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ABSTRACT

Geothermal energglevelopment requirespecific subsurface conditions teeali® the resource
economicallyGeothermal energg gradually becoming popular and developing as a clean, sustainable
power source in the Netherlan@ise Twente region in East Netherlands also carries out geothermal
explorations focusing on the sandstone reservoirsTinlihergEormation, which has been identified as
havinggeothermal potentidExisting drillholedatafrom extensive hydrocarbon exploratiaithin the

region suggest thiie porosity and permeabildfthe Tubbergsandstone ateghly variable, posing a risk

for successfubeotlermal development®ublicly availablscientific informationon the porosity
permeability variatiois extremely rar® find. Thus,the current researchsed infrared spectroscopy
techniques to reveal the mineralogical factors affectingbthergeandstone's porosipgrmeability

The sudyis based on theorositypermeability data from two drill hol€%eringerf ELN and Reutum

1/ REU) locatecdhorth of theUniversity of Twentd2orositypermeability data was measured on drill core
plugs obtained from the depth level§ufbergsandstone layeihe prosityvs permeability plot of the
drillholedata showswo distincttrends FLN samples creatme trend while REU samples show another
trend with relatively higher permeability values for the same porogityNh@ihe sameareplugs were
usedo acquiresshortwave infrarg@WIRhyperspectral daaadanalysthe mineralogyp compare ivith
porositypermeability datto identify the relationshigsetween the two petrophysical properdies
mineralogy.

SWIR data wamainlystudiedusingprincipal componerfPC)analysisThe irst 12 PC bands wegelected

for useful information and to conddiatther analysiddean PC values from each b&ordeach sample

were comparedgainst porosiyermeability value recognisehe PC bangl which shows trend with
petrophysical propertiddentifiedPCbandswverefurtheranalysetty comparingheimage spectra from

PCs' dark and bright pixel locati@rightness intensity (albed@olinite crystallini)KC), illite/kaolinite

relative proportionand sideritewereidentified with SWIR data #se controlling factor®f porosity
permeabilitySince PC bands can consist of multiple spectral information, band math operations were used
to clarify the effect of individual factdvkean values of the band math operations for each sample were
compared against the porosity and permeéabilitgntify the relationships.

Finally,it is revealed thahigh KC and siderite causeedudion in porosity while high illit¢o kaolinite
relative proportionseduce both porosity and permeabifitipedo variation distinguishes the abundance
of feldspaiquartz relative to clay, with high and low albedo values, respectively, arsaimdistiee
relationship with the porosifys the next stemineralogical factors were visualised on the SWiRithata
linear spectral unmixing, using spectra of sideigte,KC kaolinite, lowKC kaolinite,and illite as
endmemberS§pectral unmixed results were visua &G B colour composit&Endmember distributien
showedhatillite content in REU is relatively low compared to Fluhich explains the high permeability
values of REU samples.

Key words: Sandstone porosipermeability, Tubbergen formatiarineralogy SWIR hyperspectral
spectroscopyrinciple component analysis
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IDENTIFYING THE MINERALOGICAL INFLUENCES ON-PEXR@SABILITY VARIATION IN SANDSTONE, USING/SHORFRARED SPECTROSCOPY:
IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE

1. INTRODUCTION

1.1. Geothermal Energy

Geothermal resources contain the heat ebergath the Earthsurface, encapsulated within rocks,
aquifers, and confined steam. For these resources to be viable, the underground rock structures must poss
enough porosity to retain fluids or steam that sdthermal energy from the surrounding rocks.
Additionally, these formations should have the necessary permeability to allow the movement of fluids
(Goldstein et al., 201Ihis fluid movement is essential for extraeimggy in economically feasible
guantitiesTherefore, porosiyermeabilityporo-perm is a critical element in evaluating the potential of
geothermal reservo{i&orden et al., 2018)

Poroperm is primarily determined by the size and shape of grains, the spatial distribution of particles, an
the diagenetic alterations they und@gggs, 2009 particular, théormation of irsitu sedimentary
minerals (authigenic mineratsherahydration, and the compaction due to sediment burial tend to reduce
poro-perm, whereas dissolution processes enhaiWeldla & Gierlowsk{ordesch, 2007{Common
structuragrains such as quartz, feldspar, and mica originate from initial sedimentaif degpesiz001)

while diagenesis andechanical infiltratiomtroduceclays and mudd&Valker et al., 1978; Whetten &
Hawkins, 1972Also, arbonates and evaporites play a significant daledloping and creatisgcondary
porosity(Schmidt et al., 197RJorad et al. (2010) outlined the standard diagenetic sequence in sandstones,
which includes mechanical compaction, dissolution of less stable matdiegsHf grainsubstitution

by clayscarbonate cementatioandmineral overgrowthNotably, these diagenetic processes greatly
influence the heterogeneity of sandstone reservoirs and, as a result, their overall quality.

1.1.1. Geothermadxploratiorin the Netherlands

Presently, The Netherlands is exploring and investing in all the potential renewable energy (RE) sources
reach their energy target of 100% from REs by 2050, as for many other countries (Hannan et al., 2021). |
2022, 15% of the Netherlands' total engagygenerated from RE sources, where biomass, wind, and solar
are the main contributors, while geothermal and other sources contributed a minor percentage (CBS, 2023
Although the Netherlands started the development of geothermal resources a few decades ago, geothern
energy accounts for just over 1% of the total energy (including eld@B&8ty2023Nevertheless, the
potential for geothermal energy within the Dutch subsurface is believed to be greater than what is currentl
being utiked (Mijnlieff, 202Q) The geothermal reservoirs in the Netherlands, much like the country's
hydrocarbon reservoirs, are situated within sedimentary rock formationgomgisthof porous and
permeable sandstone and carbonates of Cenozoic, Upper Jurassic to Lower Cretaceous, Triassic, Rotliege
and Lower Carboniferous ag&A, 2017)

The extensive hydrocarbon exploration and extraction activities carried out in the Netherlands over the
years have yielded a wealth of subsurface geologigdiidhitsalsanvaluable for geothermal exploration,
especially in regions that have not yet been invessipatsfically for geothermal enerdye to the
similarities between hydrocarbon and geothermal res@iweigeothermal resources in the Netherlands

are classified as kemperature systems, with an average geothermal gragieahof: (Bonté et al.,

2012)

Like hydrocarbon reservein the Netherlands, the yield of geothermal reservoirs is a kejviglieff,

2020)directly linked to reservoir quality. Therefore, investigating reservoir mineralogy is crucial for poro
perm evaluatiofGoldstein et al., 201Rxccording tdBuijze et al. (2022%Hout 20 geothermal projects are




IDENTIFYING THE MINERALOGICAL INFLUENCES ON-PEXR@SABILITY VARIATION IN SANDSTONE, USING/SHORFRARED SPECTROSCOPY:
IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE

currentlyactive that produce appropriate temperatures for agriculture and district heating, using the primary
poro-perm in sedimentary rocks.

The current operational geothermal wells use fluids from reservoirs with a minimum permeability of 50 mD
and a minimum of 15%Buijze et al., 2023Reservoir thicknesses range from 50 to 200m, and the
transmissivity (the rate of horizontal groundwater flow within the aquifer, thus, proportional to permeability
and reservoir thickness) varies fradrl80 Dm. Even though the temperature is incréasedds depth,

in general, porosity, permeability, and transmissivity are typically reduced with increasing depth. The
minimum transmissivity of 10 Dm is required for economically successful geothermdMijajettts

2020) Accordingly, the optimal depth range for geothermal energy realisations with sufficient heat and
transmissivity is often considered the 853000m rang@uijze et al., 2023)he Netherlands' most widely
available geothermal system is known as "doublet”, which comprises two wells for extraction/production
and injection, developed into the same reservoir. The two wells are connected through a heat exchanger at
the surface.

1.1.2. Geothermal potential of thabbergeriormation, Twente

The eastern part of ti@verijsgalovince of the Netherlands is knowTagnté&eothermal explorations

are ongoing in the region, but no production wells have been establighe®@et2023) Using the
information from the existing drill holes, researchers have recognised that the sandstone reservoirs within
the Tubbergfmrmation carry geothermal poter(idijnlieff, 2020; Veenstra et al., 202§ formation is

named after the Dutch villagebbergerhe formation's lateral extension covers most of the northeastern
part of t he c(Bigurelly, ma&isg thelubbesgéormbtiarc aesuitable target for further
investigation. The University of Twente is also considering establishing a geothermal well within the
premises, possibly targeting Thbergdrormation, which is an additional inspiration for the current
research.

According to th&NO-GDN (2024)the formation is characteriseddyers of sandstone, mudstone, and
occasional narrow coal seams varying in thiekriEss sandstone grain sizes range from fine to very
coarse, with a moderate degree of sofitmgs, the depositional setting of the formation is depicted as a
braided fluvial environment from the late CarboniferousFagee(1.2). Braided fluvial depositional
environments are dynamic over time due to energy variation of the water flow. Therefore, the depositional
sequence becomes heterogeneous with deptiatihieformation underlies thieubbergiarmation and

can be recognised by increasing coal seams in mudstone with lesser sandstones towards depth. On top of
the Tubbergdde Luttéormation is available and identified by dominating reoidigim sandy mudstone

(Figurel.2).

Veenstra et al. (20Xh)owed the porperm variation of th&ubbergérmation using publicly available

data to assess the geothermal potential. Porosity varies from extremely low values to 20%, and permeability
also varies from very low values to several hundreds of millidarcy, as ShiguvaliB (permeability

values in the current research and the mentioned references is the horizontal permeability which was
measured parallel to the bedding plane of the rock formations). Such peipoeasitityheterogeneity

can result from a dynamic deposdiwmrigin, like braidetivial. The authors also emphasise the very high
poro-perm values closer to the faults extending@ana(Gronau Fault Zonépuin et al., 2006l hese

historic poreperm measurements show that certain sections tiilbhergésrmation have porperm

similar to existing Dutch geothermal doublets. However, thpgronosariation becomes a geological risk

for geothermal resource developnietnstra et al., 2020)
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Figurel.1: Lateral extension of tHeibbergéormation The Tubbergésrmation and Gronau Fault Zone are only
indicated within the Netherland$ey do not indicate the actual geographical extent; they are only illustrated for visual
interpretation. Modified aftéNO-GDN (2024)andVeenstra et al. (2020)
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Figurel.2: Chronostratigraphy of tfieibbergésrmation, which is grouped in onshore fldgi@lstrine deposits,
overlayed be Luttédormation and underlaid by thtaurit§ormation. Modified afteMLOG, (2024)
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Figurel.3: Porosity and permeability variatioMobbergsandstone in Twente from five drill holes: BN, TUM

0 01, REUS 01, AMO®6 03, and LUTS 06 (NLOG, 2023b) The Tubbergéarmation is found at different levels
between 1470 and 3193m depthe subtrend enclosed in a red ellipse shows the clean sandstor@l R&3J
higher permeabilities for lower porosities, and AB@as high values for both porosity and permeability. C1, C2,
and C3 clusters are demarcated to highlight the value vaviatidied afteWeenstra et al. (2020)

1.2. Research Problem and Objectives

The strong porgrerm variationwithin historic plug measurements offthbbergirmation Figurel.3)

pose a risk for geothermal realizations withinTtl#bergdormation. Publicly available scientific
information on the exact causes of gmeom heterogeneity is scarce. Therefore, this research aims to reveal
the mineralogical factors associated with thepgono variation in thEubbergkmmation by investigating
historic core plugs with statkthe-art imaging spectroscopy core scanning.

1.2.1. The main objective and the salijectives
To identify the mineralogical factors causing the pepesityeability heterogeneity of the sandstone in the
Tubbergtarmation,usingshortwave infrareldyperspectral spectroscopy

1 To identify the mineralogical factors that cause the pguesitgability variation ifubbergen
sandstone core plugs.

1 To identify the distribution patterns of mineralogy that affect the persitgability iTubbergen
sandstone core plugs.

1.2.2. Research questions
1 Whatmineralogical factors affect {harosity and permeability of sandstone fitoariTubbergen
formation?
1 How does mineralogy distributiaffect the porositpermeability fothe analyzedandstone core
plugs?
1 What caussethe higher permeability values in REQL samples than FL&I01 for the same
porosity values?
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2. RESEARCHBATA

Two types of data were used in the study. First is the porosity and perrdatbitifytheTubbergen
formation fromtwo drillholesThe £cond dataset is tB&IR dataf the same drill core plugs on which
the poreperm was measured

2.1. Porosityand Permeability Data

Poroperm information is obtained from the two drill holes indicatéimel.3, publicly available in
NLOG (2023b) The two drill holes are FL&01 (FLN) and REW 01 (REU) named after the region
they were drilled. According to the detailfable2.1, none of the drill holes penetrates the complete
thickness of th&ubbergiarmation. Even though the formation has more thickness in REU than in FLN,
cored sections in REU are smaller than in FLN. Therefore, FLN has more core plugspétimpalues

than REU. Additionally, on top of thebbergésrmation in FLNDe Luttdormation is available with a
119m (1768 1883m) thickness where the whole section was cored, which-fiegsoaéso contain high
poro-perm values, thus used in this research. Thepgoro analyses were compiled byDbe&ch
Petroleum Comparfiederlaise Aardolie Maatschaybii).

Apart fr om tperm andlysielGasothgr paeron analysis report has been compiled by the
Geological Laboratory 6f Deilmammining company from Germany for a selected 61 FLN samples. The
current study used only the data from the NAM report. The differences betweeddbesttiare given

in chapted.l

Table2.1: A summary of the drill holes where the core plugs were obtained. The section that Iiobgketo
formation is highlighted in grey.

Drill Completion  End depth Details of 7Tubbergenformation Cored
hole date (m) From (m) To(m)  Thickness (m) sections
1764 1883 117
FLN 21-Jan1966 1968 All
1883 1968 85
2250- 2260 m
REU 10-Apr-1970 2571 2213 2571 358 -
2545- 2555 m

2.2. SWIRHyperspectral Data

To analyse the mirasdogy of poreperm variatiorusing SWIR spectroscoflye sameanplesused for
measurintheporo-permwere obtained from tid¢AM core repository iAsserd78 plugs are available for

FLN. Most REU data points have two plugs representing each label; consequently, 209 plugs are availat
for 108 labels. All the plugs are cylindrical with a diameter of abouFRydizR]). Several samples were
distorted during the permeability measurements, as indicated in the original core analysis documen
(NLOG, 2023b), and they only hgegosity valuesLN plugs are about 1.5cm long, while REU plugs are
slightly longer, about 1.9 cm. One face of the plugs is labelled for the respective data point. Therefore
unlabelled surfaces were scanned to avoid the spectra of label ink.




IDENTIFYING THE MINERALOGICAL INFLUENCES ON-PEXR@SABILITY VARIATION IN SANDSTONE, USING/SHORFRARED SPECTROSCOPY:
IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE

I

| | | PEEEEE R T LR AR RS AR A RN RN Rk B R 2
0!”!rf'!_!%{{lili‘ilgfﬂilflI{I{JHH[!Iéf”Hllfllgi.l:fmiirlﬂ!\éj:l | IF g’l“ ! 8\ | 9’ l 110| 1‘:_.

|

Figure2.1: Four of the core plugs used in the research.fa)y from FLN on its vertical position with a labelled
surface. (b) A plug from FLN on its horizontal position. (c) A disintegrated plug from FLN, which the permeability
value is unavailable. (d) A plug from REU on its horizontal positions. Plugglirdriltholes are the same diameter,
while the plug thickness of REU is higher than the FLN, as seen in (b) and (d).
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3. RESEARCH METHODOLOGY

The chapter describes the procedures of arranging ppeosigability data, SWIR data acquisition and
preprocessing, and analysing the two data types to achieve the objectives. The analysis cqatimed poro
data witlrSWIR spectral information to reveal the mineralogical factors affectipgrpora@riation.

3.1. Porosity-PermeabilitypataPreparation

The poreperm data from NAM are available as website text and as the scanned copy of the original repor
on NLOG (2023b)However, for the FLN, the website text only has 388 data points, whereas the scanned
copy contains 478. The number of plugs physically available is 452, but labelling ended at 482, which mez
several samples are unavailable within the sequenceeAinidiabtween the samples and their respective
poro-perm measurements is imperative for a valid result. Therefore, to avoid confusiorpéhm piata

table was sorted out by physically inspecting the plugs and comparing fienmpeitin values. Aacent

plugs with high and low permeability values were inspected with a hand lens to identify textural anc
mineralogical differences that can be related to corresponding values inAllsotalblgs were visually
compared with the slabbed etrdre photogNLOG, 2023bYo check that the corresponding label and

depth of plugs match the core slab's appearance (colour, textures) at the relexdsu ddipthtegrated

plugs should not have permeability values during the measurement, while they can have porosity values
the table. To check the labelling sequence, such plugs were compared against the data points indicatec
"disintegrated samplés"the poreperm table.

Additionally, porgperm data from NAM and the German lab were compared to see if there are significant
differences in all the values from two different measuring systems. Because direct

Also, it was indicated that the permeability of certain plugs was lower than the instrument's minimum
measuring limit (<0.4 mD). In reality, the permeability of such plugs can be varied @e6ren)

Thus, the mid value of the range, which is 0.2va®used for the statistical analyses in the current study.
Finally, the data table was modified to consider all the abovementioned differences to be used in the curre
research.

Poroperm data of well REU did not have confusion with plug numbers and data points. It has labelled
plugs from 18 108 without blanks. Similar to FLN, feigintegrated plugs during the permeability
measurement have no permeability valugdaggiwith extremely low permeabilities are indicated as <0.4
mbD. Therefore, the only modification was assigning 0.2 mD to plugs with extremely low permeabilities.
Since most of the REU data points have two plugs with the same label, both plugsdeeed tohsive

the same physical property value. Thus, both were considered for the study.

It is important to note that when comparing samples from the two datasets with sinpEmpeetues,
contrasting textural differences are seen,Fagure3.1. It is uncertain that the petrophysical properties

were measured using the same techniques for several reasons (no mentions were found of the measur
techniques). Even though the ppesm analyses used in the research were compiled by the NAN, the dril
holes were made four years apart so that different techniques could have been used. If the same techniqt
have been used, various geological processes can cause different mineralogy/textures to produce simi
poro-perm conditions. Therefore, FLN andUR#@ata were analysed separately to avoid uncertainties.
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Figure3.1: Textural comparison of two core plugs from FLN and REU with similar porosity and permeability. The
FLN plug consists of loosely bound larger grains relative to the REU sample. REU consists of tightly arranged fine
grains.

3.2. SWIRmaging Spectroscopy of Drill Core Samples

In geology, the spectroscopy of minerals is studied using the visible to infrared (IR) wavelength range (0.4
1 4 ) @ith afoundation laid bidunt et al. (1970here most minerals show diagnostic absorption and
emission features in reflectance and emittance spextmitaudifferent electron and molecular structure

of the compound@unt, 1977)Specific IR wavelength ranges are important when studying certain mineral
groups. The main rodarming minerals (detrital), such as quartz, feldspar, and micas, exhibit distinct
characteristic features in thermallR (TIR) spectrum(Christensen et al., 2008)milarly, clays and
carbonates show features in the shamelR (SWIR) spectruniClark, 1999; Hunt, 197 Nlinerals
containing Fe display their unique features in the-visilR (VNIR) spectruniClark, 1999; Hunt, 1977)

Since clays and carbonates are crucial mineralogies that affect sandstoqpempeeabitity, SWIR
spectroscopy was chosen to carry out the research.

Eventually, the spectroscopy method evolved tespigtiral resolution (hyperspectral) imaging (HSI)
techniques. HSI is defined as image acquisition with hundred2(D)®f contiguous and registered

spectral bands where each image pixel has aegagiacituniGoetz et al., 1985; Lodhi et al., 20i10)

other words, a 3D array (data cube) is generated by adding spectral information as a third dimension into a
two-dimensional image. Consequently, HSI produces massive amounts of information, and the technique
can be used in many subject domainsalisemote sensing (RS) platforms, §pateborne to laboratory
scaleMathieu et al. (2013ymmarise the HSI applications in geology, particularly in analysing drill cores.
Various instrumentation configurabavebeen developed to acquire dataocks, drill cores, and chips

at a laboratory scdl@kada, 2022pdditionally, many methods exist for the subsequent data processing
(Asadzadeh & de Souza Filho, 2016)

Therefore, HSI is an ideaéthodfor this researdio analysea large number of samplethoutany damage
to archived samples such as drill core.plugs

3.2.1. Acquisition of SWIR hyperspectral data
The drill core plugs were cleaned prior to scanning with compressed air to remove the dust and dirt. Cleaned
samples were arrangeda plastic scanning tray, fatiegabelled surface upwards. Plugs were placed into




IDENTIFYING THE MINERALOGICAL INFLUENCES ON-PEXR@SABILITY VARIATION IN SANDSTONE, USING/SHORFRARED SPECTROSCOPY:
IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE

two parallel columns beside the centre tray axis of the tray. Fragmented samplemgetieeat the

fitting edgesA column is arranged in the ascending order of the sample label and photographed for future
reference. Photographed plugs were flipped to face the unlabelled surface upwards without changing tr
relative position with each other, and a sample batch dysoré® scanned. Hyperspectral data of a
prepared sample tray were acquired usin§pbeim SisuROCZMIR & SWIR HSI system of ITC,
University of Twente, with the instrument settings mentiofiebie3.1. 14 scans were done to acquire

the data for 691 plugs from both drill holes.

Table3.1: Instrument configuration for HSI acquisition

Camera VNIR SWIR
Pixel size (um) 128 258
Frame rate (Hz) 36.5 19.45
Exposure time (ms) 18 3.1
Scanning speed (mm/s) 5

White ref. delay (mm/s) 10 7.5

3.2.2. Preprocessing of SWIR hyperspectral data

Acquired HS data was processed and analysed ubiygetspectral Python (HbgoRgpéBakker, 2011)
andENVI softwargExelis Visual Information Solutions, Boulder, Color&i)R raw data from the 14
scans were converted to 14 reflectance ineamswith 288 spectral bands. Then, the images were left
right rotated/flippedecause the sensor acquired the data-agHeftipped to the true appearance.

All the HS images were mosaiced together to create a single HS image. Noisy bands of the image mos:
identified by the unrealistic reflectance val ue
were removed from the edges of thetsglerange by spectral sditing. Also, the statistics plot showed
abrupt increases (spikes) on the "maximum" plot caused by the corrupt image pixels and needed to b
removed before further processing. For convenient purposes, the statistics ddl imdagds were
examined for spikes, and few images had maximum plots with spikegues3ia. The band positions

of the troughs and crests were noted, and the band math operator $higune3r2 was used to get the
cumulative ratios between a crest and the associating trough. The band math operator generated
monochrome raster contrasting the corrupt pixels (bad pixels have higher values and are seen in bright
tones). The cumulative ratios@amte the effect of corrupt pixels rather than taking a singleleatified

corrupt pixels were masked on the relevant location on the image mosaic. Furtheadges, dfiee
disintegrated sampland inked labels were also masked to prevent interferences with spectra analyses.

The reason for selecting a plastic tray as the background is because unique plastic absortigarieatures (
3.3) can be used to differentiate between the plugs and the tray with a band math operator. So, the
background pixels can be removed conveniently. Four bands were selected empirically from the tray's plas
absorption features in reflectance spectra, abdriianath operation was used to contrast the plastic and
rocks Figure3.3) with a monochrome raster. Plastic pixels were highlighted using the threshold value 218
on the greyscale band and masked to preserve the rock pixels. An additional buffer zone of two pixels we
removed inwards from existing sample boundaries to rereaenthining roeglastic mixed pixels. At

the end of the spatial sabtting processes, the NaN (Not a Number) value was assigned to all the masked
pixels. To complete the HS data preprocessing, the "Fast mean 1+5+1 neighbourhood" filter in HypPy was
appled to smooth themage spectra.
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Figure3.2: The statistics plot of a single reflectance image with corrupt pixels and the band math operator for
highlighting the spikeausing pixels in the redloured "Mximuri plot. Wavelength positions of all the troughs and

crests were included in the band math operation. The shape of the "Mean" resulted from the plastic spectra because
plastic pixels are more abundant than rock pixels.
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Figure3.3: Three reflectance spectra of the plastic scanning tray and indicated wavelength positansl fmiathe
operation highlighting plastic. The spectra with low reflectance are from the tray's plug shadows, and the highest albedo
spectrum is from a tray pixel with no illumination barrier.

3.3.

Principal Component Analysis (PQ¥gs use to derivespectral information ahineralogy from the
hyperspectral imadéalues of usefulprincipal componentgereassignetb each sampknd therusedor
statisticahnalysisvith poroperm dataPCA spectral indicatonsth clear relationshipe poro-permwere
explorecempirically tsecognizéhdr mineralogy

Identifying théVlineralogral Facbrs of Poosity-Permeability Variation
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3.3.1. Principal component analysis of 8\&IR hyperspectral image

PCA is a statistical method for transforming a larger number of correlated variables into a new set of
uncorrelated variables called Principal Components (PCs) while retaining as much variation of the origin:
data (Jolliffe, 1986). PCs are derived as iambinations of the original variables (Ringnér, 2008) and are
ordered so that the first few PCs retain most of the original variable variance (Hidalgo et al., 2021). In othe
words, PCs are obtained from the original data, where PC1 has the maxamcenfraan the original

data, the next PC (PC2) has the maximum variance from the remaining data, and so on. Therefore, PCA
useful for dimensionality reduction in datasets with many interrelated variables.

HS images are also datasets with hundreds of correlated bands (Rodarmel & Shan, 2002), where the P
becomes a useful data processing technique (Burger & Gowen, 2011) since certain bands do not conta
useful information. PCA in HS images is used to @bteew set of bands (PCs) where the first few PC
bands contain sensible information. However, user input is required to define each piece of information
(PC) meaningfully, such as mineralogy. The distinct absorption features and their characssktizs are u
identify what contains each PC band that can be related to mineralogy (Asadzadeh & de Souza Filho, 201
PCA can compress the hyperspectral information from all pixels into fewer components (Hidalgo et al.,
2021), where pixels with common spectral features can be identified as groups. The spectral and spat
behaviour of the groups can be analysed to wmkbtie unique characteristics (spectral indicators) that
define a group and how they are distributed across the samples. The individual spectral indicators (PCs)
samples can be obtained as a relative quantity for the considered PC and can e itskdnysical

property values to find the correlation between mineralogy afgeporof sandstone plugs.

Two PCAs were done separately for theppreessed image for FLN and REU core plugs. Because the
two poreperm datasets may not have been measured with similar techniques, and different geologice
processes may have influenced the two. Therefore, gri@dytsitogether can cause erroneous results.

The first PC bands from the two analysis results were empirically observed as greyscale/monochrom
images to identify the decreased sensible information until the PC bands were seen as noisy images. T
first 12 PC bands were decided to have useful spafctinaation. Then, RGB colour composites of
different PC band combinations were created to visualise spectral patterns (compositional difference) o
and across the samples.

3.3.2. Relationshipbetween PGandsandporositypermeability

As a preliminary qualitative analysis, different ¢@@®Br compositesf PC bands were compared with
poro-perm values by placing them 4igside to identify higlow zones of porosity and permeability in

the colour compositesTo make zones more evident, the samples of clearly identified colour groups in
colour compositesere indicated on the peperm scatterplots with similar representative colours, only
using the plugs with homogenous colours.

Subsequently, a statistical approach was used to identify the connections between PCs and physic
properties. The mean and standard devi&I9nof PCs for each sample were calculated, and data tables
were populated for every plug, including porosity, permeability, and PCs as attributes. The data tables we
used to create scatterplots of PC mean SD against porosity permeability and theviseatisebetween

physical properties and the individual PCs. Such trends can be interpreted to destaiimnshés

between physical properties and PC bands.

The samples with lower SD values (lowest 1/3) for a particular PC band were highlighted to extract more
accurate insight from the scatterplots. Plugs with the lowest standard deviation for a given PC indicate th
homogenous (low variability) samples ®P@&, which can be considered as the representative for the PC.
The poreperm of such homogenous samples can be considered to correspond mast spesdivl
indicators, showing the most accurate scatterplot trends.
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PCs from the scatterplots that show interesting relationships (positive or negative trends) were further
analysed. To identify the representative spectral information from a PC, spectra from the brightest and
darkest pixels of PC band images were extrabetivo mean spectra of the 0.5 % brightest and darkest
pixels from the monochrome PC image were compared against each other to identify the mineralogical
information from a PC band. The pixels of the brightest 0.5% and the darkest 0.5% were abtdieed fro
cumulative histogram of the PC pixel statistics.

The mean spectra were examined by focusing on absorption features in specific wavelength regions in the
reflectance (and offset) and continrramoved (and offset) spedtPantual et al., 1997@he behaviour

of the overall spectrum, shape, depth of the features, and reflectance were compared with USGS spectral
library version {Kokaly et al., 201%) determine the mineralogy.

3.3.3. Relationshipbetweerband mathderived mineralogical componeatslporositypermeability

A single PC band contains several spectral information, and different PC bands contain similar spectral
features. Therefore, confusion may arise when determining the exact causqseoh p@amations.
Therefore, specific spectral mineralogical comooleseérved in PC bands, such as albedmus iron

(Fe) responsemineral crystallinities and relative abundances, were separately calculated using band math
operations (ratios and arithmetic operations of the reflectance values at defined wawvelengtidb
absorption feature depth ratios to assess against porosity and permeability.

Albedo variation of the pixel spectra was visualised using the SWIR band 160G 2nme¢Buse the
wavelength position has the highest reflectance value due to the absence of absorption features on pixel
spectra.

Kaolingroup minerals are 1:1 dioctahedral triclinic phyllosilicates (layer silicates) which are available in four
polymorphs, namely halloysite, kaolinite, nacrite, and dickite. The polymorphs are ordered in the increasing
structure of their crystal lati Differences in the crystal lattice are caused by the placement of vacant

octahedral sites occupied by cations. The presence and absence of structural water change the interlayer

spacing, causing variation in lattice order. The intensity of theyaglimineral lattice is defined as the
kaolinite crystallinity (KC) index. The KC variation is identified in SWIR spectroscopy by the intensity of
the double absorption feature around 22Q@umatameGarcia et al., 2018; Pineau et al., 2022)

Fe+ responsgwhich causes the tilt/drop/slope of the SWIR spectra observed within the wavelength range
of 13008 1600nm, was determined using theuZR 13057 ratio (adopted frorPontual et al. (1997b)

where 6RO is the reflectance value of the menti on

lllite: kaolinite relative proportion was determined using the wavelength positions of the characteristic
absorption feature of illite and kaolinite around 2200nm. An adopted band ratio of 2161.57nm and
2178.37nm wavelengths frBiontual et al. (199Abas usetb suit therelevaniAlOH absorption feature
positionsfrom the dataseThe ratio is defined by dividing the shorter wavelength band (unique kandite
group AIOH feature) by the longer wavelength band (common AIOH absorption of kandite and sericite)

Variation of illite : kaolinite relative proportion showed the presence of illite with clear absorption features.
Therefore, illite spectral maturity (ISM) can also be g@@onoinfluencing factor ifubbergsandstone.

In SWIR spectroscopy, ISM variation is determined by the ratio between feature depths of AIOH around
2200nm and water around 190(@mou et al., 2022Many published scientific literatused the term
oillite crystallinityo (1 C) for tDoublierceeah 2000)r at i o
discuss that the IC derived from reflectance spectra does not determine the actual crystallinity of the mineral
and propose the term ISM instead. Therefore, the term ISM will be used instead of IC in this text. The ISM
in image pixels were calculated byfi¢hture depth ratio between the AIOH feature at 2206.38nm and the
water feature at 1915.07nm, which was adoptedPootoal et al. (1997h) suit the main AIOH

12

(



IDENTIFYING THE MINERALOGICAL INFLUENCES ON-PEXR@SABILITY VARIATION IN SANDSTONE, USING/SHORFRARED SPECTROSCOPY:
IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE

absorption feature position of illite in the dat&ssiths were calculated using contintemoved spectra
of the mosaic of prprocessed images.

Calculated parameter values for each sample were compared against porosity and permeability to reveal
relationships. The mean valuesiefoB: Fe* responseKC, illite : kaolinite relative proportions, and ISM

were plotted against petrophysical properties, highlighting homogenous samples for the parameter (th
lowest 1/3 after normalising the SD). This way, it can be visualized whetimrmpohas clearer
relationships with the most representative samples for a considered spectral parametar, kend i
examined whether similar relationships to PC scatterplot are observed.

3.3.4. Visualising the distribution of identified mineralogical parameters using linear spectral unmixing
The spatial resolution limitations of sensors make it harder to identify very small individual objects such a
mineral grains. Thus, an image pixel may cover multiple minerals at once, causing the pixel spectra to cont:
the spectral signatures oftheeninal s wi t hin its boundary. Therefo
to estimate the mineral constituents (all or some) in the pixel, which involves separating the pixels' spectru
into constituent spectra known as spectral endmembers anddir@iafrabundances per pixel. In linear
spectral unmixing, it is assumed that the observed spectral signature of a pixel is a linear combination of tl
spectral signatures of the materials present in the conside(&iagpizatDias et al., 2012)

Identified mineral indicator spectra in PCA and band math operations for caugiegnpaariations
were used as the endmembers to classify the SWIR image by linear unmixing. Unmixing results were shoy
as endmember colour composite to visualise thteilpwation across the analysed samples.

13
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4. RESULTS

4.1. RearrangedPorosityPermeability Data

The rearranged poperm data for FLN from the original Dutch report is giveAgpendix1l. A
comparison of values from the German and Dutch reports is sheigares.1. Two plots compare the

porosity and permeability separately from both reports. The relative differences between the two sources
can be seen with oteone reference lines in the plots. Values from the two reports are not identical in
terms of both porosi and permeability. bhe porosity plot, many valupkttedbelowthe oneto-one

line indicat that the values from the Dutch report are higher than thosth&dberman report. Ithe
permeability plomany values are plottaldove the oto-one line indicating that many values from the

Dutch report are lower than those fritre German repordowever, they arelativelycomparable except

for a few measurements tehow a drastic variatimm thetrend.

Porostiy comparison between Gerrman and Dutch reports Permeability comparison between German and Dutch reports

25 1000
(a) (b)

= 0
= S
-

S

German report
TR

Porosity %

0 5 10 15 20 25 0.1 1.0 10.0 100.0 1000.0
Porosity % Permeability (mD)
Dutch report Dutch report

One-to-one line One-to-one line

Figure4.1l: The comparison of two laboratory pperm analysis reports from Germany and the Netherlands for
FLN. (a) Porosity comparison. (b) Permeability comparison. Tabular data for the two plots Apgiedix@

The poreperm data for REU is givenAppendix3.

4.2. Preprocessed SWIR Hyperspectral Data

Figure4.2a shows an IR falselour compositesf the raw reflectance HS data array. Removal of noise
bands (Bands d 8 and 283 288) reduced the original number of 288 bands to 274. The band math
operator generated a monochrome image differentiating plastic and rock in light and dark pixely, respec
(Figured.2b). A cleaned image after removing all irrelevant pixels is skogumaf2c.

F|gure42 Preprocessmg results of HS reflectance data (RGB of (a) and (c) are 1499.41 nm, 1752.41 nm, and 1943.09
nm). (a) Reflectance image from SWIR HS raw data. Yellow arrow indicates splitting of a core plug. The plastic is seen
in reddish colour due to the$ecolour compositgb) Monochrome image to differentiate plastic vs rocks. (c) Image

after the preprocessing: pixels of plastic, labels, and splitting were removed.
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The image statistics plot also shows no unusual spikes after completing pregfapesdi8y Notable

features are seen in the mean plots at 1400nm, 1900nm, and around 2200nm wavelengths, caused by
most abundant spectral features from all the remainipgpessed image pixels (pixels of rock samples).
The three features at the mentionedelength positions indicate the rich presence of hydroxyl (OH),
water, and AIOHHunt, 1977; Hunt et al., 19hlecules within the sample constituents.
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Figure4.3: The statistics plot of thegper ocessed HS i mage mosai c. Note the

plot and the shapes of plastic spectra after the preprocessing when comphiguae@ith Absorption features
from the dominant constituents from the rock pixels at 2200nm, 1900nm, and 1400nm waeeldregtesen in

mean plots.

After completing the basic image preprocessing, the image had to be further processed to remove the noi
in pixel spectra, and the OFast meaRigufeddShewls nei g

filtering effects on an image pixel, suppressing the noise.
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Figure4.4: Comparison of two spectral profiles of the s
nei ghbourhooddé smoothing filter. Smal | wi ggles in t
filtering.
Several i mage pixels from clastic minerals, su

absorption features in their spectra, similigiare4.5..

The preliminary observation after the preprocessing shows that image pixels are heavily dominated k
kaolinite features and, to a much lesser extent, with illite/sericite. Carbonate featirazposkEae
also indicated in pixels. Example spectra observed in the image arebaved.é)

15



IDENTIFYING THE MINERALOGICAL INFLUENCES ON-PEXR@SABILITY VARIATION IN SANDSTONE, USING/SHORFRARED SPECTROSCOPY:
IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE

v Plastictray [ \ | S |
V" Guarta
V¥ Feldspar i

Raflectance (Offsat for Clarity)
Cantinuum-Remaved Reflectance (Offset for Clarity)
. - . -

.

T800 7000 7300 TR00

2000 7200 7900 1660 1200 400 TE00
Wavelength (nm)

1000 1200 1400 1600 1800
Wavelength (nm)

Figure4.5: An example of pixel spectra from quartz (in blue) and feldspar (in orange) clasts containing absorption
features similar to plastic trayse plastic spectrum is indicated in black colour. Plastic absorption feature positions,
seen in quartz and feldspar, are indicated by dashed lines.
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Figure4.6: Example spectra from minerals observed in the SWIR image. Characteristic wavelength ranges are
highlighted in the same colour as in mineral spectra on the offset profiles. (a) Reflectance spectral profiles. (b) Offset
reflectance profiles. (c) Continutemoved offset reflectance profiles. Note that the broad feature of ferrous drop
(blue spectrum) on the continuuemoved profile is not an actual absorption feature but an effectrefrtayal of

the spectrunfPontual et al., 1997c)

4.3. PCAresults of SWIR Image

PCA statistics of the first 13 principal components of FLN and REU are Jigbleil andTable4.2.

Note that the first PC band from both sets consists of more than 93% of the total variance SWIR
hyperspectral data. The first 3 PC bands possess over 99% of the total data variance in both sets.
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Table4.1: PCA Statistics of the firs2 grincipal components of FLN and the scree plot of eigen values.

PCband Eigenvalue Cum. %

1 171517 93.67%
2 0.068928  97.44% PCA Screeplot of FLN
3 0.041085  99.68%
4 0002056 99.79%
5 0.001534  99.88% § 09
6 0000842 90.92% &
0.4
7 0.000368  99.94%
8 0.000183 99.95% o 0 1 2 3 4 5 6 7 8 9 10 11 12
9 0.000163  99.96% PC band
10 0.000118  99.97%
11 0.000105  99.97%
12 0.000049  99.98%

Table4.2: PCA Statistics of the firs2 grincipal components of REU and the scree plot of eigen values.

PCband Eigenvalue Cum. %

1 1.213847  93.49%
0,

2 0.06148 98.23% PCA Screeplot of REU
3 0.017047  99.54%
4 0.002681  99.74% 1.1

[}
5 0.00118 99.84% = 0.7

E .
6 0.000737 99.89% &

“ 03
7 0.000325  99.92%
8 0.000185  99.93% -0.1

0 1 2 3 4 5 6 7 8 9 10 11 12

10 0.000112  99.95%
11 0.000091  99.96%
12 0.000064  99.96%

The RGB colour compositestbefirst three PC bands from FLN and REU are shov#igure4.7 and
Figure4.8, respectively. For bothatases PC3, PC2, and PC1 are assigned as red, green, and blue,
respectively. The sample arrangement with labels is shown adjacentloveadmposite he sample
pixelsexhibitthe coloursaccording to th@roportions of constituent BCThe relative proportions of
constituenPCsof asample pixalan badetermined by referring to thizelcolourin the RGB legen&or

an example, purple pixetsultedby thecombination oblue (PC1) and red (PCR)nkis seen if the red

is more abundant than blifepixelsseen in with a brightness close to wthity are most likedyriched

with all the three PCs. Vice versa, pixels are seenged brightnegslgch.
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Figured.7: (a) RGB colour composite of the PC bands 3, 2, and 1 for FLN, showing the variations across the samples withttR€so(istiladrelled plugs in Figure 11a.
The samples are organized in a downhole direction, going from top to bottom andaheghleftVhite areas are identical to the plugs in the left figure, and the black area is

the masked pixels. Some plugs are incomplete (due to masking of sample number pen markings), so their labels.arbérBegitenfog dbe Luttéormation § indicated

as DL and the ending asBL. The beginning of thEubberg@rmation is indicateals STh.
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Figure4.8: (a) RGB colour composite of the PC bands 3, 2, and 1 for REU, showing the variations across the samples
with the constituent PCs. (b) Labelled plugs in Figure 12a. The samples are organized in a downhole direction, goir
from top to bottom and then Ieft right. White areas are identical to the plugs in the left figure, and the black area is
the masked pixels. Some plugs are incomplete (due to masking of sample number pen markings), so their labels are
white font.

Figure4.9 shows the coload poro-perm plot of FLN by assigning similar representative ctboines
samples from theCcolour compositi Figure4.7. Data points are concentrated ititicee zones. Purple
(blue/PC1 and red/PC2nd yellowfrepresemng the samples with all three PCs) points occupy higher
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poro-perm regionsThe sharp bottom lineonsistof points with green varieties dominating @2he
points in the line haxapermeability value of 0.2mDje data point groupetween the bottom line and
high poreperm group consists of all three PCs, orange, greenish, and dark purple, with varying.proportions

Porosity vs Permeability of FLN, Using the Colours from RGB Colour Composite in

Figure 14a
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Figured.9: Porosity vs permeability plot of FLN with the colours from dl3ur compositen Figure4.7, assigned

to corresponding samples. Data point colours were chosen to represent the coloursdoboniR&dfpositeData

points in the sharp horizontal bottom line are the 0.2 mD permeability samples (These samples do not have a
permeability value in the original report since the minimum permeability measurement is 0.4 mD).

Figure4.10shows the coloured peperm plot of REU by assigning similar representative cioldiies

samples from the P&lour compositéen Figure4.8. Data points are mainly concentrated in two zones.
Purple (blue/PC1 and red/PC2) pointcupy higher pofperm regionsThe sharp bottom lireonsists

of points with green (PC2) and blue varieties (all the points in the line have the permeability value of 0.2mD).

Porosity vs Permeability of REU, Using the Colours from RGB Colour Composite in

Figure 15a
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Figure4.1Q: Porosity vs permeability plot of REU with the colours from PCA colour composite in Figure 4.8, assigned
to corresponding samples. Data point colours were chosen to represent the colours from PCA colour composite. Data
points in the sharp horizontal bottdme are the 0.2 mD permeability samples (These samples do not have a
permeability value in the original report since the minimum permeability measurement is 0.4 mD).
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4.4, Relationship between PC Ban@dsd PorosityPermeability

A scatterplot series of the PC mean value of each plug against the porosity and permeability was created |
the first twelve PC bands to identify the spectral indicators that change with porosity and pé&roneability
each plot, all the available data points are shown in blue, and the most homogenous samples (the sam
with thelowest 1/3 SD for the PC) are shown in orange. The linear trend for the orange data points is also
indicated in the same colour.

From the porosity vs mean PC plots of FLIFigure4.11, it can be identified that PC bands 1, 3, and 5
exhibit a positive relationship with porosity, while PC band 2 shows a negative trend. Permeability vs mea
PC plots from FLN sampleshkigured4.12do not show a clear relationship.

The REU plots of the porosity vs mean PEigure4.13show PC bands 1 and 2 exhibiting a negative
relationship with porosity, while PC band 8 shows a positive trend. Similar to FLN, permeability does not
show a clear relationship with mean PC values from any of the PC bajiedi4

Additionally, another series of scatterplots were created with the PC standard deviation (SD) of each plu
against the porosity and permeability to visualise the behaviour of physical properties with the spread ¢
each PC band information. In the porosity?C SD plots &FLN (Appendix4), a positive trend exists in

every plot except for PC2, PC6, and PC7. The porosity shows clear positive curvilinear trends with PC1
PC3, PC8, PC9 and PC11, where the initial increase of SD leads tocaaagredof porosity, which later
stabilizes. PC5, PC10, and PC12 also show similar shape in trend but more intense.

Permeability vs PC SD plots of FLAppendix5) shows clear positive trends with a weak correlation in
PC1, PC3, PC8, PC9, PC10, PC11, and PC12. The rest of the PCs do not have an identifiable relationst
with permeability.

All REU porosity and permeability plots with PC Aipéndix6 andAppendix?) haverecognisable

positive trends. They all appear as linear trends with varying correlations.
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Figure4.11: Scatterplots of mean PC vs porosity for the FON Blue points represent the mean PC value of each
core plug and their measured porosities. Orange points denote only the most homogenous sam@lés3arfthe

core plugs with the lowest SD).
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Figure4.12 Scatterplots of mean PC vs permeability for the-FIINBlue points represent the mean PC value of
each core plug and their measured porosities. Orange points denote only the most homogenous saR®les for the

(1/3 of core plugs with the lowest SD).
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e MeanPC SD - lowest 1/3 Linear (SD - lowest 1/3)

Figure4.13 Scatterplots of mean PC vs porosity for the REU. Blue points represent the mean PC value of each core
plug and their measured porosities. Orange points denote only the most homogenous sanifil4 fdofreore
plugs with the lowest SD).
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