of the absorption features in these spectra were also analysed using the localminfit
expression in the SpecLib Viewer tool in HypPy. The spectra of these minerals were also analysed for
their spectral similarity to each other using a Spectral Angle Matrix. The names of the minerals used for
the comparison between the absorption features of the oil and minerals are given below:

Illite_ GDDS4_Marblehead_ ASDNGb

e Muscovite_ GDS116_Tanzania_ ASDNGa

e Kaolinite_ KGa-1_(wxl)_ASDNGb

e Chlorite_ HS179.4B_ASDFRb

e  Gypsum_HS333.3B_(Selenite) _ASDNGa

e Anhydrite CaSO 4 [sulfate-none-coarse-so01a]

Dolomite_ HS102.4B_ASDNGDb
Calcite_ WS272_ASDNGa
Halite_ HS433.4B_ASDFRa
Quartz_HS32.3B_ASDFRc

These minerals were chosen because their spectra were recorded using ASD FieldSpec 3 (ASDFR) and
ASD FieldSpec 4 (ASDNG) spectrometers, which have a resampled resolution identical to that of the
Spectral Evolution SR-6500 used in this study. Anhydrite was an exception and recorded with a Perkin-
Elmer VNIR-SWIR spectrometer. These spectra are of coarse grain minerals, which exhibit deep
absorption features that facilitate the identification of distinct absorption wavelengths.

UV Fluorescence Spectroscopy

This subsection details the process of recording the UV fluorescence spectra of the oil samples in the
VNIR range to analyse how the fluorescence spectra varied between the three oil samples. To capture
these fluorescence spectra, the oil samples were soaked in a piece of Fontainebleau sandstone and exposed
to a UV light source of 3 watts and peak emittance at 365 nm, with minor emittance in the blue
wavelengths which is visible to the naked eye. The resulting fluorescence spectra were then captured using
the Spectral Evolution SR-6500 instrument as it records in the range from 0.35 um to 2.5 pm. Before
recording, the reference spectrum was recorded by illuminating a white reference panel with the UV light
source. Additionally, spectra of the unsoaked sandstone illuminated with UV light were acquired to serve
as a reference point for comparison. The sandstone piece had dimensions of 2.5 cm by 2 cm by 1cm and a
porosity of 12% (C. Hecker, personal communication), ensuring consistent conditions for the
fluorescence measurements. Figure 2.7 shows the setup used to record the fluorescence spectra.

14
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on a sandstone piece

Figure 2.7 Setup used to record the fluorescence spectra.

VNIR-SWIR Imaging Spectroscopy

Finally, to simulate the presence of oil within a drill core, the oil samples were soaked in pieces of
Fontainebleau sandstone and scanned using Specim cameras operating in the VNIR and SWIR ranges to
provide a realistic representation of their spectral characteristics in drill cores. To analyse variations in
spectral signatures resulting from different oil saturations, varying volumes of very light and light oil were
introduced into the sandstone using a pipette, beginning with increments of 0.25 ml, 0.50 ml, and 1.00 ml
Conversely, due to its thick consistency, the heavy oil was smeared directly onto the surface of the
sandstone. Figure 2.8 shows the setup used in this process. This systematic approach facilitated the
examination of how different oil volumes influenced the spectral properties of both the oil and the
sandstone substrate. Additionally, efforts were made to minimize the time lapse between oil application

and scanning to prevent the evaporation of volatiles present in the oil.

V. Qil (0.25ml)
V. Qil (0.50ml)
= V. Oil (1.00ml)
' L. Oil (0.25ml)
£ L. Oil (0.50ml)
Sandstone

Figure 2.8 Setup of the oil-soaked sandstones and the unsoaked sandstone which were then scanned by the Specim
cameras. The black and yellow squares mark the region from which the spectra were taken in section 3.2.3
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22.2. Drill Core

This section details the analysis conducted on the drill core to detect, map, and classify the oil present
within it. Initially, oil detection was performed by illuminating a section of the cores with a UV source and
capturing the fluorescence spectra. Following this, to enhance comprehension of the mineralogy of the
drill cores, a point spectroscopy analysis was undertaken in the VNIR and SWIR range. Subsequently, the
drill core was scanned with an imaging spectrometer, and the obtained scans were analysed using various
mapping methods. Lastly, the scratched surface of the drill core underwent analysis using an FTIR
spectrometer to provide further insights into its composition and characteristics.

UV Fluorescence Spectroscopy

For oil detection, the drill cores were exposed to UV light of 3 watts, and their spectra were recorded in
the VNIR region using the Spectral Evolution SR-6500 with a field of view of around 1.5 c¢cm. The
reference spectrum was recorded by exposing a white reference panel to the UV light. Readings of the drill
cores under UV light were captured at intervals of every 2 to 4 cm along the length of the core, providing
a comprehensive assessment of UV fluorescence across an entire section of the core samples.

VNIR-SWIR Point Spectroscopy

This subsection describes the recording of spectra from the drill cores using the contact probe accessory
of the Spectral Evolution SR-6500 instrument, which has a field of view of around 2 cm. A systematic
approach was adopted wherein segments of the core measuring less than 10 cm were examined by taking
readings at both the top and bottom of the segment. For segments exceeding 10 cm, additional readings
were acquired along the length of the segment. This method facilitated the observation of mineral
variations within the core and allowed for assessing spectral variations in the oil across different segments.

VNIR-SWIR Imaging Spectroscopy

Both cores were scanned using the Specim cameras in the VNIR and SWIR range to map and classify the
oil and minerals within the two drill cores. This imaging procedure resulted in the generation of
hyperspectral images for each core. Subsequently, the images underwent several preprocessing steps,
including dark and white referencing, y-direction destriping to remove artefacts in the data caused by slight
incorrect calibrations of individual camera sensor cells, and cropping spatially to the extent of the drill core
and spectrally to remove noisy bands at the starting and ending wavelengths. A spatial binning of 5 was
applied to the SWIR images to enhance data quality and manage noise. Similarly, a spatial binning of 5 and
a spectral binning of 3 were implemented for the VNIR images using HypPy. This choice of binning
values was made to reduce noise. The spatial binning helped to discern the bandings present in the drill
cores, which were about 8 to 10 pixels broad. Similarly, the broad absorption features of hematite and oil
in the VNIR region were not masked by a spectral binning of 3.

Following preprocessing, the images of the drill core underwent further processing to map the distribution
of oil and minerals within the cores and classify the oil based on its concentration. Several mapping
techniques were employed for this purpose:
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e Band Index
Utilizing the ‘Hydrocarbon Index’ proposed by Kiihn et al. (2004) for HyMAP data, the oil distribution

within the drill cores was mapped. The Hydrocarbon Index formula is expressed as

HI = (A A)RC_RA
B AAC_AA

where Ra, Rp and Rc are reflectance values while Ax, Ap and Ac are wavelength values for the absorption

+ R4 — Rp

feature and its shoulders. For the absorption feature at 1.729 um (HI1.7), as suggested by Kiihn et al.
(2004), the reflectance values at wavelengths 1.707 um, 1.728 um, and 1.741 pm were used, along with
corresponding band numbers. Figure 2.9 explains the relation between the absorption feature minimum B
(1.728 um) and the two shoulders at A (1.707 pm) and C (1.741 um). Moreover, this study expanded the
application to include the oil absorption feature at 2.308 um (HI2.3), incorporating reflectance values at
2.284 um, 2.307 um and 2.324 pm and their appropriate wavelength values. This process was done using
the Band Math tool in HypPy.

A\ A'A;RA

7 \
A‘B;,?B B \

Figure 2.9 Relation between the absorption feature minimum at B and the two shoulders at A and C that is used to

generate the Hydrocarbon Index (HI) (modified from Kiihn et al. (2004)).

e Spectral Angle Mapper

The Spectral Angle Mapper (SAM) technique quantifies the spectral similarity between a known reference
spectrum and an unidentified target spectrum. This is achieved by calculating the angle between the two
spectra using dot product multiplication (Asadzadeh & Filho, 2016). In this study, SAM was applied to the
drill core dataset to facilitate the mapping of both oil and minerals present within the cores. The minerals
were identified from the point spectroscopy analysis on the drill cores, while their endmember spectra
were sourced from the USGS library (Kokaly et al., 2017). Utilizing the Spectral Mapper tool in HypPy,
rule images for SAM were generated, enabling comprehensive mapping of the oil and mineral distributions
within the drill cores.

¢ Minimum Wavelength Mapper

The Minimum Wavelength Mapper algorithm, a feature of HypPy, was applied to the SWIR images
acquired from the drill cores. This algorithm identifies the wavelength positions corresponding to the
deepest absorption features within the images, as outlined by Bakker et al. (2011) and van Ruitenbeek et al.
(2014). By doing so, it generates wavelength position maps that effectively illustrate the spatial distribution
of minerals without necessitating predefined endmembers. The obtained minimum wavelength map was
then cross-referenced with values of the deepest absorption features of the oil and minerals in the drill
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core samples. This comparative analysis facilitated the mapping of oil and minerals within the drill core,
enhancing the understanding of its spatial distribution. Similarly, the depth map helps quantify the relative
concentrations of oil within the drill cores.

TIR Spectroscopy (2.5 pm to 15 pam)

Lastly, in order to identify the functional groups present in the oil within the drill cores, both cores
underwent a process involving scratching with a steel knife at two distinct locations: one with low oil
concentration and another with high oil concentration. The obtained grains were subsequently ground
into powder using a mortar, and this powder was subjected to analysis using the Bruker Vertex 70 FTIR-
ATR spectrometer. This allowed for the comprehensive examination of functional groups present in the
oil samples extracted from the drill cores.
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3. RESULTS

The results chapter is divided into two sections; the first is the results of the measurements done on the oil
samples, followed by the results of the measurements done on the drill cores.

3.1. Measurements of the Oil Samples

This section presents the measurements taken on the oil samples in the UV, VNIR, SWIR, and TIR
ranges. It explores the effects of oil thickness on absorption features and compares the oil and mineral
absorption features. Lastly, it presents the imaging spectroscopy measurements of the oils soaked in the
sandstone.

3.1.1. TIR Measurements

The results of the Infrared analysis of the oil samples can be seen in Figure 3.1, which shows the very light
oil in red, the light oil in green and the heavy oil in blue. All three oil samples exhibit absorption features
between 3.3 pm and 3.9 um, attributed to C-H stretching of Aliphatic bonds (Asemani & Rabbani, 2020).
Absorption features between 11.0 pm and 14.5 um are due to the C-H bending of Aromatics. The region
between 5.5 um and 9.1 pm shows absorption features due to bonds such as C=0O, N-H, C=C, O-H, and
C-N, associated with hetero-compounds like Carboxylic acids, Esters, Ketones, Amides, Phenols and
Alcohols. Additionally, the heavy oil displays broad water absorption features at 2.9 um and 6.1 um. Table
3.1 gives a detailed view of the maximum wavelength of the absorption features of the three oil samples
and the corresponding functional group that causes the absorption features. Additionally, the heavy oil
showed water absorption features at 2.9 um and 6.1 pm (Scafutto et al., 2021).
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Figure 3.1 TIR spectra of the three oil samples.
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Table 3.1 Maximum wavelength of the absorption features of the three oil samples and the corresponding functional
group that causes the absorption features in the infrared range.

V.0il \ L.Oil \ H.Oil

(um)

Reason (Asemani & Rabbani, 2020)

- - 2.982 Water

3.384 3.385 3.390
3.422 3.423 3.423
3.452 3.454 3.451 C-H stretching Aliphatic
3.482 3.485 3.483
3.505 3.505 3.505

5.737 5.737 5.737 | C=0 stretching Carboxylic acid and Esters

5.896 5.896 5.900 | C=0 stretching Carboxylic acid and Esters

5.938 5.938 5.942 C=0 stretching Ketones

6.050 6.050 6.053 C=0 stretching Amides

- - 6.100 Water

6.188 6.188 6.188 | C=0 stretching Ketones

6.345 6.345 6.345 | N-H bending Amides and C=C stretching Aromatics

6.811 6.811 -
6.862 6.863 6.869 | C=C stretching Aromatics
6.954 6.954 6.954

7.113 7.113 7.113 | O-H bending Carboxylic Acids and C=C stretching Aromatics

7.252 7.262 7.268 C-C stretching Aliphatic

7.319 7.320 7.324 O—H bending Phenols

7.457 7.459 7.461 C-O-H bending Alcohols

7.676 7.676 7.670 C-N stretching Amide

7.884 7.928 7.900 | C-O stretching Carboxylic Acids and C—C—C stretching Ketones

8.163 8.183 8.150 C—C-O stretching Phenols and Esters

8.562 8.562 8.562 C—C-O stretching Alcohols

9.100 9.107 9.109 C—C-O stretching Alcohols and Esters

11.223 11.223 11.223
11.377 11.377 11.377
11.521 11.494 11.507
11.779 11.792 11.723
12.165 12.165 12.165
12.270 12.330 12.315
13.333 13.333 13.263
13.514 13.495 13.441
13.870 13.870 13.870
14.327 14.327 14.286

C-H bending Aromatic
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3.1.2. VNIR-SWIR Measurements

The VNIR and SWIR spectra of the three oil samples—very light (red), light (green), and heavy (blue)—
are depicted in Figure 3.2. Key absorption features are present around 1.7 pm and 2.3 um, corresponding
to the first overtones and combinations of the C-H bonds, respectively (Stuart, 2004). Another major
absorption in the VNIR region is caused by the Pi bonds in the oil samples (Asadzadeh & Filho, 2017).
While the very light oil shows a high reflectance in this region, which reflects the transparent nature of the
oil, the light and heavy oil show a lower reflectance, which reflects the red and black colours of the two
oils.

Minor absorption features around 1.2 pm are attributed to the second overtone of the C-H bonds in the
oil samples (Stuart, 2004). These absorption features are more prominent in the very light and light oil
than in the heavy oil. Additionally, minor absorption features around 1.4 pm are visible in very light and
light oils but are masked in heavy oil due to water presence. Similatly, absorption features in the 1.85 pm
to 2.2 um range form a plateau in the very light and light oils but are obscured in the heavy oil due to

water absorption.

The mean reflectance values over the VNIR and SWIR range differ significantly among the oils, with the
very light oil having a high mean reflectance value of 0.84, the light oil having a mean reflectance value of
0.55 and the heavier oil having a low mean reflectance value of 0.34. Another difference between the three
oil samples is the absorption slope due to the Pi bonds: the very light oil lacks this absorption, resulting in
no discernible slope, whereas the light and heavy oil exhibit a slope due to this feature. The slope
calculated between wavelengths 0.6 um and 1.1 pm measures 2.28 pm™ for the light oil and 0.54 pm™ for
the heavy oil, indicating a steeper slope for the light oil and a gentler slope for the heavy oil. Table 3.2
gives a detailed view of the minimum wavelength of the absorption features of the three oil samples and
the corresponding overtones and combinations that cause these absorption bonds.
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Figure 3.2 VNIR-SWIR spectra of the three oil samples.
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Table 3.2 Minimum wavelength of the absorption features of the three oil samples and the corresponding vibrational
bonds that cause the absorption features in the SWIR range. ¢ refers to combination, while 1o and 2o refer to the
first and second overtone.

Voil | LOiI | HOil [Reason
(um) (Stuart, 2004) (Pabén & Filho, 2019)
1.153 1.151 -
1.193 1.192 1.193 C-H stretching 20
1.209 1.208 1.210 C-H Aliphatic
1.362 1.361 1.361
1.392 1.391 C-H stretching ¢ OH stretching
1.412 1.412 C-H Aliphatic
1.432 1.435 1.438
1.446 1.446 N-H O-H stretching 1o
1.468 1.465
1.641 1.640 1.641
1.675 1.678 1.679
1.692 1.693 1.693
1.704 1.704 1.704 | C-H stretching 1o
1.724 1.726 1.723 C-H stretching Aliphatic
1.760 1.761 1.761 C-H stretching Aliphatic
1.796 1.796 1.795
1.822 1.822 1.825
1.867-2.118 1.867-2.118 1.927 .
N-H O-H stretching ¢
2.142 2.142 2.147
2.170 2.169 2.167 C-H stretching Aromatic
2.285 2.285 2.286
2.308 2.308 2.308 C-H stretching Aliphatic
2.346 2.347 2.347 C-H stretching Aliphatic
2.377 2.378 2.377 )
C-H stretching ¢
2.398 2.398 2.400
2.426 2.426 2.426
2.456 2.458 2.455
2.491 - -
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3.1.3. Measurements with respect to Thickness of Qil layer

In these measurements, the thickness of the very light and light oils in the petri dish was systematically
varied, and their spectra were recorded to examine the impact of increasing oil thickness on spectral
characteristics, as depicted in Figure 3.3 and Figure 3.5. The results indicate that as the oil thickness
increases, the depth of features also increases, initially affecting longer wavelength features before
progressing towards shorter wavelengths. Specifically, absorption features at 1.724 um and 2.308 pm were
selected for analysis as they exhibited the greatest depth in the spectra. Figure 3.4 and Figure 3.6 illustrate
the relationship between oil thickness and the depth of these absorption features. It reveals a general trend
where increasing oil thickness correlates with greater feature depth. However, there is a notable deviation
for the feature at 2.308 um: after initially increasing, the depth begins to decrease due to spectral
saturation. This saturation phenomenon becomes evident by observing the reflectance values of other
absorption features around this wavelength, as spectra that saturate tend to exhibit low overall reflectance
in these regions.
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Figure 3.3 Spectra of the very light oil with increasing thickness.
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Figure 3.4 Graph showing the thickness vs depth relation of the very light oil at a)1.724 um and b) 2.308 um.
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Figure 3.5 Spectra of the light oil with increasing thickness.
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Figure 3.6 Graph showing the thickness vs depth relation of the light oil at 2)1.724 um and b) 2.308 pum.
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3.1.4. Comparing the Spectra of Oil and Minerals

Absorption features of Oil and Minerals

This section provides a detailed comparison of the absorption features of oil with those of minerals
commonly found in hydrocarbon-containing drill cores from the Netherlands, specifically focusing on the
SWIR range. The following figures show the four ranges examined, with the first four deepest absorption
features noted in each range. The starting and ending wavelengths of these ranges were selected based on
their alignment with the absorption feature shoulders of the oil and the minerals used in the comparison.
The spectra of the minerals and the table of the four deepest absorption features are given in Annex 1.

In the range of 1.1 pm to 1.65 pm (Figure 3.7), the first and second deepest absorption features of the oil
at 1.193 pm and 1.209 um respectively coincide with the fourth deepest feature of gypsum at 1.206 pm.
Similarly, the third and fourth deepest features of the oil overlap with the first and second deepest features
of illite, muscovite, kaolinite, and chlorite. Moving to the range of 1.65 um to 1.85 um (Figure 3.8), there is
no overlap of features, although the deepest absorption feature of gypsum (1.749 um) falls between the
first and second deepest absorption features of oil (1.724 um and 1.761 um). Further, in the range of 1.85
um to 2.1 um (Figure 3.9), the deepest absorption feature of the oil at 2.008 pm closely aligns with the
1.997 um feature of calcite. In the range of 2.1 um to 2.5 um (Figure 3.10), the deepest absorption feature
of the oil at 2.308 um is proximal to the 2.322 pum and 2.326 pm features of dolomite and chlorite,
respectively. Moreover, the second deepest oil feature at 2.347 pm coincides with the 2.345 um and 2.353
um features of illite and muscovite, respectively. Additionally, the presence of water in the rock can mask
the absorption features of oil in the range of 1.1 um to 1.65 um and 1.85 pm to 2.1 um. The optimal
ranges to map oil and minerals from this comparison are further discussed in the Discussion chapter.

Range 1.100 - 1.650 um

1.550

o
1.500
1.450 o

1.400

1.350

Wavelength (um)

1.300
1.250
1.200

1.150
First Second Third Fourth

* Qil lllite Muscovite Kaolinite O Chlorite © Gypsum O Anhydrite

Figure 3.7 Graph showing the interpolated minimum wavelength of the four deepest absorption featutes in the range
of 1.100 um to 1.650 pum.
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Range 1.650 - 1.850 um
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X 0il O Kaolinite Gypsum O Anhydrite

Figure 3.8 Graph showing the interpolated minimum wavelength of the four deepest absorption features in the range
of 1.650 um to 1.850 pm.
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Figure 3.9 Graph showing the interpolated minimum wavelength of the four deepest absorption features in the range
of 1.850 um to 2.100 um.
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Figure 3.10 Graph showing the interpolated minimum wavelength of the four deepest absorption features in the
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Spectral Angle of Oil and Minerals

The spectral angles between the mineral spectra, the light oil (L. Oil) and heavy oil (H. Oil) were also
compared across the same four ranges mentioned above: 1.1 um to 1.65 pm, 1.65 pm to 1.85 um, 1.85 um
to 2.1 pm, and 2.1 pm to 2.4 um. A spectral angle matrix was created to assess the similarity of the spectra,
where lower values indicate higher similarity. The results are presented in Figure 3.11 to Figure 3.14, and
their implications are discussed in the Discussion chapter.

Spectral Angle Matrix- 1.1um to 1.65um
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Figure 3.11 Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in the range of 1.100
pm to 1.650 pm.

Spectral Angle Matrix- 1.65u to 1.85um
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Figure 3.12 Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in the range of 1.650
pm to 1.850 pm.
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Spectral Angle Matrix- 1.85um to 2.1pm
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Figure 3.13 Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in the range of 1.850
pm to 2.100 um.

Spectral Angle Matrix- 2.1um to 2.4pum
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Figure 3.14 Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in the range of 2.100
pm to 2.400 um.

30



DETECTION, MAPPING AND CLASSIFICATION OF CRUDE OIL IN DRILL CORE USING HYPERSPECTRAL IMAGERY

3.1.5. UV Fluorescence Measurements

UV measurements were conducted on the three oil samples to investigate differences in their fluorescence
spectra. Figure 3.15 presents the fluorescence spectra of sandstone soaked in very light oil (red), light oil
(green), heavy oil (blue), and unsoaked sandstone (yellow). The inset graph highlights the fluorescence
spectra of unsoaked sandstone and very light oil.
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Figure 3.15 Fluorescence spectra of the unsoaked sandstone and the sandstone soaked with the three oil samples,
with the inset focusing on the unsoaked sandstone and very light oil.

Figure 3.16 shows a photograph of the representative setup comparing the differences between unsoaked
sandstone (S) and sandstone soaked with very light oil (VO), light oil (LO), and heavy oil (HO). The
unsoaked sandstone and the sandstone soaked in very light oil exhibit very low fluorescence values and
appear black. The very light oil shows a fluorescence peak at around 0.475 um. In contrast, the light oil
displays higher fluorescence values than the heavy oil, appearing brownish red depending on the oil
thickness. The fluorescence spectra for both light and heavy oils show a minor peak at 0.519 um and 0.734
pm and a major peak at 0.630 pm, corresponding to the brownish-red colour observed. The relationship
between the three oil samples and their fluorescence spectra will be further discussed in the Discussion
chapter.

Figure 3.16 Photograph of the unsoaked sandstone (S) along with the sandstone soaked with very light oil (VO), light
oil (LO) and heavy oil (HO).
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3.1.6. VNIR-SWIR Imaging Measurements

The Specim cameras were used to record the spectra of sandstone samples soaked in oil in the VNIR and
SWIR range. Figure 3.17 displays the spectra in the SWIR range, with very light oil in red, light oil in
green, heavy oil in blue, and unsoaked sandstone in yellow. The thickness of the spectral line indicates the
concentration of oil: the thinnest line represents 0.25 ml, the medium thick line represents 0.5 ml, and the
thickest line represents 1.0 ml. The yellow spectrum of the sandstone shows OH features at 1.4 um and
1.9 um, along with a clay absorption feature at 2.2 pm. These OH absorption features are also present in
the oil spectra, with the very light and light oil having shallower features compared to the deeper features
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Figure 3.17 Spectra of the oil soaked sandstone recorded by the Specim camera in the SWIR range. The thinnest line
represents 0.25 ml, the medium thick line represents 0.5 ml, and the thickest line represents 1.0 ml of oil in the
sandstone.

Major absorption features at 1.724 um, 1.758 um, 2.308 um, and 2.348 pm atre observed in all three oil
samples, with minor oil absorption features around 1.2 um evident in the very light and light oil. Similar to
pure oil samples, the spectra of oil soaked in sandstone show that the very light oil has a higher overall
reflectance, followed by the light oil, with the heavy oil having the lowest overall reflectance. No
significant differences are observed in the spectra with varying volumes of oil in terms of its absorption
features and mean reflectance.
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Figure 3.18 Spectra of the oil soaked sandstone recorded by the Specim camera in the VNIR range. The thinnest line
represents 0.25 ml, the medium thick line represents 0.5 ml, and the thickest line represents 1.0 ml of oil in the
sandstone.

Figure 3.18 shows the spectra in the VNIR region. The spectra of the sandstone in yellow have the highest
reflectance, followed by the very light oil in red, the light oil in green, and the heavy oil in blue with the
lowest reflectance. The various thicknesses of the spectra represent the volume of oil soaked in the
sandstone, with the thinnest line representing 0.25 ml, followed by 0.50 ml, and the thickest line
representing 1.00 ml. The dip in the sandstone spectra towards shorter wavelengths is also reflected in the
spectra of the very light oil. The absorption due to Pi bonds in this range is also seen in the spectra of the
light and heavy oil, with the light oil having a steeper slope compared to the gentler slope of the heavy oil.
Like the spectra in the SWIR range, no major differences are observed in the spectra with varying volumes
of oil soaked in the sandstone in terms of its absorption features and mean reflectance.
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3.2, Measurements on the Drill Cores

3.2.1. UV Fluorescence Measurements

Measurements on Drill Core 1 show the fluorescence spectra of oil in all readings of the drill core, with
variations in fluorescence intensity (Annex 2). The fluorescence spectra display a major peak at around
0.62 um and minor peaks at 0.5 pm and 0.73 um (Figure 3.19a). Similarly, UV fluorescence measurements
on Drill Core 2 show the fluorescence spectra of oil in all readings of the drill core (Annex 2). The
fluorescence spectra exhibit a major peak at around 0.62 pm and minor peaks at 0.51 um and 0.73 pum
(Figure 3.19b). For better clarity, these spectra were smoothened with one level of smoothening in ENVI.
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Figure 3.19 Fluorescence Spectra of (a) Drill Core 1 and (b) Drill Core 2.
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3.2.2. VNIR-SWIR Point Spectral Measurements

In addition to the mineral composition stated in the literature, a point spectral measurement of the drill
core was conducted to identify other minerals (Annex 3). Point spectral measurements of Drill Core 1
using the Spectral Evolution SR-6500 instrument revealed the presence of hematite (0.875 um broad
absorption feature in spectrum D), gypsum (triplet absorption features at 1.45 um in spectrum B), and
kaolinite (2.206 pm feature in spectrum C) (GMEX, 2008), in addition to quartz and calcite, which were
stated by Robbemond et al. (2002) (Figure 3.20). Oil absorption features were observed throughout DC1,
with the prominent absorption features at 1.7 pm and 2.3 pm. Unlike pure oil, the 2.349 um absorption
feature of oil in the drill core was deeper than the 2.308 um feature. The probable reasons for this will be
covered in the Discussion chapter.
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Figure 3.20 Spectra of the oil (A), gypsum (B), kaolinite (C) and hematite (D) present in Drill Core 1 as revealed by
point spectral analysis.

Point spectral measurements of Drill Core 2 also show the presence of kaolinite (2.206 um feature in
spectra A and C), in addition to quartz, as reported by Ayyad & Parmigiano (1983) (Figure 3.21). Similar to
DC1, oil absorption features were detected throughout DC2. The light-coloured sections of DC2
exhibited relatively higher reflectance values and shallower oil absorption features (A and C), whereas the
darker sections showed lower reflectance values and deeper oil absorption features (B).
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Figure 3.21 Spectra of the oil (B) and kaolinite (A and C) present in Drill Core 2 as revealed by point spectral
analysis.
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3.2.3. VNIR-SWIR Imaging Measurements

Drill Core 1 and Drill Core 2 were scanned using the Specim cameras in the VNIR and SWIR regions.
Figure 3.22 shows the absorption in the VNIR region of Drill Core 1 from the four regions mentioned in
Figure 3.20. The transparent oil in this drill core does not exhibit any absorption in the VNIR range and
thus reflects the absorption due to the presence of hematite in the drill core. Figure 3.23 illustrates the
absorption in Drill Core 2 in the VNIR range. The spectra from the lighter regions (A and D) show the
absorption slope of the sandstone (quartz), while spectra from the datrker regions (B and C) show the
gentle absorption slope of the heavy oil present in the drill core.
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Figure 3.22 VNIR spectra of Drill Core 1 showing the broad absorption features of hematite.
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Figure 3.23 VNIR spectra of Drill Core 2 showing the absorption due to quartz (A and D) and oil (B and C).
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Figure 3.24 shows the absorption in the SWIR region of Drill Core 1 from the four regions mentioned in
Figure 3.20. Spectrum A shows the absorption features of oil at 2.308 um and 2.349 um. Spectrum B
shows the triplet absorption features of gypsum at 1.449 um, the deep water absorption feature at 1.95
um, and the shallow feature at 1.75 um; Spectrum C shows the kaolinite absorption feature at 2.206 pm.
Lastly, spectrum D is the low reflectance spectra of hematite, as identified in Figure 3.20. Figure 3.25
shows the absorption features of kaolinite at 2.206 um in spectra A and D. Spectrum D also shows minor
oil absorption features at 2.3 um. Spectrum B and C show the absorption features of oil at 1.7 um and 2.3
um, with the 2.3 um feature having a greater depth than the 2.3 um feature in spectrum D.
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Figure 3.25 SWIR spectra of Drill Core 2 showing the mix spectra of oil (B and C) and kaolinite (A and D).
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Section 3.1.4 demonstrated that the major absorption features of the oil, clays, evaporites and carbonate
minerals are present in the SWIR region. Consequently, the SWIR Specim camera images of the drill cores
were processed to map the spatial distribution of the oil and minerals in the drill core. Hematite, although
present in the drill core, was not taken as an endmember because it does not have any diagnostic
absorption features in the SWIR range. The results of these mapping processes are presented in this
section and will be discussed in the discussion chapter.

Band Index

For the Band Index measurements, the Hydrocarbon Index was applied at two distinct absorption
features: 1.7 pm (HI1.7) and 2.3 um (HI2.3). The results obtained from Drill Core 1 illustrated the
presence of oil within the cores, with clearer indications emerging from HI2.3 compared to the HI1.7
index (Figure 3.26). The resulting images varied in brightness, corresponding to the concentration of oil

present.

HI: 1.729um
-High : 0.005

HI: 2.308pum
High : 0.03

Figure 3.26 Hydrocarbon Index applied to Drill Core 1 at 1.7 um and 2.3 um.

Similarly, in the measurements on Drill Core 2, HI2.3 showcased better results, exhibiting reduced noise
levels and providing clearer representations of oil concentration when compared to HI1.7 (Figure 3.27).

HI: 1.729um
' High : 0.005

HI: 2.308um

Figure 3.27 Hydrocarbon Index applied to Drill Core 2 at 1.7 um and 2.3 um.
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Spectral Angle Mapper

The Spectral Angle Mapper algorithm was applied on the drill cores, covering various wavelength ranges
from 1.100 um to 1.650 wm, 1.650 pm to 1.850 um, 1.850 um to 2.100 pm, and 2.100 um to 2.400 um.
Endmember spectra utilized in this process were sourced from the USGS spectral library (Kokaly et al.,
2017). Below are the rule images generated from the SAM analysis. These images employ grayscale
intensity to represent spectral angle values, where darker shades signify smaller spectral angles, indicating
closer matches between pixel and endmember spectra for each pixel.

For Drill Core 1, four endmembers were employed: kaolinite, gypsum, calcite, and oil. In the range of 1.1
um to 1.65 pm (Figure 3.28), kaolinite and calcite exhibit low spectral angle values dispersed throughout
the core, while oil and gypsum display low spectral angle values in specific bands.
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Figure 3.28 SAM rule image of Drill Core 1 in the range of 1.1 um to 1.65 pm.

Between 1.65 pm and 1.85 um (Figure 3.29), calcite exhibits low spectral angle values distributed across
the core, while gypsum displays low values in isolated patches, and kaolinite appears as bands with low
spectral angle values. Oil showcases low spectral angle values primarily in the core's central region,
coinciding with the rule image of gypsum.
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Figure 3.29 SAM rule image of Drill Core 1 in the range of 1.65 pm to 1.85 pm.
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Within the 1.85 um to 2.1 um range (Figure 3.30), all minerals exhibit generally low spectral angle values
throughout the drill core, with the exception of some patches. Notably, gypsum demonstrates low values
exclusively within these patches.
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Figure 3.30 SAM rule image of Drill Core 1 in the range of 1.85 um to 2.1 um.

From 2.1 um to 2.4 um (Figure 3.31), calcite predominantly exhibits low spectral values across the core,
with gypsum displaying low values in patches highlighted across other wavelength ranges. Oil and
kaolinite, however, consistently show high values throughout the core.

g

Kaolinite

Figure 3.31 SAM rule image of Drill Core 1 in the range of 2.1 um to 2.4 um.
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For Drill Core 2, two endmembers were utilized: kaolinite and oil. Between 1.1 um and 1.65 um (Figure
3.32), kaolinite and oil demonstrate a similar trend in values, with low spectral angle values at the
beginning and end of the core and relatively higher values in the middle section.

Kaolinite

Figure 3.32 SAM rule image of Drill Core 2 in the range of 1.1 pm to 1.65 pm.

In the 1.65 pm to 1.85 pm range (Figure 3.33), kaolinite and oil exhibit opposite trends in spectral angle
values, with kaolinite showing low values at the start and end of the core, whereas oil exhibits high values.

Kaolinite

Oil

Figure 3.33 SAM rule image of Drill Core 2 in the range of 1.65 pm to 1.85 pm.
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Within the 1.85 um to 2.1 pm range (Figure 3.34), kaolinite and oil display similar trends, with kaolinite
consistently exhibiting higher values than oil.

Kaolinite

Figure 3.34 SAM rule image of Drill Core 2 in the range of 1.85 um to 2.1 um.

From 2.1 pm to 2.4 um (Figure 3.35), kaolinite shows low values throughout the core, with the lowest
values at the beginning and end. In contrast, oil shows high values, with the highest values also present at
the beginning and end of the core.
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Figure 3.35 SAM rule image of Drill Core 2 in the range of 2.1 um to 2.4 um.
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Minimum Wavelength Mapper

The Minimum Wavelength Mapper algorithm was employed on the drill cores across several wavelength
ranges: 1.100 pm to 1.650 um, 1.650 um to 1.850 um, 1.850 um to 2.100 um and 2.100 um to 2.400 um.
Additionally, the 2.100 um to 2.400 pm range was further broken down into 2.185 um to 2.225 um and
2.300 um to 2.360 pm to focus on the clay and oil absorption features, respectively. The results of this
process are given below. The minimum wavelength values corresponding to the colours were taken from
the interpolated wavelength band of the deepest feature.

In the range of 1.1 um to 1.65 um, Drill Core 1 displayed absorption features, highlighted by various

colours such as green (A), yellow (C), and orange (B), corresponding to specific minimum wavelengths of
1.3 um, 1.409 um, and 1.448 um respectively (Figure 3.36).
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Figure 3.36 Minimum wavelength map of Drill Core 1 in the range 1.1 um to 1.65 pm.

Moving to the range of 1.65 um to 1.85 um, Drill Core 1 exhibited absorption features represented by
dark green (A) and yellowish-green (B) colours, indicating wavelengths around 1.723 pm and 1.748 um

respectively (Figure 3.37).
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Figure 3.37 Minimum wavelength map of Drill Core 1 in the range 1.65 pm to 1.85 um.
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Further analysis in the range of 1.85 um to 2.1 um revealed absorption features reflected in blueish-green
(A) and bright green (B) colours, corresponding to wavelengths around 1.914 um and 1.947 pm

respectively (Figure 3.38).
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Figure 3.38 Minimum wavelength map of Drill Core 1 in the range 1.85 um to 2.1 um.

Expanding the analysis to the range of 2.1 um to 2.4 um, Drill Core 1 displayed absorption features
denoted by green (D), yellow-green (C), orange (A), and pink (B) colours, associated with wavelengths
such as 2.206 um, 2.215 um, 2.307 um, and 2.344 um respectively (Figure 3.39).
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Figure 3.39 Minimum wavelength map of Drill Core 1 in the range 2.1 pm to 2.4 um.
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Further subdivisions within the range of 2.1 um to 2.4 pm provided more detailed insights as this range
focuses on the clay absorption features. For instance, within the range of 2.185 pm to 2.225 um,
distinctive absorption features were observed, represented by yellowish-green (B) and red (A) colours,

indicating wavelengths around 2.206 um and 2.215 um respectively (Figure 3.40).
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Figure 3.40 Minimum wavelength map of Drill Core 1 in the range 2.185 pm to 2.225 um.

Lastly, in the range of 2.3 um to 2.36 pum, two distinctive absorption features were observed, represented
by dark blue (B) colour corresponding to a 2.308 um feature and red (A) colour corresponding to a 2.344
um feature (Figure 3.41).
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Figure 3.41 Minimum wavelength map of Drill Core 1 in the range 2.3 um to 2.36 um.
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Similarly, for Drill Core 2, absorption features across these wavelength ranges were also analysed,
revealing distinctive colours corresponding to the minimum wavelengths of the deepest features in that
range.

In the range of 1.1 um to 1.65 pm, the resulting image displayed two notable features: a blue (B) colour

denoting features from 1.108 pm to 1.215 um and a yellow (A) colour indicating a specific feature at 1.410
um (Figure 3.42).
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Figure 3.42 Minimum wavelength map of Drill Core 2 in the range 1.1 pm to 1.65 um.

Analysis within the 1.65 um to 1.85 um range revealed the presence of two distinct absorption features,
with a dark green (A) colour highlighting features from 1.691 um to 1.746 pm and a green (B) colour
corresponding to a feature at 1.725 pm (Figure 3.43).

1850

1825

1800

1775
L1750

1725

Wavelength (nm)

1700

1675

. 1650
8

2 4 6
Depth (%)

Figure 3.43 Minimum wavelength map of Drill Core 2 in the range 1.65 pm to 1.85 um.
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Additionally, an absorption feature in the 1.85 um to 2.1 um range was observed, represented by a blueish-

green (A) colour spanning from 1.904 um to 1.947 um (Figure 3.44).
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Figure 3.44 Minimum wavelength map of Drill Core 2 in the range 1.85 um to 2.1 um.

Moving to the 2.1 um to 2.4 um range, the analysis unveiled two distinctive absorption features: a dark
green (B) colour indicating a feature at 2.206 um and an orange (A) colour corresponding to a distinct
feature at 2.307 um (Figure 3.45).
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Figure 3.45 Minimum wavelength map of Drill Core 2 in the range 2.1 pm to 2.4 um.
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Further examination within the narrower range of 2.185 um to 2.225 pm revealed a distinctive absorption
feature denoted by a yellow (A) colour, corresponding to a specific feature at 2.206 um (Figure 3.46).
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Figure 3.46 Minimum wavelength map of Drill Core 2 in the range 2.185 pm to 2.225 um.

Lastly, analysis in the range of 2.3 um to 2.36 um showed two distinctive absorption features, with a blue
(A) colour indicating a feature at 2.309 pm and a red (B) colour corresponding to a distinct feature at
2.347 um (Figure 3.47).
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Figure 3.47 Minimum wavelength map of Drill Core 2 in the range 2.3 um to 2.36 um.
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3.24, TIR Measurements

TIR measurements were conducted on powdered samples from the drill core from sections with low and
high oil concentrations. The objective was to identify the functional groups present in the oil of the drill
core. The measurements of Drill Core 1 revealed absorption spectra characteristic of quartz (Hecker et al.,
2010), along with minor absorption features corresponding to oil around 3.45 pm (Asemani & Rabbani,
2020)(Figure 3.48). Notably, no other distinctive absorption features of oil were observed in this sample.
Similarly, the TIR spectra of Drill Core 2 displayed absorption patterns indicative of quartz alongside

minor absorption features associated with oil around 3.45 um (Figure 3.49).
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Figure 3.48 TIR spectra of the powdered samples from Drill Core 1.
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Figure 3.49 TIR spectra of the powdered samples from Drill Core 2.
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4. DISCUSSION

This chapter discusses the results presented in Chapter 3 and is organised into seven sections. Section 4.1
discusses the results of the methods used to characterise the three oil samples used in this study and
highlights the similarities and differences between them. Section 4.2 examines the effect of increasing oil
thickness on the spectra of the oil and its implications for oil concentration and the absorption features
observed in the spectra of oil from a drill core. Section 4.3 compares the spectra and absorption features
of the oil and minerals typically found in a hydrocarbon bearing drill core from the Dutch region,
identifying the optimal wavelength ranges and absorption features for mapping oil and minerals in drill
cores. Section 4.4 discusses the results of the methods used to further understand the composition of the
two hydrocarbon bearing drill cores used in this study. Section 4.5 discusses the results of the mapping
techniques employed to map the oil and minerals in the two drill cores. Section 4.6 further compares the
outcomes of the mapping techniques, emphasizing their efficiencies and limitations. Finally, Section 4.7
presents a prototype workflow for detecting the presence of oil in drill cores, mapping the oil and minerals
present in the drill core and further classifying the oil in the drill core based on its concentration and
functional groups.

41. Characterization of the Oil Samples

This study used three oil samples: heavy oil, light oil and very light oil. The three oil samples were
characterised by analysing their spectra in the TIR, SWIR and VNIR ranges, along with their UV
fluorescence spectra. In the TIR range, absorption features of oil are due to fundamental vibrations are
primarily associated with stretching and bending modes of the molecular bonds (Stuart, 2004). The
analysis of the oil samples in the TIR range reveals various functional groups responsible for these
absorption features, as seen in section 3.1.1. The spectra of the oil samples indicate the presence of
aliphatics and aromatics, along with other functional groups such as carboxylic acids, esters, ketones,
amides, alcohols, and phenols. This consistent presence of functional groups across all three oil samples
suggests that there is no significant difference among the samples concerning the types of functional
groups present. Further distinctions can be made based on the complexity of the molecules present—how
light or heavy the molecules are in the functional groups. However, this level of detail is not discernible
from the spectra of the oil samples seen in Figure 3.1. For instance, while aliphatics and aromatics can be
identified in the spectra of the three oil samples, distinguishing between long-chain hydrocarbons (heavy
molecules) and short-chain hydrocarbons (light molecules) is not possible solely based on spectral data. All
three oils show absorption features due to the type of bonds in the molecule and not on the complexity of
the molecule.

The combinations and overtones of the fundamental vibrations cause absorption features in the SWIR
and VNIR ranges. In the SWIR range, the absorption features due to the combinations and overtones of
the aliphatics and aromatics are distinct in the spectra, as seen in section 3.1.2. These features are primarily
attributed to the C-H bonds within these compounds. However, the absorption features due to other
functional groups are not as distinct. These features are either present as minor absorption features around
1.4 um or they form a plateau around 1.9 um. Additionally, the presence of water in the oil or the dill core
can easily mask these features. Similarly, the absorption features of O-H bonds in minerals can
overshadow these minor features. This masking effect is evident in the spectra of heavy oil, where the
broad absorption feature of water present in the oil overlaps with the distinct absorption features of the
oil (Figure 3.2). This overlap complicates the identification of specific functional groups within the heavy
oil samples. Similarly, in the spectra of the oil-soaked sandstone, the water absorption feature can obscure
the underlying oil absorption features (Figure 3.17).
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The very light and light oils exhibit distinct absorption features in the SWIR range attributed to bonds
involving C-H, N-H, and O-H, as documented in Table 3.2. Due to the similarities in their absorption
features due to these functional groups, distinguishing between very light oil and light oil based on these
features alone is not feasible, as illustrated in Figure 3.2. In contrast, heavy oil predominantly shows
absorption features from C-H bonds but also demonstrates significant absorption related to water. The
presence of distinct water absorption features sets heavy oil apart from both very light and light oils in
spectral analysis. Overall, while all three oils exhibit common C-H absorption features, differentiation
among them in the SWIR range is primarily based on their mean reflectance/transmittance values, with
the very light oil having the highest mean transmittance value, light oil with intermediate transmittance
value, and the heavy oil having the lowest reflectance value (Section 3.1.2).

In the SWIR spectra acquired from the oil samples immersed in sandstone and examined using Specim
cameras, as shown in Section 3.1.6, the discernible absorption features observed across all three oil
samples primarily originate from the combination, first overtones and second overtones of C-H bonds at
wavelengths of 2.3 pm, 1.7 um, and 1.2 um, respectively. However, while these features are clear, those
associated with other functional groups found in pure oil samples are obscured by the broad absorption
characteristic of water, as seen in Figure 3.17. Consequently, the functional groups associated with hetero-
compounds cannot be detected in an oil-bearing drill core, as these features are masked due to the
absorption features of water or OH bonds present in the drill core minerals. Regarding the variation
observed in the spectra of the very light and light oils concerning the oil concentration in the sandstone,
no significant differences are noted in the absorption features due to functional groups or in the mean
reflectance values. This is probably because in a sandstone piece of 2.5 cm by 2 cm by 1 cm with 12%
porosity, the oil amount of 0.25 ml was sufficient to saturate the sandstone, while higher quantities of 0.5
ml and 1.0 ml led to overflow into the petri dish containing these samples.

The major differences among the three oil samples are in the VNIR range due to the absorption caused by
the Pi bonds (Section 3.1.2). The very light oil, regardless of its thickness, lacks absorption in the VNIR
region due to its transparent nature, as seen in Figure 3.3. Conversely, the light oil exhibits a steep slope in
the VNIR range, which persists even as the oil thickness increases (Figure 3.5). In contrast, the heavy oil
presents a gentler slope (Figure 3.2). These patterns are also evident in the Specim camera VNIR image of
the oil-soaked sandstone (Section 3.1.6). While the very light oil is transparent in the VNIR range, the
spectra exhibit a sloped appearance compared to pure oil samples, attributed to the absorption of the
sandstone (quartz) in which the oil was immersed (Figure 3.18).

The UV fluorescence property of oil aids in its detection, as oil exhibits fluorescence under UV light,
providing a non-destructive method for quickly detecting the presence of oil. (Section 3.1.5). In Figure
3.15, the fluorescence spectra graph of the three oil samples shows that the very light oil displays low
fluorescence values, with its peak fluorescence occurring at wavelengths around 0.45 um, as noted by Jiaqi
(2018). Both the light and heavy oils show high fluorescence values with peak fluorescence around the
same wavelength, which differs from findings by Hagemann & Hollerbach (1986) and Jiaqi (2018), where
light oils typically show peak fluorescence at around 0.5 um and heavy oils at around 0.6 pm. Additionally,
there is a variation in the fluorescence intensity peaks between the light and heavy oils. This intensity
difference is likely due to the variation in oil concentration, as mentioned by Peng et al. (2013) and
Steffens et al. (2011), who attribute the decreasing fluorescence intensity with increasing oil concentration
to the increase in scattering and absorption of the fluorescence spectra by the oil. The light oil, soaked into
the sandstone, forms a low concentration at the surface, resulting in higher fluorescence intensity
compared to the heavy oil, which was smeared on the surface of the sandstone.
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4.2, Influence of the Oil Layer Thickness

Section 3.1.3 shows the effect of increasing oil thickness on the spectra of the oil. As the thickness of the
oil increases, there is a corresponding decrease in the mean transmittance value of the oil (Figure 3.3 and
Figure 3.5), accompanied by an increase in the depth of the absorption features (Figure 3.4 and Figure
3.6). This relationship between feature depth and oil thickness allows for estimating the relative
concentration of oil in the drill core. Spectra from regions with shallower oil absorption features suggest
lower oil concentrations compared to spectra from regions with deeper oil absorption features, which
imply higher oil concentrations in that region. However, a limitation of this estimation arises from the
saturation of the absorption feature at 2.308 um with further increases in oil thickness, resulting in a
decrease in the depth of this absorption feature (Figure 3.4b and Figure 3.6b). The depth of the
absorption feature is calculated with respect to the shoulders of the feature. As the oil concentration
increases, both the transmittance value of the shoulders and the absorption minima decreases, with the
rate of decrease for the absorption minima being higher than that of the shoulders. However, after
saturation of the absorption minima, the rate of decrease for the shoulders is more than that of the
absorption minima and, therefore, shows a decrease in the depth of the feature.

Additionally, a trend is noted where the increase in feature depth with increasing oil thickness primarily
affects longer wavelength features before progressing towards shorter wavelengths. This is because longer
wavelengths exhibit absorption features due to combination bands and first overtones, which are stronger
and more pronounced. In contrast, shorter wavelengths show absorption features from second and third
overtones, as well as combination bands, which are inherently weaker. Therefore, in regions of a drill core
with low oil concentrations, the 2.308 um feature tends to be more prominent than the 1.723 um feature.
Consequently, mapping techniques focused on the 2.308 um feature are less noisy due to its higher
prominence compared to techniques focused on the 1.723 um feature. This estimation holds when the
2.308 um feature is not saturated.

Furthermore, this estimation assumes that these features do not overlap with absorption features from
other minerals. Conditions that overlap with the absorption features of other minerals are discussed in the
next section (Section 4.3).

4.3. Comparing the Spectra of Oil and Minerals

In Section 3.1.4, the comparison of absorption features between oil and the minerals typically found in
hydrocarbon bearing drill cores from the Dutch region reveals specific spectral ranges suitable for
distinguishing between the oil and minerals. Such as, in the ranges from 1.1 um to 1.65 pm and from 1.85
um to 2.1 um (Figure 3.7 and Figure 3.9), the absorption features of oil either overlap or closely align with
mineral absorption features, making these ranges less suitable for precise oil mapping. However, within
the range of 1.6 um to 1.8 um, the first, third and fourth deepest features of oil at 1.724 um, 1.704 um and
1.796 um, respectively, exhibit no overlaps with minerals, except for the second deepest feature at 1.761
um, which has a close ovetlap with gypsum and anhydrite features at 1.750 um. Similarly, in the range
from 2.1 pm to 2.4 um, the first, third and fourth deepest features of oil at 2.308 um, 2.399 um, and 2.457
um, respectively, do not overlap with minerals, except for the second deepest feature at 2.347 um, which
overlaps with illite, muscovite and calcite absorption features at 2.345 um, 2.353 pm and 2.340 pum
respectively. Thus, the deepest oil features within the ranges from 1.65 pm to 1.85 pm and from 2.1 pm to
2.4 um are particularly suitable for mapping oil within a drill core. This finding is also seen in the Spectral
Angle Matrices (Figure 3.11 to Figure 3.14), where the same ranges exhibit high spectral angle values
between oil and minerals. Therefore, these ranges, from 1.65 pm to 1.85 um and from 2.1 pm to 2.4 um,
are optimal for oil mapping, also using methods that rely on spectral angle differences.
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Additionally, clays such as illite, muscovite and kaolinite can be differentiated from oil in the 2.1 um to 2.4
um range by highlighting the 2.2 um feature due to AIOH (GMEX, 2008). Chlorite shows diagnostic
absorption features in this range as well, with the first, second and fourth deepest features of chlorite at
2.326 pm, 2.385 um and 2.441 um, respectively, aligning closely with the second, third and fourth deepest
features of oil at 2.347 um, 2.399 um and 2.457 um, respectively. The third deepest feature of chlorite at
2.248 pm due to FeOH does not show any overlap with oil absorption features, making it an optimal
feature for differentiating it from oil. Gypsum and anhydrite show absorption features in all four ranges;
however, their diagnostic triplet absorption feature in the 1.1 pm to 1.65 um at around 1.446 um, 1.490
pm and 1.536 um, along with the deep absorption feature in the 1.85 pm to 2.1 um at around 1.946 pm,
can be used to differentiate them from oil in the drill core. This distinction is also observed in the spectral
angle matrix, where the ranges of 1.1 um to 1.65 um and 1.85 pm to 2.1 um show high spectral angle
values for gypsum. In the SWIR range, calcite and dolomite have diagnostic absorption features in the
range of 2.1 um to 2.4 um. However, the 2.340 um feature of calcite and 2.322 um feature of dolomite
aligns closely with the second deepest feature of oil at 2.347 um, making differentiation difficult. Lastly,
quartz and halite neither have distinct absorption features in the SWIR range nor do they exhibit 100%
reflectance and, therefore, mask or diminish the already minor features of oil.

To summarise, the comparative analysis highlights specific spectral ranges that are optimal for
distinguishing oil from minerals in hydrocarbon-bearing drill cores from the Dutch region. The ranges
from 1.65 um to 1.85 pm and from 2.1 pm to 2.4 um can be used for oil mapping due to minimal overlap
with mineral absorption features, supported by high spectral angle values. Minerals such as gypsum,
anhydrite, dolomite and chlorite can be differentiated using their unique absorption features despite some
overlaps with oil. However, halite and quartz, lacking diagnostic features in the SWIR range, may still
obscure the minor oil absorption features. Overall, these findings enhance the precision of hydrocarbon
exploration by identifying optimal spectral ranges and features for accurate oil mapping in drill cores.

4.4, Composition of the Drill Cores

This study utilized two drill cores with varying types of oil and mineral compositions. Drill Core 1 is a
hydrocarbon bearing sandstone with calcareous cement containing transparent oil (Robbemond et al.,
2002). Drill Core 2 is from a quartz-rich sandstone reservoir rock containing heavy oil (Ayyad &
Parmigiano, 1983). To further understand the mineral composition of the two drill cores, point spectral
measurements in the VNIR and SWIR range were conducted (Section 3.2.2). These measurements reveal
the presence of kaolinite, gypsum, and hematite in Drill Core 1 (Figure 3.20). Most spectra from Drill
Core 1 show the absorption features of oil, except for a few spectra where hematite dominates (Spectra D
in Figure 3.20). Major absorption features of oil noted are at 1.7 um and 2.3 pm, attributed to the C-H
bonds of aliphatics and aromatics. The 2.349 um feature is deeper than the 2.308 um feature, likely due to
the absorption feature of calcite at 2.340 pum, as this drill core contains calcareous cement. The minor
features of oil at 1.4 pm and 1.9 pm are masked by the OH absorption feature of gypsum and kaolinite or
by the broad absorption feature of water in the drill core. The point spectral measurements of Drill Core 2
show the absorption features of kaolinite (Figure 3.21). These measurements also show the oil absorption
features of varying depth, particularly at 1.7 um and 2.3 pm. The broad absorption feature of water in the
drill core masks out minor absorption features of oil at 1.9 um. Consequently, in both the drill cores, the
absorption features due to the hetero-compounds present in the oil could not be detected from the
spectra of the oil within the drill core.

To further detect the presence of oil in the drill cores, the UV fluorescence spectra were recorded (Section
3.2.1). The results from Drill Core 1 show the fluorescence spectra of oil in all the measurements. The
transparent oil present in the drill core produces a fluorescence peak at around 0.62 um (Figure 3.19a),
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which is close to the fluorescence peak of the light and heavy oil samples at 0.63 um (Figure 3.15). This is
different from the trend outlined by Hagemann & Hollerbach (1986) and Jiaqi (2018), where fluorescence
peaks of very light oils are around 0.4 pm to 0.45 pum, as also observed in the very light oil used in this
study (Section 3.1.5). This dissimilarity is likely due to the loss of volatiles from the oil in the drill core
over time, resulting in a shift of the peak fluorescence intensity towards longer wavelengths. The
measurements on Drill Core 2 also showed the fluorescence spectra of oil in the light sections as well as
the dark sections of the drill core (Figure 3.19b). The peak intensity of the fluorescence spectra is around
0.62 wm, which is close to the peak fluorescence intensity of the heavy oil in Figure 3.15. Thus, through
the UV fluorescence measurements, oil was detected throughout both Drill Core 1 and Drill Core 2.

The analysis of the VNIR and SWIR imagery of the drill cores shows the spectra of the oil and minerals
contained in the two drill cores. Drill Core 1, which contains transparent oil, shows the absorption
features of hematite in the VNIR spectra from the drill core (Figure 3.22). On the other hand, Drill Core 2
contains heavy oil and shows absorption due to quartz in the lighter parts (spectra A and D in Figure
3.23), while the darker parts that contain the heavy oil show the gentle absorption slope of the heavy oil
(spectra Band C in Figure 3.23). Figure 3.24 shows the absorption in the SWIR region of Drill Core 1,
containing minerals like kaolinite and gypsum, while Figure 3.25 shows the spectra of kaolinite. The
spectra of the oil and minerals from the two drill cores obtained using the Specim cameras show a lower
contrast as compared to those obtained using the point spectral measurements in Section 3.2.2

TIR measurements of powdered drill core samples revealed the presence of C-H absorption features of
aliphatics at 3.4 um, as seen in Figure 3.48 and Figure 3.49. However, these absorption features at 3.4 um
were minor, and no additional oil absorption features were detected. Thus, the other functional groups
present in the oil from the two drill cores could not be detected using this method.

In conclusion, the study of the two drill cores, containing varying types of oil and mineral compositions,
utilized point spectral measurements in the VNIR and SWIR ranges to reveal significant findings. Drill
Core 1, a hydrocarbon-bearing sandstone with calcareous cement, showed prominent oil absorption
features at 1.7 pum and 2.3 um. Drill Core 2, a quartz-rich sandstone with heavy oil, also displayed oil
absorption features. UV fluorescence measurements further confirmed the presence of oil in both drill
cores, with fluorescence peaks aligning closely with those of light and heavy oil samples. TIR
measurements identified minor C-H absorption features of aliphatics but failed to detect other functional
groups in the oil. Overall, while significant oil absorption features were identified, the masking effects of
minerals and water present challenges for complete oil characterization in drill cores.

4.5. Techniques to map the Oil and Minerals in the Drill Core

The SWIR Specim camera images of the two drill cores were processed to map the oil and minerals
present in the drill cores. The results of this process are discussed below.

Band Index

The Hydrocarbon Index method evaluates the absorption feature of oil along with its surrounding
shoulders, providing insight into the depth of the absorption feature and can serve as an indicator of oil
concentration. In this study, the Hydrocarbon Index was applied to two absorption features of oil (Section
3.2.3): the feature around 1.7 pm (HI1.7) as initially suggested by Kiithn et al. (2004) and around 2.3 um
(HI2.3) which is another prominent absorption feature of oil as seen in Section 3.1.4.

As discussed in Section 4.2, the depth of oil absorption features affects longer wavelength features first
before progressing to shorter wavelengths. Consequently, the 1.7 um feature is shallower than the 2.3 um
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feature, resulting in higher noise levels when applying the Hydrocarbon Index to the 1.7 um feature
(Figure 3.24 and Figure 3.25). Additionally, as seen in Section 4.3, oil absorption features are affected by
their proximity to absorption features of other minerals. This was observed in Drill Core 1, where HI1.7
also produced high values in locations containing gypsum. This is due to the proximity of the oil feature at
1.724 um to the gypsum feature at 1.749 um. Conversely, HI2.3 on Drill Core 1 was not affected by the
calcareous cement present, as the calcite feature at 2.340 um did not interfere with the oil feature at 2.308
pm.

Thus, when comparing the results, the HI2.3 exhibited lower noise levels and provided a better spatial
distribution of oil than the HI1.7. However, the accuracy of HI2.3 remains untested in the presence of
minerals like dolomite and chlorite, which have absorption features at 2.322 pm and 2.326 pm,
respectively.

Spectral Angle Mapper

The Spectral Angle Mapper was applied over four spectral ranges (Section 3.2.3), differing from the
approach of Speta (2016), who applied SAM over the full range of 1.0 pm to 2.5 um. This is because oil
and minerals have diagnostic absorption features specific to certain wavelength ranges. By applying SAM
over these specific ranges, the sensitivity and accuracy of the method can be enhanced. This is evident
when comparing the Spectral Angle Matrices in Figure 3.11 - Figure 3.14 to the Spectral Angle Matrix
over the full range in Annex 4. A significant improvement is observed in the range of 2.1 um to 2.4 pm,
where higher spectral angle values between oil and minerals are recorded compared to the full range.
Limiting SAM to a narrower wavelength range also reduces the computational burden compared to
analysing the full spectrum. This can result in faster processing times and more efficient use of
computational resources, especially when dealing with large datasets.

In Drill Core 1, four endmembers were used: kaolinite, gypsum, calcite, and oil (as given in Section 3.2.2).
Upon comparing the rule image of the oil endmember in the range of 1.1 um to 1.65 um (Figure 3.28)
with the photograph of Drill Core 1 (Figure 2.2), it was observed that the high spectra angle values of the
rule image coincide with the more reddish-brown areas of the drill core, which correspond to the hematite
present, as identified by spectrum D in Figure 3.20. This is because the spectra of hematite in this range
show a slope towards longer wavelengths, opposite to the shown by the spectra of the oil.

The rule image of oil endmember in the range of 1.65 um to 1.85 um (Figure 3.29) shows low spectral
angle values in locations where gypsum is present (spectrum B in Figure 3.20). This is due to the proximity
of the 1.724 um oil absorption feature to the 1.749 um gypsum absorption feature, despite gypsum and oil
having high spectral angle values in this range, as seen in Figure 3.12.

The rule image of the oil endmember in the range of 1.85 um to 2.1 um (Figure 3.30) shows low spectral
angle values throughout the drill core except at locations where gypsum is present (spectrum D in Figure
3.20). This is because the minor absorption features of oil in this range form a plateau, showing high
spectral similarity with the broad absorption feature of water in the drill core, unlike the deep absorption
feature of gypsum at 1.946 wm. This is also reflected in the rule image of gypsum endmember in this
range, which shows low values in areas where gypsum is present. The spectral angle matrix in the range of
1.850 um to 2.100 pm (Figure 3.13) confirms that gypsum has high spectral angle values with oil and other
minerals.

In the range of 2.1 um to 2.4 um, the rule image of the oil endmember shows high values which coincide
with hematite (Figure 3.31), similar to the results in the range of 1.1 um to 1.65 um. The remaining areas
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show consistent spectral angle values, even in areas where gypsum is present. This indicates that the range
from 2.1 um to 2.4 um can be used to map the spatial distribution of oil in a drill core, even in the
presence of gypsum. This range also highlights the areas where kaolinite is present, as shown in spectrum
C in Figure 3.20. However, the presence of calcite, as mentioned by Robbemond et al. (2002), cannot be
confirmed due to the proximity of the 2.340 pm calcite feature to the 2.347 um oil feature.

In Drill Core 2, two endmembers were used: kaolinite and oil (as given in Section 3.2.2). The lighter
regions at the start and end of the drill core, as seen in Figure 2.3, show high spectral angle values, while
the darker regions shower a lower spectral angle value in rule images of oil in the range of 1.65 um to 1.85
um and the range of 2.1 pm to 2.4 um (Figure 3.33 and Figure 3.35). In these regions, the spectra of the
oil endmember show high similarity with the spectra of the drill core. In the other ranges from 1.1 um to
1.65 pm and from 1.85 um to 2.1 um, no particular trend was observed between the light and dark areas
(visual appearance of the drill core in Figure 2.3) and the value of the spectral angle (Figure 3.32 and
Figure 3.34). Thus, both the ranges from 1.65 um to 1.85 um and from 2.1 pm to 2.4 um provided results
for the spatial distribution of the oil in Drill Core 2, as also demonstrated by the spectral angle matrix in
Figure 3.12 and Figure 3.14.

Minimum Wavelength Mapper

The Minimum Wavelength Mapper was applied over four ranges, with the last range further subdivided
into two smaller ranges, as seen in section 3.2.3. The wavelengths obtained from the minimum wavelength
map were then cross-referenced with the minimum wavelengths of the absorption features of the minerals
listed in Section 3.1.4 to determine the minerals present.

For Drill Core 1, the minimum wavelength map over the 1.1 um to 1.65 pm range reveals three colours
(Figure 3.36). The green colour at 1.3 um corresponds to the low reflectance spectra of hematite in the
drill core, as indicated by spectrum A. The yellow colour at 1.409 um corresponds to the OH feature of
minerals (kaolinite), as shown by spectrum C. Additionally, the orange colour at 1.448 pm represents the
deepest feature of the triplet gypsum feature present in this range.

In the range of 1.65 um to 1.85 pm (Figure 3.37), the green colour at 1.723 um represents the oil feature,
as identified by spectrum A, while the yellowish-green colour at 1.748 um represents the gypsum feature,
as indicated by spectrum B. This range highlights the spatial distribution of oil and gypsum within the drill
core, with distinct colours marking their presence.

In the range of 1.85 um to 2.1 um (Figure 3.38), the blueish-green colour at 1.914 um corresponds to the
OH feature of water or minerals (kaolinite) present in the drill core, as indicated by spectrum A. The
bright green colour at 1.947 um corresponds to the gypsum feature, as shown by spectrum B. This range
maps the presence of gypsum, which is distinct from the OH features of water or kaolinite.

In the range of 2.1 um to 2.4 um (Figure 3.39), the green colour at 2.206 um corresponds to the AIOH
feature of kaolinite, as indicated by spectrum D. The yellow-green colour at 2.215 um represents the
gypsum feature, as shown by spectrum C. The orange and pink colours correspond to the 2.307 um and
2.342 um features of oil, respectively, as indicated by spectra A and B. This range shows the spatial
distribution of oil, kaolinite, and gypsum within the drill core.

In the subdivided range of 2.185 pm to 2.225 pm (Figure 3.40), focusing on clay absorption features, the
bright yellowish-green colour corresponds to the 2.206 pm feature of kaolinite, as indicated by spectrum
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B, while the dull red colour corresponds to the 2.215 pm feature of gypsum, as shown by spectrum A.
This finer subdivision aids in identifying clay minerals within the drill core.

In the subdivided range of 2.3 um to 2.36 um (Figure 3.41), focusing on oil absorption features, the blue
and red colours correspond to the 2.308 um and 2.344 um features of oil, respectively, as indicated by
spectra B and A.

Thus, the ranges of 1.65 pm to 1.85 um and 2.3 pm to 2.36 um can be used to map the spatial distribution
of oil in the drill core. However, for the range of 1.65 pm to 1.85 um, in mixed spectra of gypsum and oil,
gypsum exhibits deeper absorption features than oil, which are recorded by the minimum wavelength
mapper in this range. Gypsum exhibits absorption features in all four ranges. Notably, in the range of 1.85
pm to 2.1 um, the OH feature of gypsum is deeper than the OH features of water or kaolinite present in
the drill core, making this range suitable for mapping gypsum in Drill Core 1. Kaolinite shows a
prominent absorption feature at 2.206 um in the 2.1 um to 2.4 um range, which is highlighted in the 2.185
um to 2.225 um range.

For Drill Core 2, in the range of 1.1 um to 1.65 pm (Figure 3.42), blue colours representing wavelengths
from 1.108 pm to 1.215 um correspond to the minimum of the absorption slope seen in spectrum B. The
yellow colour at 1.410 um indicates the OH feature of kaolinite (spectrum A). In the range of 1.65 um to
1.85 um (Figure 3.43), the green colour corresponds to the 1.725 um feature of oil, as seen in spectrum B.
In the range of 1.85 um to 2.1 pm (Figure 3.44), the bluish-green colour, representing wavelengths from
1.904 um to 1.947 pm, is due to the broad absorption feature of water present in the oil as well as in the
drill core. In the range of 2.1 um to 2.4 um (Figure 3.45), the green colour signifies the 2.206 um AIOH
feature of kaolinite, as seen in spectrum B, while the orange colour denotes the 2.307 pm feature of oil, as
seen in spectrum A. In the subdivided range of 2.185 um to 2.225 um (Figure 3.46), the yellow colour
marks the 2.206 um feature of kaolinite. This finer range allows for precise mapping of kaolinite,
distinguishing its absorption features from a mixed spectrum of kaolinite and oil. In the subdivided range
of 2.3 um to 2.36 um (Figure 3.47), the blue and red colours represent the 2.309 um and 2.347 pm features
of oil, respectively. Thus, like in Drill Core 1, the ranges of 1.65 um to 1.85 pm and 2.3 um to 2.36 um can
be used to map the spatial distribution of oil in Drill Core 2. Similarly, kaolinite can be mapped in the
range of 2.1 pm to 2.4 um range, with further focus on the 2.185 um to 2.225 um range.

In conclusion, this study applied various spectral analysis techniques to the SWIR Specim camera images
of the two drill cores to map the spatial distribution of oil and minerals in the drill cores. The HI2.3
exhibited lower noise levels and provided a better spatial distribution of oil than HI1.7. The Spectral Angle
Mapper technique mapped the oil and mineral endmembers, with the ranges of 1.65 um to 1.85 um and
2.1 pm to 2.4 pm focusing on the mapping of oil. The Minimum Wavelength Mapper was used to map the
spatial distribution of oil, gypsum, and kaolinite, particularly highlighting oil features in the 2.3 um to 2.36
pum range and gypsum features in the 1.85 um to 2.1 pum range. These findings demonstrate the
effectiveness of specific spectral ranges for mapping oil and minerals within drill cores.

4.6. Comparison of Mapping Methods

Comparing the outcomes of the Hydrocarbon Index, Spectral Angle Mapper, and Minimum Wavelength
Mapper provides insights into their effectiveness and applicability. Firstly, the Hydrocarbon Index method
offers a straightforward approach to identifying the location and relative concentration of oil. The value of
the index indicates the depth of the absorption feature and thus relates to the concentration of oil. Since
this method only considers three wavelength bands—the two shoulders and the absorption low—it is
computationally less demanding compared to the Spectral Angle Mapper or Minimum Wavelength
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Mapper, which involves multiple wavelengths. This makes the Hydrocarbon Index method a more
accessible option for quick analysis. However, its limitation lies in its specificity to oil, necessitating the use
of additional band indices for mapping other minerals present in the drill core.

On the other hand, the Spectral Angle Mapper method effectively maps the spatial distribution of oil and
various minerals within the drill core. By using endmember spectra, SAM can differentiate between oil and
minerals such as kaolinite, gypsum and calcite. The rule images generated by SAM reflect the
concentration of oil. This is because as the concentration of oil increases, the pixels in the image of the
drill core become more pronounced in oil absorption features, resulting in lower spectral angle values with
the endmember spectra of oil. Despite its effectiveness, SAM has limitations. It is computationally
intensive due to its reliance on spectral angle calculations across the entire dataset. Additionally, SAM
requires prior knowledge of the spectral endmembers representing different minerals within the drill core,
which necessitates a detailed understanding of the composition of the drill core. This requirement can
limit applicability in cases where spectral libraries or endmember spectra are not readily available or well-

defined.

The Minimum Wavelength Mapper method also proved effective in mapping the spatial distribution of
both oil and minerals in the drill cores. By relating the minimum wavelength values over specific ranges,
this method was able to distinguish between oil and minerals like kaolinite and gypsum. In both Drill Core
1 and Drill Core 2, the Minimum Wavelength Mapper mapped the spatial distribution of the oil and
minerals by identifying distinct absorption features in the specified wavelength ranges. The subdivided
ranges, particularly from 2.185 pm to 2.225 pm and 2.3 pm to 2.36 pm, provided finer resolution for
mapping kaolinite and oil, respectively. A key advantage of the Minimum Wavelength Mapper is the
feature depth band, which provides insights into the relative concentration of oil within each drill core. A
high value in the feature depth band indicates a deep feature and, therefore, a high concentration of oil.
Additionally, the method uses interpolated wavelengths and depths as compared to the fixed wavelength
values used in band indices. Interpolating the spectra helps to find the wavelength where the minimum
occurs within a specified range, rather than relying on pre-defined, fixed wavelengths, as the actual
wavelengths at which absorption features occur can vary slightly due to factors such as mineral
composition and particle size. By measuring depth at interpolated wavelengths, the method accurately
captures the interpolated depth of the absorption feature. Thus, this method provides a better
understanding of the absorption features of the oil and minerals present in the drill core as it provides
information on the wavelength as well as the depth of the feature. Furthermore, the Minimum
Wavelength Mapper method simplifies the process by not requiring any endmember input, unlike the
Spectral Angle Mapper. This makes it particularly useful for simultaneously mapping the spatial
distribution of multiple minerals by correlating the minimum wavelength map it generates with the
absorption features of the minerals. However, this method is computationally demanding.

4.7. Implications for the Prototype Workflow

The ultimate goal of this study was to develop a prototype workflow for mapping hyperspectral images of
drill cores, enabling the accurate detection and classification of oil and minerals in a range of drill cores
with different types of oil and minerals. The effectiveness of different methods, including UV
fluorescence analysis, Hydrocarbon Index, Spectral Angle Mapper, and the Minimum Wavelength
Mapper, was assessed across two drill cores: Drill Core 1 containing transparent oil along with kaolinite,
gypsum, calcite, hematite and quartz, and Drill Core 2 containing heavy oil along with kaolinite and quartz.
Figure 4.1 gives the flowchart of the workflow and Table 4.1 provides a summary of methods for mapping
the spatial distribution of oil.
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Figure 4.1 Flowchart of the workflow to detect (step 1) and map (step 2) the oil in drill cores.

Step 1:

UV fluorescence analysis proved effective in detecting the presence of both transparent and heavy oils in
the respective drill cores, highlighting its utility across a spectrum of oil types. This approach laid the first
step in confirming the presence of oil in the drill cores.

Step 2:

Step 2a should be used when only the spatial distribution of oi in the drill core is of interest. To delineate
the spatial distribution of both oil and minerals within the drill core, either Step 2b or Step 2c¢ can be used.

Step 2a:

The Hydrocarbon Index emerged as a robust approach for datasets primarily focused on oil spatial
distribution. This method offered computational efficiency while specifically targeting the spatial
distribution and concentration of oil. The choice between using the 1.7 um or 2.3 um absorption features
in the Hydrocarbon Index depended on the oil concentration in the core and its mineral composition.
HI1.7 is advantageous when oil concentration is high, resulting in a deep absorption feature, while the 2.3
um absorption feature may have reached saturation. HI1.7 is also suitable when no overlapping minerals
like gypsum and anhydrite are present. On the other hand, HI2.3 is preferable when the oil concentration
in the drill core is low, such that the 2.3 um absorption feature is not saturated and is deeper than the 1.7
um feature. This index is also suitable in the presence of minerals like gypsum and anhydrite. However,
the suitability of this feature in the presence of ovetlapping minerals like dolomite and chlorite still
requires further investigation.

59



DETECTION, MAPPING AND CLASSIFICATION OF CRUDE OIL IN DRILL CORE USING HYPERSPECTRAL IMAGERY

Step 2b:

Using SAM requires an understanding of the mineral composition of the drill cores beforehand. The 2.1
um to 2.4 um range is suitable for mapping the spatial distribution of oil in the drill core, as oil in this
range shows high spectral angle values with the minerals present in the drill core. Gypsum and anhydrite
can be differentiated from oil by mapping them in the 1.85 um to 2.1 um range. Other minerals like illite,
muscovite, kaolinite, and calcite can be mapped in the range of 2.1 pm to 2.4 um. However, chlorite and
dolomite do not show high spectral values in this range. The suitability of using SAM in the range of 2.1
um to 2.4 um in the presence of chlorite and dolomite will require further examination.

Step 2c:

The Minimum Wavelength Mapper can also be used to map the oil and minerals in the drill cores. This
method, however, requires prior knowledge of the absorption features of oil and minerals, as the output
of the Minimum Wavelength Mapper is a map that indicates the wavelength values corresponding to the
minima of the absorption features in the wavelength ranges specified by the user. These wavelengths from
the minimum wavelength map must then be compared with the minimum wavelength values of
characteristic absorption features of minerals to accurately determine their spatial distribution.

The wavelength ranges of 1.65 um to 1.85 um and 2.1 um to 2.4 um proved effective in mapping the oil,
specifically the range of 2.3 um to 2.36 um. Gypsum and anhydrite can be mapped within the 1.85 pm to
2.1 um range, while minerals such as illite, muscovite, and kaolinite can be mapped within the 2.1 um to
2.4 pm range, specifically between 2.185 um and 2.225 pm. However, calcite has overlapping features with
oil and cannot be mapped in an oil-bearing drill core using this method. Although Figure 3.10 shows that
the minimum wavelengths of chlorite and dolomite do not overlap with those of oil, their influence in
mixed spectra requires further research.

Finally, the mapping methods discussed can be used to estimate the relative concentration of the oil within
the drill core. The value of the Hydrocarbon Index reflects the relative concentration of oil in the drill
core. For SAM, the spectral angle value of the rule image reflects the relative concentration of oil in the
drill core, where smaller angles refer to higher concentrations. For the Minimum Wavelength Mapper, the
feature depth bands can be used to indicate the relative concentration of oil in the drill core, with brighter
values referring to higher concentrations.

While this study also aimed to classify the oil in the drill core in the VNIR and SWIR ranges based on the
functional groups present, it was found that this was not feasible with the two drill cores used. In the
SWIR range, the hetero-compounds show minor absorption features as overtones and combinations of
N-H and O-H bonds. These minor absorption features are present at around 1.4 um and 1.9 um and are
thus easily masked out by the OH or water absorption features of minerals and oil present in the drill core.
Additionally, quartz and halite neither have distinct absorption features in the SWIR range nor do they
exhibit 100% reflectance and, therefore, mask or diminish the already minor features of oil.

In conclusion, this study demonstrates the potential of a prototype workflow for mapping hyperspectral
images of drill cores, focusing on the accurate detection and mapping of oil and minerals. UV fluorescence
analysis effectively detected both transparent and heavy oils, serving as a crucial initial step in confirming
oil presence. The Hydrocarbon Index provided a computationally efficient method for mapping oil, with
specific wavelength features suited to different concentrations and mineral compositions. The Spectral
Angle Mapper and Minimum Wavelength Mapper both offered robust spatial distribution mapping of oil
and minerals, with the Spectral Angle Mapper requiring prior knowledge of endmembers and the
Minimum Wavelength Mapper necessitating an understanding of absorption features. A limitation of this
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workflow arises when drill cores contain minerals like chlorite and dolomite. While Section 3.1.4 shows
that the minimum wavelengths of chlorite and dolomite do not overlap with those of oil, their influence in
mixed spectra could be further investigated by analysing the mixed spectra from a drill core containing
both oil and these minerals or by mixing powdered samples of the minerals with oil. This aspect, however,
was not covered in this study.

Table 4.1 Summary of the methods used to map the spatial distribution of oil in a drill core. Green indicates suitable
for mapping while red indicates not suitable for mapping for the given method, wavelength range, oil concentration
and drill core mineral composition. Yellow indicates the suitability needs to be tested, which was not covered in this

study.

Presence of Presence of
Method Absorption Low Oil High Oil gypsum or chlorite or
feature/range Concentration | Concentration | anhydrite in the dolomite in
core the core
. No overlap
Shallow Overlap with P
1.7 pm . Deep feature . with oil
feature, noisy oil feature
Hydrocarbon feature
Inde
* Deeper than No ovetlap Probabl§
2.3 um If saturated o overlap with
1.7 feature with oil feature .
oil feature
1.65 um to 1.85 Low pixel High pixel Low Spectral | High Spectral
Spectral pum range purity purity Angle value Angle value
Angle
Mapper (oil . . .
endmember) 2.1 um to 2.4 High P1xel If saturated High Spectral | Low Spectral
pum range purity Angle value Angle value
. No overlap
1.65 pm to 1.85 Shallow feature | Deep feature Ov.erlap with with oil
um range oil feature ER—
Minimum 21 um to 2.4 Decvesdivm No ovetlap, No .over‘lap
Wavelength If saturated but gypsum with oil
um range 1.7 feature
Mapper feature deeper feature
2.3 pm to 2.36 Deeper than No overlap No .over‘lap
If saturated o with oil
pum range 1.7 feature with oil feature feature
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5. CONCLUSION

This section presents the conclusions of this study and provides recommendations for further research.

5.1. Conclusion

This research aims to measure and characterise the spectral properties of crude oil in the VNIR, SWIR
and TIR range, integrate this into a prototype workflow and further apply this workflow to detect, map,
and classify crude oil and minerals using the hyperspectral images of drill cores from the Dutch region.

The study characterized heavy, light, and very light oils used in this study through TIR, SWIR, and VNIR
spectral analyses, along with UV fluorescence analysis. Across the TIR range, all oils exhibited absorption
features attributed to C-H bonds from aliphatic and aromatic compounds, as well as bonds from various
functional groups such as C=0, C-O, O-H, and N-H. Heavy oil additionally displayed water absorption
features in this range. In the SWIR range, distinct C-H absorption features were evident, though water
absorption often obscures other functional groups. Differentiating oil types in the SWIR range primarily
relied on mean reflectance/transmittance values, with very light oil showing the highest transmittance,
light oil showing intermediate transmittance, and heavy oil showing the lowest reflectance. The VNIR
range further differentiated the oils: very light oil appeared transparent with no absorption, light oil
exhibited a steep absorption slope, and heavy oil displayed a gentler slope. Finally, UV fluorescence
analysis provided a rapid, non-destructive method for detecting oil presence.

Increasing oil thickness correlated with decreased mean transmittance values and increased absorption
feature depth, facilitating the estimation of oil concentration in drill cores. However, saturation at 2.308
um posed challenges in high oil concentration scenarios. Longer wavelength features, such as 2.308 um,
were more prominent due to stronger combination bands and first overtones, making them preferable for
oil concentration mapping, though overlaps with mineral absorption features must be considered.

Comparison of absorption features of oil and mineral from typical hydrocarbon-bearing Dutch drill cores
identified specific spectral ranges conducive to distinguishing oils from minerals, particularly 1.65 um to
1.85 um and 2.1 pm to 2.4 um, which highlighted distinctive oil absorption features like 1.724 pm and
2.308 pm.

The mapping techniques used to map the oil and minerals in the drill core proved effective in revealing
their spatial distribution in both the drill core with transparent oil and the drill core with heavy oil. This
study utilized the Hydrocarbon Index, initially developed for HyMAP data, to map the oil in the drill
cores. The Hydrocarbon Index was applied to the 1.7 um absorption feature and then further modified to
include the oil absorption feature at 2.3 um. The modified Hydrocarbon Index, HI2.3, demonstrated a
clearer and more accurate spatial distribution of oil compared to the original HI1.7.

This study also applied the Spectral Angle Mapper over four specific wavelength ranges, contrasting with
previous studies that utilized the full spectral range. This targeted approach increased the sensitivity and
accuracy of the method by focusing on ranges where the diagnostic absorption features of oil and
minerals are most prominent. By narrowing the spectral analysis, SAM effectively differentiated the oil and
minerals across various spectral ranges. Notably, the 2.1 um to 2.4 um range proved particularly effective
for mapping oil and minerals in the drill core. Gypsum was mapped in the 1.85 um to 2.1 pm range. This
targeted application of SAM underscores its utility in improving the precision of oil and mineral mapping.
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This study introduced the Minimum Wavelength Mapper as an innovative approach for mapping oil in
drill cores. It was applied across four primary spectral ranges, with further subdivision of the final range
into smaller intervals. These analyses enabled a thorough examination of mineral and oil distributions
within both Drill Core 1 and Drill Core 2. Specifically, the ranges of 1.65 pm to 1.85 um and 2.3 pm to
2.36 um proved effective for mapping oil despite variations in spectra containing both gypsum and oil. By
focusing on the interpolated wavelengths and depths of absorption features in the spectra, this method
provided a more accurate understanding of mapping the oil and minerals in the drill core.

Finally, the study attempted to classify the oil in the drill core based on the functional groups present in
the VNIR and SWIR ranges. While the absorption features due to C-H bonds from aliphatics and
aromatics cause the diagnostic absorption features of oil, the absorption features due to the hetero-
compounds cause minor absorption features. The absorption features of OH and water present in the
minerals of the drill core easily mask these minor absorption features. Similarly, the water present in the
oil can mask these features. Even in the absence of these interfering features, for oil present in a
sandstone drill core, the quartz is not 100% reflective and, therefore, diminishes or masks the already
minor features of oil due to the hetero-compounds. Thus, determining the functional groups present in
the oil was not possible for the two drill cores used in this study.

Overall, this study demonstrates that oil and minerals can be mapped in oil bearing drill cores from the
Netherlands, which contain lighter oil and minerals like gypsum and carbonates, whose absorption
features lie close to that of oil. This study also shows that the oil present in the drill core cannot be
classified based on its functional groups using the VNIR and SWIR spectra of the oil from the drill core.
However, the relative concentration of the oil within the drill core can be determined by analysing the
depth of the oil features using mapping techniques such as Hydrocarbon Index, Spectral Angle Mapper
and Minimum Wavelength Mapper, which were used in this study.

5.2. Recommendations

The UV fluorescence analysis demonstrated its utility in detecting oil within the drill core. However, the 3-
watt UV source used in this study proved insufficient for illumination, resulting in point illuminations with
intensities too low to be captured effectively. Future studies should consider using a higher wattage UV
source to address this limitation. A more powerful UV source would provide brighter illumination across
the entire core, enabling the Specim VNIR camera to capture the spatial variation in the fluorescence
intensity. Thus, the enhanced illumination would also allow for a better comparison between fluorescence
mapping and other spectral mapping techniques, leading to more robust and reliable conclusions about
the oil distribution.
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6. ETHICAL CONSIDERATIONS, RISKS AND
CONTINGENCIES

No reasonably predicted or anticipated adverse effects are expected to be experienced by any party during
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reducing the use of fossil fuels in the energy transition framework. While preparing this work, the author
used ChatGPT, and Grammatly to refine the language and grammar. After using this tool/service, the
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APPENDIX

Annex 1: Spectra of Other Minerals from USGS and ECOSTRESS spectral libraties.
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Four deepest absorption features of the oil and minerals in the respective ranges.

1100-1650
First Second Third Fourth

Qil 1.193 1.209 1.391 1.412
lllite 1.415
Muscovite 1.414
Kaolinite 1.415 1.396 1.360 1.240
Chlorite 1.381
Gypsum 1.446 1.490 1.536 1.206
Anhydrite 1.447 1.489 1.538
Calcite
Dolomite
Halite

1650-1850

First Second Third Fourth

Qil 1.724 1.761 1.704 1.796
llite
Muscovite
Kaolinite 1.820 1.843
Chlorite
Gypsum 1.749
Anhydrite 1.750
Calcite
Dolomite
Halite

1850-2100

First Second Third Fourth
Oil 2.008
llite 1.908
Muscovite 1.851 1.922
Kaolinite 1.913 1.819
Chlorite 1.904
Gypsum 1.946 2.067
Anhydrite 1.947 2.069
Calcite 1.997 1.876
Dolomite 1.979 1.861
Halite 1.971
2100-2460
First Second Third Fourth

il 2.308 2.347 2.399 2.457
llite 2.222 2.345 2.437 2.132
Muscovite 2.211 2.353 2.443 2.374
Kaolinite 2.208 2.162 2.384 2.359
Chlorite 2.326 2.385 2.248 2.441
Gypsum 2.217 2.268
Anhydrite 2.218 2.269
Calcite 2.340 2.158
Dolomite 2.322 2.141

Halite
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Annex 2: UV Fluorescence Measurements

Drill Core 1
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The indications on the drill core mark the region from where the spectra were recorded.
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Annex 3: Point Spectroscopy Measurements
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Annex 4: Spectral Angle Matrix for the range of 1.1 um to 2.4 pm.

Spectral Angle Matrix- 1.1 pm to 2.4 pm
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