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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. Beyonc
exploration, mappindpe oil concentratiorn 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 audtminerals
as smectite, quartand clayswhich havenon-overlapping absorption featuregh oil This study,
howeveraddressabe 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 evaporit
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
training set taleterminghe spectral properties of oil in the VNIR, SWIR, and TIR rafgesecond

data set consisted of two drill cores, differentiseld ortheir mineral composition attte type of oil

they contain. The first drill core contains transparent oil with minerals like kaolinite, gypsum, calcite,
guartz, and hematite, while the second drill core contains heavy oil along with minerals like kaolinite an
quartz. The understanding obtained from measuring and compaspgcthe of the oil samples was

then applied to detect, map, and classindiimineralgithin the drill coreQil detection was achieved
independentlyhrough the UV fluorescence property of, @itsfirming the presence of ioi both the

drill coresFurthemore the mapping of oil and minerals in a drill core was ach&ugechniquesike
Hydrocarbon Index Spectral Angle Mapper, and Minimum Wavelength Mapper existing
Hydrocarbon Index was modified to incladethersignificanbil featureresulting in improved accuracy

and reduced nois&he Spectral Angle Mapper and Minimum Wavelength Mapper were augplied
specific wavelength ranges, differing from previous studies that applied SAM over the Tuierange.
ranges of 1.65 um to 1.85 um aBquéh to 236 um 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. Additionalthhe mapping techniques used also reflected the relative concentration of oil
within the drill cores.

This study also aimed classifithe oil in the drill coedbased on thiinctional grouppresent in the oil.
Hydrogen and carbon are the most abundant elements in oil, makiapstrption featuremore
prominent compared to thosénitrogen, oxygen, and @ulr. The functional group®rmedby these
elementsare best differentiated in the TIR range, while the SWIR and VNIRordyygeow major
absorption features due teHCbonds and minor absorption features due to theadd NH bonds.

When present in a drill core, these minor absorption features of oil arebmaiskaather minerals or

water preseniThus, the study reveals that classifying the oil in the drill core based on the functional
groups is not possible from the VNIR and SWIR speesty, 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

1.1. Background

1.1.1. Crude Oil Formation and Importance

Crude oil,alsoreferred to as petroleum or black gold, is a type of fossil fuel. It is forouegh the
decomposition of organic maiteuch as algae and plants residing in shallow seas, which mixes with
sediments and, when subjected to high pressure and temperature, gradually transforms into fossil fue
over millions of yea(Jissot & Welte, 19843ince its commercial utilization in thé déntury oil has

played a importantrole in shaping modern civilisatiphitawell, 2021)Society relies on oil for its
economic, social, and environmental pro@tediset 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 th
petrochemical indust(iIA, 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 fue
to renewable energy sources, ensuring energy security and economic stability during this transformati
period.However, itis essential to note that despite advancements in renewable energy, crude oil remains
irreplaceable in certain sectors due to its unique properties and established inftlastigluisr2023)

1.1.2. Importance aiinderstandin@il 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,. 2ZUi&He techniques not only facilitate
efficient extraction but also contribute to reducing the overall costs associated with oil exploration.

Hyperspectral imaging emerges as a valuable madliggingil-bearing drill cores. It is a relatively-cost
effective and noedestructive technique that enables rapid visual assessment of the spatial distribution of
oil in the coréLinton et al., 2023Beyond 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 oftsaoilg 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 gidshgea, 2023; Kang et al., 2023;

Nian & Cheng, 2018; Romdhane et al., 2@2&2psity and permeability estimations play a vital role in
optimizing fluid flow in geothermal reserv@iEggertsson et al., 202@hile impermeable caps are
essential for the effectiveness of carbon storage reqgraogset al., 2017hus, 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 Oil

Accurate classification of crude oil, whiclessentiafor effective extraction and production, holds
significahimportancdor various stakeholders in the oil sector, including traders, refiners, regulators, and
environmental agencie$hrough 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 ¢Seféegs€ Sonnenberg,

2022) Traditionally, this process has been lahtansive and costly, involving the use of complex
equipment and hazardous substances, which pose both logistical and safety (&liteaiges al.,

2007)

However, advancements in spectroscopy have revolutionized the classification process, offering numerous
advantages over traditional methods. Spectroscopic techniques provide raffettivestand nen

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 proceduieabén & Filho, 2019By leveraging spectroscopy, stakeholders
canacceleratdecisioamaking 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 hetmmpound 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, oxygentaining compounds, including ketones, esters, phenols, and
carboxylic acids, can significantly influence the stability, reactivity, and volatility of (@fade&oil
Robinson, 2019; Irina Smirnova, 1995; Tissot & Welte, $a®darly, 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 assour oilp while those with low sulphur content are knowr@dwaset od (Selley &
Sonnenberg, 202)he 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 proc€&oysman, 2014Yherefore, the accuraletectionand 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@koutis, 1989; Lyder et al., 2010;

Speta et al., 2013he fundamental vibrations of these bonds are predominantly observed in the thermal
infrared (TIR) range, spanning from 2.5 pmMiSqum (4000 crhto 667 cm?), with overtones and
combination tones extending into the visibleiin&gared (VNIR), shonvave infrared (SWIR), and TIR

range from 0.5 um to 6.67 um (20000 w500 cnt) (Lammoglia & Filho, 2011)
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Figurel.1 Absorption spectrum of light crude oil, highlighting the absorption regions ¢ then@
overtones and combination tones in the SWIR (8ngee: Alves & Popgi15)

Figurel.lillustrates the absorption spectrum of light crude oil, emphasizing the absorption regions of the
C-H bond overtones and combination tones in the SWIR (ages & Poppi, 2015)The first
overtones manifest between 1.7 um and 1.8 um (53%HdrB882 cri), the second overtones between
1.15um and 1.2m (8264 cmt and 8696 crd), and the third overtones between QrB&nd 0.915m

(10929 cm and 11364 cr¥. Additionally, combination tones are discerned betwgen arid 2.5m

(4000 cnt and 4545 crt), as well as between @ and 1.5um (6666 cmd and 7690 crh). In the

VNIR range, thé& (Pi) electronic bonding between atcassesibsorptionAsadzadeh & Filho, 2017)

As the number of rings and the complexity of moleculib® oilincrease, as seenhigavyoils, ths
absorption feature becomes broader and the minimum shifts towards longer wavehéngths.
broadening and shifting are indicative of the increasing molecular complexity and the presence of large
hydrocarbon structures.

Tablel1.1 provides details on the fundamental vibrations, first overtones, and second overtones of the
vibrational bonds of molecules present in crude oil and its associated function@hgréwptamental
vibrations were taken froAsemani & Rabbani (202R)efer & Corsetti (201&ndSmith (1998while

the first and second overtones were calculated from the fundamental vibngigsiThe ranges
highlighted in blue correspond to TIR spectra, those in yellow to SWIR spectra, and those in green to
VNIR spectraData on absorption spectra from these studies offer insights into the wavelengths at which
absorption features occur and the vibrational bonds responsible for theseAsatuegs.& Rabbani
(2020Wtilized this information to relate the absorption features of pure crude oil with its functional group
in the TIR rangedoweverthe funtional groups of oil in drill corbaveyet to be examined, which can
beinfluenced by the abstign features of other minerals, posing a major challenge.
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Table1.1 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, aneé ttangei green to VNIR spect{dodified 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 735 to 758
N-H stretching Amides 3101 1551 775

/ ¢l  &GNBGOKA yAsBmatics 3226 to 3333 1613 to 1667 807 to 883
/¢l &G NBG OKA yAliphatics 3333 to 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 3125 to 3334 1563 to 1667
CH3 bending, CH2 scissorsAliphatics 6667 to 7143 3334 to 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
/I ¢/l ¢h Faevyys (ke AlgokioNS G OK 8333 to 9091 4167 to 4546 2083 to 2273
S=0 stretching Sulphur Oxide Group 9346 to 9709 4673 to 4855 2337 to 2427
/¢l 2dzd m2 ¥ nLIAroyh&icso SY RA y 3 11111 to 14286 5556 to 7143 2778 to 3572
/ ¢/ o6SYyRAyYy3 |Aromatics 14493 7247 3623

The spectral properties of crude oil also depend on its thitlamsmglia & Filho (201apdR. D. M.

Scafutto & Filho (201@emonstrate 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 fluorescéfiben illuminated with a UV source, the aromatic
and heter@ompound fraction of the crude oil causes fluorescence in the VNIRHaggmann &
Hollerbach, 19867 his property can help detect oil in seawater as oi(ldpillet al., 2022ndin drill
cores and cutting@liagi, 2018 he fluorescence spediependn the wavelength of the UV source, the
concentration of oil and the type of Bifider (2005) and Steffens et al. (2ddrhpnstrated that as the
wavelength of the UV source shifts towards longer wavelengths, the peak of the fluorescence spectra also
shifts towards longer wavelengfPeng et al. (2013) and Steffens et al. (2Bbly¥howed that as the
concentration of oil increases, the intensity of the fluorescence spectra decreasdagématiy &
Hollerbach (1986) and Jiaqgi (2Gt#)wed that the fluorescence spectradalsendon thetypeof the

oil, with biodegradedr heavyoils showing a brown fluoresceright oils shovwng a green to yellow
fluorescence anary light oil®r condensates showing a blue fluorescence.

1.15.

In the process of petroleum accumulation, crude oil becomes concentrated and confined within
conventional reservoir rocks, which primarily include sandstones comprising silicate minerals like quartz
and feldspar, as well as carbonate rocks like limestones consisting of calcite arfdld@0tvteTissot

& 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 resefdiy 2017; Tissot & Welte, 198@pnsequently, a diverse

array of minerals is encountered in crudbeailing drill cores, reflecting the complex geological
processes involved in their formation.

Crude Oil Reservoirs in the Netherlands
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In the Netherlands, crude oil reservoirs are distributed across various geological basisispitndn
off-shore. These basins include the Southern Permian Basin, Broad Fourteens Basin, West Netherlan
Basin, Dutch Central Graben, and Terschelling Baminv & Lutgert, 2012; den Hartog Jager, 1996;
Geluk, 2000; Mijnlieff, 2020; Verweij et al., 2003; Verweij & Simmelink\2i2Yhese basins, Type

Il and Typelll kerogen are predominaahdare associated with-gds and gas formations, respectively

(de Jager & Geluk, 2007). Lithologies found in these basins primarily consist of sandstones, limestone
shales, and carbonates, with occasional occurrences of chalk, mudstones, marl, anhydrite, and hali
Consequently, the mineral composition dfeaking lithologies in the Netherlands is characterized by the
prevalence of quartz, feldspar, calcite, and dolomite, along with illite, muscovite, kaolinite, pyrite, anc
evaporite minera(®ijnlieff, 2020; Verweij & Simmelink, 206jurel.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 Fourteefi¢eBasii) 2003)

Bl Gas fields
[ Bl oifields

----------

0 100 km
[ — — ]

Figurel.2 Distribution of oil and gas fields in the Netherlands.;il'h-é black circle marks the area from where the drill
core used in this study has been obtained, which lies in the Broad Fourte(@muBasinle Jager & Geluk, 2007)

1.2. Researclap

Hyperspectral scans have played a crucial role in understanding the spectral characteristics of minere
They allow researchers to delve deep into the composition of rocks and sediments by analysing the
unique absorption features across various waveldmgthsearing minerals, such as goethite, hematite,
jarosite, and siderite, are known to exhibit distinctive absorption features in the VNI(Siregizan,

1985) Similarly, carbonate minerals like calcites and dolomites, as well as clay minerals such as illite
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muscovites, and kaolinites, showcase characteristic absorption features in the S\Wl&kaigs.,
1990; Hunt & Ashley, 197%hilenon-hydroxylated silicate minerals like feldspars and quartz exhibit
absorption features in tA@R range(Hecker et al., 2010, 201®Bhese features arise from molecular
vibrations within the crystal lattice structure of the mirer@isd in thedetectionand 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 imagingdéétattand classify minerals based on

their spectral signatures accuraiBtyautomating this process, researchers can expedite the analysis of
large datasets, enabling more efficient geological exploration and resource @gdsessigemt et al.,

2006; Schodlok et al., 2016)

In addition to mineral mapping, hyperspectral imaging has been apgtiety@d sanddrill cores
particularly in regions like Alberta, Canada, known for their bitumindus.pdd 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 @rifldeoresal.,

2010; Rivard et al., 2010; Shchepetkina et al., 2017; Speta, 2016; Speta et al., 2013, 201bh€016, 2018)
oil sands in this regi@me comprisedf quartz, feldspar, clays, bitumen, and water. They are uncemented,
wellsorted, 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. (2686l 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 um, clay mineral absorption features at 1.4 um and 2.2 um, water absorption
featursat 1.9 um, and siderite features at.2.Qum 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 overlapping 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 agloagzwith clays and siderites.

However, whilehesemethodologies 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 reservdiisthe Netherlandsften contain lighter oils and a diverse range of minerals
(Verweij, 2003)ncluding evaporites like gypsaith absorption features in 1.7 um and carbonates like
calcites and dolomites, with absorption features in 2.3 um. Understanding how the spectral features of oil
overlap with minerals across different wavelength ranges remains a critical researéddiiestaky,

delineating optimal wavelength ranges and identifying suitable methods for mapping oil within mixtures
involving these mineratsa 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 devefmptatypeworkflow for mapping oil and mineralgiiil cores from

Dutch hydrocarbon reservqimghich consist of relatively lighter oils than the oil found in the Alberta
region. Furthermore, the reseaatdoexploesthe possibility of detecting functional groups present in

crude oil by analysing mixed spectra of oil and miinenafthe drill core
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1.4. Research Objectives

Main Objective

This research aims to measure and characterise the spectral properties of crude oil in the VNIR, SWII
and TIR range, integrate this into a mapping workflow and further apply this workflow to detect, map,
and classify crude aitd mineralgsingthe hyperspectraiages of drill cosérom 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 termi®thickness of oil anfinctional 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-Objective 2: To analyse the absorption features of the oil and the minerals present in a drill core
from quartzrich sandstone reservoir rakktcontairs clay, evaporiteand carbonate minerals

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

RQ6: How do these spectra interfeand what are the nawverlapping wavelength ranges that
can be identified?

Sub-Objective 3:To develop @rototypeworkflow 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-Objective 4:To implement therototypeworkflow on thehyperspectramages of sample drill
coresand further classify the oil in the drill std@sed on thiinctional groups present.

RQ8: What is the locaticand relative concentratiohthe oil found in the drill core?

RQ9: 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. DATASETSANDMETHODOLOGY

2.1. Dataset

This sectiordescribethe datasets that were used in this stuyfirst set of datasedwerethe crude
oil samples provided RanTerra Geoconsultants B.V. through the contacts of DeeplrAdasecond
dataset astwo drill cores from th€eological Survey of the Netherlands (GDbbe House iZeist

2.1.1. Crude Oitamples

This study analysed three distinct oil samples: heavy oil, light oil, and very light oil (condensate), each
characterized by differatgnsityvalues, which affect their viscosity and overall beh@&igune2.1).

! Heavy Oil(HQil): The heavy oi l sample has a density of
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.

T 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 denaad more fluid thaheavy oil. lis dark browrand flows more readily, making it
easier to handle with a pipette.

1 Very Light Oil (V.Oil): The very light oil sample, or condensate, has a density of 0.7449 g/cm3 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 composilioespectra of these three oil samples were recorded

and analyseacross VNIR, SWIR, and TIR rangasng with UV fluorescende discern their distinct

absorption featurgeflectanceand fluorescengeoperties.

Heavy oil g light ol
Density: 09786 g/em’ 3t 1%

L4
Oensity: 0.8505 g/em’ 31
AM126 at1s°C API3a1 at15°C

Figure2.1 The three oil samples thagreused in this study
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2.1.2. Drill Cores

In addition to the crude oil samples, this study utilised tiveaoihg drill coregifferentiatecdbased on

the type of oil they contaamd their mineral compositiorhe first drill core (DC1) contains transparent
oil, while the second drill core (DC2) contains-czldured oil. These drill cores provide a valuable
context for understanding the interaction between crude oil anithé¢naltheycontain

Drill Core 1 (DC1)

The first drill core was obtained from WeltXD4 specifically from an interval between 2668 meters and
2671 meters depffirigure2.2). This section is part of the Lower Volpriehausen Sandstone Member
(Munsterman et al., 2012ccording to the wellsite geological repoRciybemond et al. (2002)is

core comprisegreyiskred to very duskyed 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 medigmined, rounded, and display moderate to well sorting. These grains are
transparent to translucent, colourless, and occasionally show milky white and orange hues.

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

Top:2668m Bottom: 2669m

Top:2669m Bottom: 2670m

Figure2.2 Photograpfof Drill Core 1
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Drill Core 2 (DC2)

The second drill core was obtained from @@ltHelm-A01, spanning an interval from 1247 meters to
1250 meters deptRigure2.3), which is part of thelelderMember(Munsterman et al., 201&tcording

to the well completion report Byyyad & Parmigiano (1983)is core consists of effite to light
greyiskbrown sandstone, which is poorly sorted with no visible cement. The quartz grains in the
sandstone are fine to medigmined and are subangular to subrounded. This drill core has a porosity of
22%, and theniddlepart contains oil with a 17.4°ABkbborn, 1982)

TheHelderMember belongs to the Vlieland Sandstone Formation of the Lower Cretaceous epoch within
the Rijnland GroufKortekaas et al., 2018)

Top:1247m Bottom: 1248m

Top:1248m

Bottom: 129m

Top:1249m Bottom: 1250m

Figure2.3 Photograplof Drill Core 2

Both drill cores originate from members of the Broad Fourteens Basin, known for rich, malline Type
kerogen source rocks. These source rocks, with an intermediate ‘yarartpem (H/C) by oxygeto-

carbon (O/C) ratio, are both oil and -gasne(de Jager & Geluk, 200The 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 biodedailatian, 1984; Palmer,

1993; Verweij, 2003)

10
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2.2. Methodology

This section details the methodology employed isttiuig which isdivided into two main parts: the
analysis of oil samples and the analysis of drill Theethree oil samples sehas the training data to
determingheir absorpion featuresnd compare thento that of theminerals present in the drill core.

This understanding was then appligethe 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 di
coresTable2.1 gives the name of the instruments used and their wavelength range.

Table2.1 Instruments used and their wavelength range.

Instrument Wavelength Range
Spectral Evolution S6500 0.35 pum to 2.50 um
Specim Camera VNIR 0.38 pm to 1.00 pm
Specim Came@WR 1.00 pm t@®.50 pym

Bruker Vertex0 FTIR Spectrometer | 2.50 um to 15.0 um

A UV light source of 3 wattand peak emitanceat 365 nm was usddr the UV fluorescence
spectroscopyl he software used to process theidawafollows:

1 Hyperspectral PythdhlypPy)(Bakker, 2024)
1 ENVI 6.0

2.2.1. Oil Samples

The initial focus was on analysing the three oil samples to comprehensively understand the spectral natu
of crude oil. This process began with recording the spectra of the oilTIR trenge to identify
absorption features caused by fundamental vibrations. Subsequently, HBVNRNIRNge was
examined to capture overtones and combination tones. By varying the thickness of the oil samples
changes in absorption features were observed and docui@entpdrative analysis was conducted
between the absorption features of the oil and those of minerals typically present in hyladadon

drill cores in the Dutch region to identify fowerlapping rangeB addition, the UV fluorescence
spectra of the oil were recorded in the VNIR range to further characterise the samples. Finally, to simulat
the presence of oil within a geological context, the oil samples were soaked in pieces of sandstone at
scanned using an imaging spectrometer, providing a realistic representation of their spectral characterist
in drill cores.

TIR Spectroscopf2.5 um to 15 um)

This subsectiodetails the processraicording th@'IR spectra of the oil samples to identify fundamental
vibrations and absorption features in the infrared rahgeBruker Vertex 70 FTIR spectrometer was

used to record spectra, utilizing the Attenuated Total Reflectance (ATR) setup withRHei&@nhond
accessorfHecker et al., 2011 Hach sample was scanned in the range from 2.5 pm to 15 pmtat 2 cm
resolution and a sample scan time of 512 peaisamplé¢o reduce the noise in the spectifser each

scan, the sample compartment and the arm level of the instrument were cleaned with toluene and a blar
scan was taken. The resultiransmissiorspectraof the three oil samplegere analysed fotheir

maximum wavelengths of absorption using the localmaxfit expregsienSpecLib Viewer tool in

HypPy

11
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VNIRSWIRPointSpectroscopy

This subsectionutlines the process cordingthe VNIR andSWIR spectraf the oilto identifythe
overtones and combinatioaf the fundamental vibratignhiereby creating a comprehensive spectral
profile of the oil sampleBhe Spectral Evolution S¥800spectrometer wassed to record the spectra of
the three oil sampldsgure2.4 shows the photograph of the setup.

- A

Mg Light Source

I

p
%

Spectral Evolution §
SR-6500 Probe ;' &

e

.‘ N

e w ' Petri Dis
<t 0= U w— - =
Q== containing Oil

White

{ Reference
Figure2.4 Setup of th& NIR-SWIR Point Spectroscopy

Dark Surface

To record the spectra of the heavy oil, it was feasible to spread the viscous oil on a petri dish using a
spoon, allowing fothe recordingof its reflectance spectra due to its thick consistdoasever this

method was not applicalidevery light and light oil¥hese oils were instead placed on a petri dish using

a pipette and positioned on a white reference surface for spectrum rdaoedtogtheirliquid and
transparentnature 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 correct 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 olkigure2.5 provides a diagrammatic representation of this process.

12
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Figure2.5 Diagrammatic representation of light ray recorded by the spectrometer after interadtinthe oil,
glass and white reference. Henecident rayi,.- reflected ray,-Ttransmittance and Reflectance,-mil, 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 lov
reflectance, ensuring that only the reflectance spectra of the oil were capturedalygioghe

reflected spectra, it was observed that the reflected spectra had a very low value and were thus omitte
when calculating the transmittance spectra of tiégoile2.6 shows the spectra of the petri dish on the

white reference and a dark surface, along with the uncorrected spectra of the oil.
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Figure2.6 Spectra of thglasgpetri dishnd oil recorded over a white reference (WR) and dark surface (DR)
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Subsequentlyhe absorption features of the three oil samples were analysed for their minimum
wavelength of absorption using the localmadjtressionin the SpecLib Viewer tool in HypPy.
Additionally, band ratios and mean reflectance values for the three oils were asmguiggPyThe

mean reflectance valaéhe sum of reflectance valdesdedby the total number of wavelength \alue

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
analysetb ascertain the depth of the deepest features, employing the dpeaks expthesstioulders

of the featurevithin the SpecLib Viewer tool in HypPy.

For the comparison between the absorption features of the oil and miostadé,themineral spectra
were takerfrom the USGSSpectral ibraryVersion 7(Kokaly et al., 201 73xcept for Anhydrite which
was taken frolECOSTRESS Spectral Library VersigBdldridge et al., 2009; Meerdink et al., 2019)
because of the lack of absorption features in the Anhydrite spectra from the USGS specirhatlibrary
minimum wavelengidtof the absorption features in these spectra were also analysed losialgnihét
expression in the SpecLib Viewer tool in HyfpRg spectra of these minerals were also analysed for
their spectral similarity to each other using a Spectral Angle Matmamesf the mineralsised for

the comparison between the absorption features of the oil and raieeyaisn below:

lllite_GDS4 Marblehead ASDNGb
Muscovite_ GDS116_Tanzania_ ASDNGa
Kaolinite_KGal_(wxl) _ASDNGb
Chlorite_HS179.4B_ASDFRb
Gypsum_HS333.3B_(Selenite) ASDNGa
Anhydrite CaSO 4 [sulfatenecoarseso0l1a]
Dolomite_HS102.4B_ASDNGb

Calcite. WS272_ASDNGa

Halite HS433.4B_ASDFRa
Quartz_HS32.3B_ASDFRc

=4 =4 =4 =4 - -8 -8 -8 -89

These mineralsere 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 S6500 used in this study. Anhydrite was an excepiibecorded with a Perkin

Elmer VNIRSWIR spectrometeiThesespectraare of coarse graiminerals which exhibit deep
absorption features that facilitate the identification of distinct absorption wavelengths

UVFluorescenc&pectroscopy

This subectiondetails the process of recordithg UV fluorescence spectra of the oil samples in the
VNIR rangeto analys how the fluorescence spectra vabietiveen the three oil samples capture
thesdluorescence spectra, the oil samples were soaked in afpetainébleasandstone anekposed

to a UV light sourcef 3 watts ancgeakemitanceat 365 nm with minor emittance in the blue
wavelengths which is visible to the naked bgearesulting fluorescence spectra were then captured using
the Spectral Evolution S%00 instrumerds it records in the range from 0.35 pm to 2.3Bgfore
recording, theeference spectm was recordefly 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 compariddre sandstone piece hdithensions a2.5cm by 2 cm by 1cand a
porosity of 12%(C. Hecker, personal communicatioahsuring consistent conditions for the
fluorescence measuremehtgure2.7 shows the setup used to record the fluorescence spectra.

14
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Figure2.7 Setup used to record the fluorescence spectra.

VNIRSWIR Imaging Spectroscopy

Finally, to simulate the presence of oil withdrilacore the oil samples were soaked in pieces of
Fontainebleasandstone and scannesing Specim cameras operating in the VNIR and SWIRtanges
provice a realistic representation of their spectral characteristics in drilloccaealyse 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 m
Conversely, due to its thick consistency, the heavy agdmgasedlirectly onto the surface of the
sandstoneFigure 2.8 shows the setup used in this proc&bs systematic approach facilitated the
examination of how different oil volumes influenced the spectral properties of both the oil and the
sandstone substratedditionally, 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. Qil (1.00ml)

L. Qil (0.25ml)

£ L. Qil (0.50ml)
Sandstone

Figure2.8 Setu of te ottoaked sandstone and teunsaked sandstone which were then scanned by the Specim
cameras. The black and yellow squardsthgaregion from which the spectra were taken in s8&iéh
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2.2.2. Dirill Core

This sectiordetailsthe analysis conducted on the drill core to detect, map, and classify the oil present
within it. Initially pil detection was performed by illuminating a section of the cores with a UV source and
capturing the fluorescence spedtmlowing thisto enhance comprehension of the mineralogy of the

drill cores, a point spectroscopy analysis was undertaken in the VNIR and SVBBosatgently, the

drill core wascannedwith an imaging spectromet@nd the obtained scans wanalysed using various
mappingmethods. Lastlythe scratched surfacé the drill core underwent analysis usindg=HR
spectrometer to provide further insights into its composition and characteristics.

UV Fluorescence Spectroscopy

For oil detection, the drill cores werposed to UV lighif 3 wats, and their spectra were recorded in
the VNIR region using the Spectral Evolutior6560with a field of view of around 1.5 .cithe
reference speam wasecordedy exposing a white reference panel to the UV light. Readings of the drill
cores under UV light were captured at intervals of evieryt2m along the length of the core, providing

a comprehensive assessment of UV fluorescenceaaasesection of theore sampge

VNIRSWIR Point Spectroscopy

This subsection describes the recording of spectra from the drill cores using the contact probe accessory
of the Spectral Evolution $800 instrumentwhich has a field of view of around 2 Ansystematic

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 acquiredlongthe length of the segment. This method facilitated the observation of mineral
variations within the core and alloweda&sessimgpectral variations in the oil across different segments.

VNIRSWIR 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 cor@his imaging procedure resulted in the generation of
hyperspectral images for each core. Subsequently, the images underwent several preprocessing steps,
including dark and white referencipdirectiondestripingo removeartefacts in the dateaused by slight
incorrectcalibrations of individual cameemsorcells and croppingpatially to the extent of the drill core

and spectrally to remove noisy baaidke starting and ending wavelengthspatial binning of 5 was

applied to the SWIR images to enhance data quality and mana8enilaidg a spatial binning of 5 and

a spectral binning of 3 were implemented for the VNIR images using HypPy. This choice of binning
valus wasmade toredu@ noise The spatial binning helpeddiscern the bandings present in the drill
coreswhich were about 8 to 10 pixels br&&inilarly, the broad absorption featurdseaiatiteand oil

in the VNIR region were nataskedy 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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9 Bandindex

Utilizing theddydrocarbon Indeédproposed byihn et al. (2004pr HYMAP datathe oil distribution

within thedrill coresvasmappedThe Hydrocarbon Index formula is expressed as
?

4 ?F 4
*+ L Zé,>|:é);m Ed F 4,
Ya

whereRs, Rsand Rar e r ef | ect arkcardk\arewauetesgth valuést tiee ablsorption

feature and its shouldeF®r the absorption feature af729 pmHI1.7) as suggested Kyihn et al.

(2004) the reflectance values at wavelengths 1.707 um, 1.728 um, and 1.741 um were used, along wi
corresponding band numbeFgure2.9 explains the relation between the absorption feaitiraumB

(1.728 pm) and the two shoulders at A (1.707 um) and C (1.7Ktbneoyer, this study expanded the
application to include the oil absorption feature at 2.3@BlI28), incorporating reflectance valaes

2.284 um, 2.307 um and 2.324amatheir appropriatavavelength valuebhis process was done using

the Band Math tool in HypPy.

A\ A‘A;RA

A‘BI.F?B B \
Figure2.9 Relation between the absorption feature minimum at B and the two shoulders at A and C that is used to
generate the Hydrocarbon Index (fihpdified fromKihn et al. (200%)

1 Spectral Angle Mapper

The Spectral Angle Mapper (SAM) technigamtifieghe spectral similarity between a known reference
spectrum and an unidentified target spectrum. This is achieved by calculating the angle between the tw
spectra using dot product multiplicai@aeadzadeh & Filho, 201B) this study, SAM was applied to the

drill core dataset to facilitate the mapping of both oil and minerals present within thieecoreerals

were identified from the point spectroscopy analysis on the drill corethewtdéledmember spectra

were sourced from the USGS libri@g¢gkaly et al., 201 tilizing the Spectral Mapper tool in HypPy,

rule images for SAM were generated, enabling comprehensive mapping of the oil and mineral distribution
within the drill core

1 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 outlBadkéryet al. (2011) and van Ruitenbeek et al.
(2014) By doing so, it generates wavelength position maps that effectively illustrate the spatial distributior
of minerals without necessitating predefined endmembers. The obtained minimum waapleagth

then crosseferenced with value$ the deepest absorption featureshefoil and minerala 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 distrib8trailarly, the depth map hetpgntifythe relative
concentrations of oil within the drill cores

TIR Spectroscop{2.5 um to 15 um)

Lastly, m order to identify the functional group®sent in the oil within the drill cores, both cores
underwent a process involving scratching with a steel knife at two distinct locatisitis:l@meil
concentratiorand anothewith high oil concentrationThe 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 resultghapter iglivided into two sectiorthe first is the results of theeasurementne on the oil
sampledollowed by the results of theeasurementione on the drill cores.

3.1. Measurementsf the Oil Samples

This section presents theeasurementsken on the oil samples in the UV, VNIR, SWIR, and TIR
rangeslt explores the effects of oil thickness on absorption feandesompares the oil and mineral
absorption features. Lasttypresents the imaging spectrosaopgsurementsf the oils soaked in the
sandstone.

3.1.1. TIRMeasurements

The results of the Infrared analysis of the oil samples can beFsgeredi, whichshows the very light

oil in red, the light oil in green and the heavy oil inAlluaree oil samples exhiblhsorption features
between 3.3 um and 3.9, attributedo G-H stretching of Aliphatic bond8semani & Rabbani, 2020)
Absorption featuresebween 11.0 um and 14.5 gmadue to the €H bending of Aromatic3.he region
between 5.5 ym and 9.1 um shows absofieturesiue to bonds such as C=0O;HN C=C, OH, and

C-N, associated with hetecompounds like&Carboxylic acids, Esters, Ketones, Amides, Phenols and
Alcohols. Additionallyhe heavy otilisplays broad watalbsorption features at 2.9 um and 6.1Tjive

3.1 gives a detailed view of tmaximumwavelength of the absorption features of the three oil samples
and the correspondirignctional group that causes the absorption feafddgionally, the heavy oll
showed water absorption features at 2.9 um and ¢Staiutto et al., 2021)
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= l
00 [\
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Figure3.1 TIR spetraof the three oil samples
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Table3.1 Maximum wavelength of thbsorption features of the three oil samples and the corresponding functional
group that causes the absorption features in the infrared range.

V.0Oil ‘ L.Oil ‘ H.OIl
(um)

- - 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 | O6H bending Carboxylic Acids and C=C stretching Aromatics
7.252 7.262 7.268 | C-C stretching Aliphatic
7.319 7.320 7.324 | O6H 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 | C30 stretching Carboxylic Acids amiD8C stretching Ketones
8.163 8.183 8.150 | CACaO0 stretching Phenols and Esters
8.562 8.562 8.562 | CACA0 stretching Alcohols
9.100 9.107 9.109 | CACaO0 stretching Alcohols artsters
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

ReasorfAsemani & Rabbani, 2020)

C-H bending Aromatic
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3.1.2. VNIRSWIRMeasurements

The VNIRandSWIR spectra of the three oil saniphesry light (red), light (green), and heavy {blue)

are depicted iRigure3.2. Key absorption features are present around 1.7 um and 2@rgaponding

to the first overtones and combinations of tHd Bonds, respective(ptuart, 2004 Another major
absorptionn the VNIR region is caused by the Pi bondke oil samplefAsadzadeh & Filho, 2017)
While the very light oil shew high reflectance in this region, which reflects the transparent nature of the
oil, the light and heavy stiow a lower reflectanaghich reflects the red and black colofithe two

oils.

Minor absorption features around 1.2gmmattributedo the second overtone thfe CH bonds in the

oil samplegStuart, 2004)These absorption featugemore prominent in the very light and light oil

than in the heavy oAdditionally, minor absorption features around 1.4 pum are visible in very light and
light oils but are masked in heavy oil due to water preSienitarly, absorption features in the 1.85 um

to 2.2 um range form a plateau in the very light and light oils but are obscured in the heavy oil due tc
water absorption.

The mean reflectance valogsr the VNIR and SWIR randifer significantly among the oilgth the

very light oil having a highean reflectance valueOd#, the light oil having a mean reflectance value of
0.55and the heavier oil having a low mean reflectance valgg ahother difference between the three

oil samples is thabsorption slopdue to the Pi bondtheverylight oillacks this absorption, resulting in

no discernible slop&hereaghe lightand heavy oilexhibit a slope due to this featufee slope
calculated between wavelengths 0.6 um and 1.1 um measure$ 28 artight oil and 0.54m 1 for

the heavy oll, indicating a stxegdope for the light oil and a gentler slope for the heavybi&3.2

gives a detailed view of the minimum wavelength of the absorption features of the three oil samples an
thecorresponding overtosiand combinatiathat cause these absorption bonds.
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Figure3.2 VNIR-SWIR spectraf the three oil samples
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Table3.2 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. c refers to cqmiliivatiamand 20 refer to the
first and second overtone.

V.Oil ‘ L.Oil ‘ H.Oil | Reason
(um) (Stuart, 2004) (Pabon & 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 c 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 10
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
1.8672.118 | 1.8672.118 | 1.927 .
2.142 2142 | 2147 | \HOHstretching e
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 .
2.308 2308 | 2400 | O stretching ¢
2.426 2.426 2.426
2.456 2.458 2.455
2.491 - -
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3.1.3.

Transmittance

1.0

0.8

0.6

0.2

Measurementwith respect to Thickness of Oil layer

In these measurementke 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 spectr:
characteristics, as depictedrigure 3.3 and Figure3.5. The results indicate that as the oil thickness
increases, the depth of features also increases, initially affecting longer wavelength features befo
progressing towards shorter wavelengths. Specifically, absorption features at 1.724 um and 2.308 pm wi
selected for analysis as they exhibited the greatest depth in thé-gpee8d.andFigure3.6 illustrate

the relationship between oil thickness and the depth of these absorption features. It reveals a general trel
where increasing oil thickness correlates with greater feature depth. H®mrever notable deviation

for the feature at 2.308 prafter initially increasing, the depth begins to decrease due to spectral
saturation. This saturation phenomenon becomes evident by observing the reflectance values of othe
absorption features around this wavelength, as spectra that saturate tend to exhibit low overall reflectanc
in these regions.

00—
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Figure3.3 Spectra of the very light oil with increasing thickness
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1.724 pm

0.4
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Depth

0.1

0.0
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2 2.308 pm
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o
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Figure3.4 Graph showing the thickness vs depth relation of the very light oil at a)1.724 um and b) 2.30¢
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Figure3.5 Spectra of the light oil with increasing thickness
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Figure3.6 Graph showing the thickness vs depth relation of the light oil at a)1.724 um and b) 2.308 um
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3.1.4. Comparing th8pectreof Oil and Minerals

Absorption features of Oil and Minerals

This sectiorprovides a detailed comparison of the absorption features of oil with those of minerals
commonly found in hydrocarbaontaining drill cores from the Netherlands, specifically focusing on the
SWIR rangeTlhe following figures show theuf rangegexamined, with the first four deepest absorption
features noted in each ranfee 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 akargxén in

In the range of 1.1 um to 1.65 Fig(re3.7), the first and second deepest absorption features of the oil
at 1.193 pm and 1.209 pum respectively coincide with the fourth deepest fggbsterat 1.206 pum.
Similarly, the third and fourth deepest features of the oil overlap with the first and second deepest features
of illite, muscovitekaolinite andchlorite Moving to the range of 1.65 um to 1.85kigure3.8), there is

no overlap of features, although the deepest absorption feagypswf(1.749 um) falls between the

first and second deepest absorption features of oil (1.724 ym and 1.Féfhen)in the range of 1.85

pum to 2.1 un{Figure3.9), the deepest absorption feature of the oil at 2.008 um closely aligns with the
1.997 um feature oélciteln the range of 2.1 um to 2.5 @Rigure3.10), the deepest absorption feature

of the oil at 2.308 um is proximal to the 2.322 ym and 2.326 um featloksnde and chlorite
respectively. Moreover, the second deepdsatureat 2.347 um coincides with the 2.345 ym and 2.353
pm features dflite andmuscoviterespectivelAdditionally, the presence of water in the rock can mask
the absorption features of oil in the range of 1.1 ym to 1.65 pym and 1.85 um tdrBel gptimal
ranges¢o map oil and minerals from this comparaerfurther discussed in the Discussion chapter.

Range 1.100 - 1.650 um

1.550
[&]
1.500
1.450 o
1.400

1.350

1.300

Wavelength (um)

1.250
1.200

1.150
First Second Third Fourth

* Qil lllite Muscovite Kaolinite O Chlorite Gypsum O Anhydrite

Figure3.7 Graph showing the interpolated minimum wavelength of the four deepest absorption features in the range
of 1.100 um to 1.650 um.
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Range 1.6501.850 um
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Figure3.8 Graph showing the interpolated minimum wavelength of the four deepest absorption features in the range
of 1690 um to 1850 pum.
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Figure3.9 Graph showing the interpolated minimum wavelength of the four deepest absorption features in the range
of 1850 pm to2.1® pum.
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Figure3.10Graph showing the interpolated minimum wavelength of the four deepest absorption features in the
range 0R2.100 pm t@.5@ pum.
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Spectral Angle of Oil and Minerals

The spectral angles between the mineral spghetidgght oil (L. Oil) and heavy oil (H. Oil) were also
compared acrosise saméour rangesnentioned abovd.1l um to 1.65 um, 1.65 um to 1.85 um, 1.85 um

to 2.1 um, and 2.1 um to 2.4 um. A spectral angle matrix was created to assess the similarity of the spect
where lower values indicate higher similarity. The results are presegted3nlto Figure3.14, and

their implications adiscussed in the Discussion chapter.

Spectral Angle Matrix- 1.1um to 1.65um
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Figure3.11 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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Figure3.12 Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in tHe6%nge of
pm to 1850 pm.
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Spectral Angle Matrix- 1.85um to 2.1pm
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Figure3.13Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in the8%inge of 1.
pm to2.1@ pm.

Spectral Angle Matrix- 2.1um to 2.4pum
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Figure3.14 Spectral Angle Matrix showing the spectral angle similarity of the minerals and oil in th2l@dge of
pm to2.400um.
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3.1.5. UVFluorescenc®leasurements

UV measurementgereconducted on the three oil samples to investigate differences in their fluorescence
spectraFigure3.15 presents the fluorescence spectra of sandstone soaked in very light oil (red), light oil
(green), heavy oil (blue), and unsoaked sandstone (Jé&lowiset graph highlights theorescence

spectra of unsoaked sandstone and very light oil.
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Figure3.15Fluorescence spectra of the unsoaked sandstbiie andstone soaked with the three oil sgmples
with the inset focusing on thasoaked sandstone and very light oll

Figure3.16 shows a photograph of the representative setup comparing the differences between unsoakec
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 a
appear blackrhe very light oil shows a fluorescence peak at around 0.4@<qmtrast, the light oil

displays higher fluorescence values than the heavy oil, appearing brownish red depending on the c
thickness. The fluorescence spectra for both light and heavy oils show a minor peak at 0.519 um and 0.7
pm and a major peak at 0.630 um, corresponding to the bamanistour observed. The relationship
between the three oil samples and their fluorescence spectra will be further discussed in the Discussic
chapter.

Figure3.16 Photograplof 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. VNIRSWIR Imagingleasurements

The Specim camenaereused to record the spectra of sandstone samples soakedtireddNIR and

SWIR rangeFigure3.17 displays the spectra in the SWIR range, with very light oil in red, light oil in
green, heavy oil in blue, and unsoaked sandstone injedidlickness 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 Tile 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 um. 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
in the heavy oil.
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Figure3.17 Spectra of the oil soaked sandstone recorded by the Specinincdree3®/IR rangdhe hinnest line
represents 0.25 ml, the medium thick line represents 0.5 ml, and the thickest line represehtsil Zir0 thed
sandstone.

Major absorption features at 1.724 ym, 1.758 um, 2.308 um, and 2.348 um are observed in all three oil
samples, with minor oil absorption features around 1.2 pm 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 volumiestefnod of its absorption

features and mean reflectance
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Figure3.18 Spectra of the oil soaked sandstone recorded by the Specinincdr@aralIR rangeThe thinnest line
represents 0.25 ml, the medium thick line represents 0.5 ml, and the thickest line represehtsil Zir0 thed
sandstone.

:

Figure3.18shows 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 reflectanc&he 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 rihe 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 th
light and heavy oil, with the light oil having a steeper slope compared to the gentler slope of the heavy oi
Like the spectra in the SWIR range, no major differences are observed in the spectra with varying volume
of oil soaked in the sandstangéerms of its absorption features and mean reflectance
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3.2. Measurementsn the Drill Cores

3.2.1. UV Fluorescenddeasurements

Measurementsn Drill Core 1showthe fluorescence spectra ofimiall readings of the drill comeith
variations in fluorescence intengitgnex?2). The fluorescence specthiaplaya major peak atround

0.62 um and minor peaks at 0.5 pum and 0.{Biguare3.19) SimilarlylJV fluorescence measurements

on Drill Core 2 show the fluorescence spectra oh @il readings of the drill cofdnnex2). The
fluorescence spectra exhibit a major peatoahd0.& pm and minor peaks at 0.51 um and 0.73 um
(Figure3.1%d). For better clarity, these spectra were smoothened with one level of smoothening in ENVI

L o T RS e T RS e T
a) L ]
03 — / —

. C ]

B - "

s 02 J

= - "

§ - 4

i} It -

. B ;

2 i 2]

3 4

w =

0.4 0.5 0.6 0.7 0.8 0.9
Wavelength (um)

Fluorescence Intensity

0.4 0.5 0.6 0.7 0.8 0.9
Wavelength (um)

Figure3.19Fluorescence Spectifa(a) Drill Core 1 and (b) Drill Core 2.
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3.2.2. VNIRSWIRPoint Spectrdfleasurements

In addition to the mineral composition stated in the literatpmntaspectrameasurement of the drill
corewas conducted to identify other minefAlmex3). Point spectral measuremeotDrill Core 1

using the Spectral Evolution-8500 instrument revealed the presendeewfatite(0.875 pmbroad
absorptionfeature in spectrum), gypsumnitriplet absorption features at 1.45 um in sped®)rand
kaolinite(2.206 pm feature in spectr@n(GMEX, 2008)in addition to quartz and calcite, which were
stated byRobbemond et al. (20QEjgure3.20. Oil absorption features were observed throughout DC1,

with the prominent absorption features at 1.7 um and 2.3 um. Unlike pure oil, the 2.349 um absorption
featureof oil in the drill corevas deeper than the 2.308 um fealime probable reasons for this will be
covered in the Discussion chapter.
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Figure3.20 Spectra of the qiA), gypsum (B), kaolinite (C) dninatitg D) present in Drill Core 1 as revealed by
point spectral analysis.

Point spectral measurements of Drill Core 2shlewthe presence of kaolini{2.206 um feature in
spectaA and C)in addition to quartz, as reportedNyyad & Parmigiano (19&B)gure3.21). Similar to
DC1, oil absorption features were detected throughout DC2. Theoliagited sections of DC2
exhibited relatively higher reflectance values and shallower oil absorptioiXeatdr&y whereas the
darker sections showed lower reflectance values and deeper oil absorptidB features
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3.2.3.  VNIRSWIR Imagingleasurements

Drill Core 1 and Drill Core 2 were scanned using the Specim cameras in the VNIR and SWIR region
Figure3.22shows the absorption in the VNIR region of Drill Coirerh the four regions mentioned in
Figure3.20 The transparent oil in this drill core doesembtbitany absorption in the VNIR range and

thus reflects the absorption duehe presence of hematitethe drill coreFigure3.23 illustrateghe
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 (quamzie spectra from the darker regions (B and C) show the
gentle absorption slope of the heavy oil present in the drill core.
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Figure3.24 shows the absorption in the SWIR region of Drill Core 1 from the four regions mentioned in
Figure3.20. 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 1.9
pm, and the shallow feature at 3 Im; Spectrum C shows the kaolinite absorption feature at 2.206 pm.
Lastly, spectrum D is the low reflectance spectra of heamtitientified ifFigure3.20. Figure3.25

shows the absorption features of kaolinite at 2.206 um in spectra A and D. Spectrum D also shows mino
oil absorption features at 2.3 um. Spectrum B and C show the absorption features of oil at 1.7 um and 2.
pum, with the 2.3 um feature having a greater depth than the 2.3 um feature in spectrum D.

05

l[v‘llllllIl]llII&lIIIlllllllll
(
\

Reflectance

03

0.2

{ \
I(lll{lll!\llll I[lllllllll]llllllll}\l\llllllll

IIIIIIIIIIIIIII

n L " " i | " 4 . Il . . . L . . " | . n . | . N n | I
1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

(D)

= T T T T T T T
04— __A
Qosf =D
oY= N
c N 2
© - -
- L i
S 2
<o L ]
= L i
(0] - &
2.t ~__dc
02— :
L e =% =
C h ]
: ——B
01— - .
. S S || Y e P (R ! N
1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

Figure3.25 SWIR spectra of Drill Coshowing the mix spectra of &@lgnd C) and kaolinite (A and D).
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Section3.1.4demonstrated that the major absorption features of the oil, clays, evaporites and carbonate
minerals are present in the SWIR re@onsequentlfthe SWIRSpecintamera images of the drill cores

were processed to mége spatial distribution &fe oil and minerals in the drill calematitealthough

present in the drill carevas not taken as an endmember because it does not have any diagnostic
absorption features in the SWIR rafide results of tse mappingprocesses amgresentedn this
sectiorand will be discussed in the discusshapter

Bandindex

For the Bandindex measurementgshe Hydrocarbon Index was applied at two diséibsorption
features 1.7 um(HI1.7) and 2.3 pumHI2.3) The results obtained from Drill Core 1 illustrated the
presence of oil within the cores, with clearer indications enfesgingl2.3 compared tdhe HI1.7

index Figure3.26). 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

Flgure3 26 Hydrocarbon Indegpplied to Drill Core &t 1.7 um and 2.3 pm

Similarly, in theneasurements ddrill Core 2,HI12.3 showcasebetter resulfsexhibiting reduced noise
levels and providing clearer representations of oil concentration when conkfjdr@@igure3.27).

HI: 1.729um
| High : 0.005

ILow:O

HI: 2.308um

Figure3.27Hydrocarbon Inde&pplied to Drill Cor@ at 1.7 pm and 2.3 um
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Spectral Angle Mapper

The Spectral Angl®apper algorithrwvas applied on tharill cores, covering various wavelength ranges

from 1.100 pm to 1.650 pym, 1.650 pum to 1.850 um, 1.850 pum to 2.100 um, and 2.100 um to 2.400 prr
Endmember spectra utilized in this process were sourced from the USGS specti@blibast al.,

2017) Below are the rule images generated from the SAM analysis. These images employ graysce
intensity to represent spectral angle values, where darker shades signify smaller spectral angles, indica
closer matches between pixel and endmember spectra fixelach

For Drill Core 1, four endmembers were empldgadinite gypsumgalcite, anail. In the range of 1.1
pum to 1.65 unfFigure3.28, kaoliniteandcalciteexhibit low spectral angle values dispersed throughout
the core, whileil andgypsundisplay low spectral angle values in specific. bands

Kaolinite

Gypsum

A

Calcite

Oil

ii

§

Figure3.28 SAM rule imagef Drill Core lin the range of 1.1 pm to 1.65 pum.

Between 1.65 um and 1.85 (kigure3.29), calciteexhibits low spectral angle values distributed across

the core, whilgypsumdisplays low values in isolated patcheskamliohiteappears as bands with low
spectral angle values. Oil showcases low spectral angle values primarily in the core's central regic
coinciding with the rule imagegypsum

Kaolinite

Gypsum

Calcite

I T e

Figure3.29 SAM rule imagef Drill Core lin the range of 85um to 185 um
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Within the 1.85 um to 2.1 ym rarfggyure3.30), all minerals exhibit generally low spectral angle values
throughoutthe drill core, with the exception of some patches. Naggpsundemonstrates low values
exclusively within these patches.

Kaolinite

Y
§

Calcite

g 2 ¢ o] 9
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Figure3.30SAM rule imagef Drill Core 1lin the range of 85um to21 um

From 2.1 um to 2.4 pfrigure3.31), calcitepredominantly exhibits low spectral values across the core,
with gypsumdisplaying low values in patches highlighted across other wavelegegshOil and
kaolinite however, consistently show high values throughout the core.

Kaolinite

Figure3.31SAM rule imagef Drill Core lin the range d2.1 pm to2.4um.
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For Drill Core 2, two endmembers were utilikadtiniteandoil. Between 1.1 pm and 1.65 (kigure
3.32), kaoliniteand 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

Figure3.32SAM rule image of Drill Coan the range df.1 pm tol.65um.

In the 1.65 pum to 1.85 um rar(§e@ure3.33), kaoliniteandoil exhibit opposite trends in spectral angle
values, witlkaoliniteshowing low values at the start and end of the coreasdibezhibits high values

Kaolinite

Figure3.33SAM rule image of Drill Coan the range af.65um to1.85um.
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Within the 1.85 um to 2.1 um rarfggure3.34), kaoliniteandoil display similar trends, wkholinite
consistently exhibiting higher values tilan

m-l-

Figure3.34 SAM rule image of Drill Coan the range af.85um to2.1 um.

Kaolinite

From 2.1 uym to 2.4 pifrigure3.35), kaoliniteshows low values throughout the core, with the lowest
values at the beginning and end. In contihshows high values, with the highest values also present at
the beginning and end of the core

Kaolinite

Figure3.35SAM rule image of Drill Cogan the range of 2.1 pm to 2.4.um
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Minimum Wavelenghtltapper

The Minimum Wavelength Mapper algorithm was employed on the drill cores across several wavelengt
ranges1100 um to B50um, 1650umto 1850um, 1850umto 2100umand 2L00umto 2400um.
Additionally, the2.100 um to 200 pmrange was further broken down intb8%um to 2225um and
2.300umto 2360pum to focus on the clay and oil absorption featoespectivelyThe results of this

process are given beldvine 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 gre@X), yellow(C), and orangéB), corresponding to specifiitnimumwavelengthef
1.3 pm, 1.409 pm, and 1.448 pm respectiglyd3.36).
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Figure3.36 Minimum wavelength map of Drill Core 1 in the range 1.1 pm to 1.65 um.
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Moving to the range of 1.65 um to 1.85 um, Ddle 1 exhibited absorption features represented by
dark greerfA) and yellowisigreen(B) colours, indicating wavelengths around 1.723 um and 1.748 um
respectively={gure3.37).
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Figure3.37 Minimum wavelength map of Drill Core 1 in the rar@fguin to 185 um.
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Further analysis in the range of 1.85 pm to 2.1 um revealed absorption features reflectegré@eblueish
(A) and bright greerfB) colours, corresponding to wavelengths around 1.914 pum and 1.947 pm

respectively=gure3.39).
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Figure3.38 Minimum wavelength map of Drill Core 1 in the rar@fguin to2.1um.

Expanding the analysis to the range of 2.1 um to 2.4 pm, Drill Core 1 displayed absorption features
denoted by greegfD), yellowgreen(C), oranggA), and pink(B) colours, associated with wavelengths

such as 2.80um, 2.215 pm, 2.307 um, and 284 respectivelfrigure3.39).
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Figure3.39Minimum wavelength map of Drill Core 1 in the r&ifggm to2.4pm.
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Further subdivisions within the range of 2.1 um to 2 grpwided more detailed insightsthis range
focuses on the clay absorption featuFes instance, within the range of 2.185 um to 2.225 um,
distinctive absorption features were observed, represented by ygkmmi®) and red(A) colours,
indicating wavelengths around 2.206 pm and 2.215 pm respEigwe/40).
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Figure3.40Minimum wavelength map of Drill Core 1 in the r@n@5um t02.225um.

Lastly in the rangef 2.3um to2.36um, two distinctive absorption featuresre observed, represented
by darkblue(B) colour corresponding toZa308um feature anckd (A) colour corresponding #2.344
pum featurg¢Figure3.41).

Figure3.41Minimum wavelength map of Drill Core 1 in the r&gjem to2.36pm.

45























































































