
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IDENTIFYING THE 

MINERALOGICAL INFLUENCES ON 

POROSITY-PERMEABILITY 

VARIATION IN SANDSTONE, 

USING SHORT-WAVE INFRARED 

SPECTROSCOPY: 

IMPLICATIONS FOR GEOTHERMAL 

POTENTIAL IN TWENTE 

MAHASEN KULUGAMMANA 

July 2024 

SUPERVISORS: 

Dr. C.A. Hecker  

Prof. dr. Mark van der Meijde 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis submitted to the Faculty of Geo-Information Science and Earth 

Observation of the University of Twente in partial fulfilment of the 

requirements for the degree of Master of Science in Geo-information 

Science and Earth Observation. 

 

Specialization: Applied Remote Sensing for Earth Sciences 

 

 

SUPERVISORS: 

Dr. C.A. Hecker  

Prof. dr. M. van der Meijde 

 

THESIS ASSESSMENT BOARD: 

Dr. H. van der Werff (Chair) 

Dr. P. de Groot (External Examiner, dGB Earth Sciences) 

 

 

 

 

 

IDENTIFYING THE 

MINERALOGICAL INFLUENCES ON 

POROSITY-PERMEABILITY 

VARIATION IN SANDSTONE, USING 

SHORT-WAVE INFRARED 

SPECTROSCOPY: 

IMPLICATIONS FOR GEOTHERMAL 

POTENTIAL IN TWENTE 

 MAHASEN KULUGAMMANA 

Enschede, The Netherlands, July 2024 



 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

This document describes work undertaken as part of a programme of study at the Faculty of Geo-Information Science and 

Earth Observation of the University of Twente. All views and opinions expressed therein remain the sole responsibility of the 

author, and do not necessarily represent those of the Faculty. 

 





 

i 

ABSTRACT 

Geothermal energy development requires specific subsurface conditions to realise the resource 

economically. Geothermal energy is gradually becoming popular and developing as a clean, sustainable 

power source in the Netherlands. The Twente region in East Netherlands also carries out geothermal 

explorations focusing on the sandstone reservoirs in the Tubbergen Formation, which has been identified as 

having geothermal potential. Existing drillhole data from extensive hydrocarbon explorations within the 

region suggest that the porosity and permeability of the Tubbergen sandstone are highly variable, posing a risk 

for successful geothermal developments. Publicly available scientific information on the porosity-

permeability variation is extremely rare to find. Thus, the current research used infrared spectroscopy 

techniques to reveal the mineralogical factors affecting the Tubbergen sandstone's porosity-permeability. 

The study is based on the porosity-permeability data from two drill holes (Fleringen 1/ FLN and Reutum 

1/ REU) located north of the University of Twente. Porosity-permeability data was measured on drill core 

plugs obtained from the depth levels of Tubbergen sandstone layers. The porosity vs permeability plot of the 

drillhole data shows two distinct trends. FLN samples create one trend while REU samples show another 

trend with relatively higher permeability values for the same porosity than FLN. The same core plugs were 

used to acquire shortwave infrared (SWIR) hyperspectral data and analyse the mineralogy to compare it with 

porosity-permeability data to identify the relationships between the two petrophysical properties and 

mineralogy. 

SWIR data was mainly studied using principal component (PC) analysis. The first 12 PC bands were selected 

for useful information and to conduct further analysis. Mean PC values from each band for each sample 

were compared against porosity-permeability value to recognise the PC bands, which shows a trend with 

petrophysical properties. Identified PC bands were further analysed by comparing the image spectra from 

PCs' dark and bright pixel locations. Brightness intensity (albedo), kaolinite crystallinity (KC), illite/kaolinite 

relative proportion, and siderite were identified with SWIR data as the controlling factors of porosity 

permeability. Since PC bands can consist of multiple spectral information, band math operations were used 

to clarify the effect of individual factors. Mean values of the band math operations for each sample were 

compared against the porosity and permeability to identify the relationships. 

Finally, it is revealed that high KC and siderite cause a reduction in porosity, while high illite to kaolinite 

relative proportions reduce both porosity and permeability. Albedo variation distinguishes the abundance 

of feldspar-quartz relative to clay, with high and low albedo values, respectively, and indicates a positive 

relationship with the porosity. As the next step, mineralogical factors were visualised on the SWIR data with 

linear spectral unmixing, using spectra of siderite, high KC kaolinite, low KC kaolinite, and illite as 

endmembers. Spectral unmixed results were visualised as RGB colour composite. Endmember distributions 

showed that illite content in REU is relatively low compared to FLN, which explains the high permeability 

values of REU samples. 

 

Key words: Sandstone porosity-permeability, Tubbergen formation mineralogy, SWIR hyperspectral 

spectroscopy, Principle component analysis 
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1. INTRODUCTION 

1.1. Geothermal Energy 

Geothermal resources contain the heat energy beneath the Earth's surface, encapsulated within rocks, 

aquifers, and confined steam. For these resources to be viable, the underground rock structures must possess 

enough porosity to retain fluids or steam that draws thermal energy from the surrounding rocks. 

Additionally, these formations should have the necessary permeability to allow the movement of fluids 

(Goldstein et al., 2011). This fluid movement is essential for extracting energy in economically feasible 

quantities. Therefore, porosity-permeability (poro-perm) is a critical element in evaluating the potential of 

geothermal reservoirs (Worden et al., 2018). 

Poro-perm is primarily determined by the size and shape of grains, the spatial distribution of particles, and 

the diagenetic alterations they undergo (Boggs, 2009). In particular, the formation of in-situ sedimentary 

minerals (authigenic minerals), mineral hydration, and the compaction due to sediment burial tend to reduce 

poro-perm, whereas dissolution processes enhance it (Wolela & Gierlowski-Kordesch, 2007). Common 

structural grains such as quartz, feldspar, and mica originate from initial sedimentary deposits (Tucker, 2001), 

while diagenesis and mechanical infiltration introduce clays and muds (Walker et al., 1978; Whetten & 

Hawkins, 1972). Also, carbonates and evaporites play a significant role in developing and creating secondary 

porosity (Schmidt et al., 1977). Morad et al. (2010) outlined the standard diagenetic sequence in sandstones, 

which includes mechanical compaction, dissolution of less stable materials, coating of grains, substitution 

by clays, carbonate cementation, and mineral overgrowth. Notably, these diagenetic processes greatly 

influence the heterogeneity of sandstone reservoirs and, as a result, their overall quality. 

1.1.1. Geothermal exploration in the Netherlands 

Presently, The Netherlands is exploring and investing in all the potential renewable energy (RE) sources to 

reach their energy target of 100% from REs by 2050, as for many other countries (Hannan et al., 2021). In 

2022, 15% of the Netherlands' total energy was generated from RE sources, where biomass, wind, and solar 

are the main contributors, while geothermal and other sources contributed a minor percentage (CBS, 2023a). 

Although the Netherlands started the development of geothermal resources a few decades ago, geothermal 

energy accounts for just over 1% of the total energy (including electricity) (CBS, 2023). Nevertheless, the 

potential for geothermal energy within the Dutch subsurface is believed to be greater than what is currently 

being utilised (Mijnlieff, 2020). The geothermal reservoirs in the Netherlands, much like the country's 

hydrocarbon reservoirs, are situated within sedimentary rock formations, which consist of porous and 

permeable sandstone and carbonates of Cenozoic, Upper Jurassic to Lower Cretaceous, Triassic, Rotliegend, 

and Lower Carboniferous ages (MEA, 2017). 

The extensive hydrocarbon exploration and extraction activities carried out in the Netherlands over the 

years have yielded a wealth of subsurface geological data, which is also invaluable for geothermal exploration, 

especially in regions that have not yet been investigated specifically for geothermal energy, due to the 

similarities between hydrocarbon and geothermal reservoirs. The geothermal resources in the Netherlands 

are classified as low-temperature systems, with an average geothermal gradient of 31°Ckm-1 (Bonté et al., 

2012). 

Like hydrocarbon reservoirs in the Netherlands, the yield of geothermal reservoirs is a key factor (Mijnlieff, 

2020) directly linked to reservoir quality. Therefore, investigating reservoir mineralogy is crucial for poro-

perm evaluation (Goldstein et al., 2011). According to Buijze et al. (2023), about 20 geothermal projects are 
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currently active 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., 2023). Reservoir 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 from 5 ð 100 Dm. Even though the temperature is increased towards depth, 

in general, porosity, permeability, and transmissivity are typically reduced with increasing depth. The 

minimum transmissivity of 10 Dm is required for economically successful geothermal projects (Mijnlieff, 

2020). Accordingly, the optimal depth range for geothermal energy realisations with sufficient heat and 

transmissivity is often considered the 1500 ð 3000m range (Buijze et al., 2023). The 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 the Tubbergen formation, Twente 

The eastern part of the Overijssel province of the Netherlands is known as Twente. Geothermal explorations 

are ongoing in the region, but no production wells have been established yet (NLOG, 2023). Using the 

information from the existing drill holes, researchers have recognised that the sandstone reservoirs within 

the Tubbergen formation carry geothermal potential (Mijnlieff, 2020; Veenstra et al., 2020). The formation is 

named after the Dutch village Tubbergen. The formation's lateral extension covers most of the northeastern 

part of the countryõs subsurface (Figure 1.1), making the Tubbergen formation a suitable target for further 

investigation. The University of Twente is also considering establishing a geothermal well within the 

premises, possibly targeting the Tubergen Formation, which is an additional inspiration for the current 

research. 

According to the TNO-GDN (2024), the formation is characterised by layers of sandstone, mudstone, and 

occasional narrow coal seams varying in thicknesses. The sandstone grain sizes range from fine to very 

coarse, with a moderate degree of sorting. Thus, the depositional setting of the formation is depicted as a 

braided fluvial environment from the late Carboniferous age (Figure 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 depth. The Maurits formation underlies the Tubbergen formation and 

can be recognised by increasing coal seams in mudstone with lesser sandstones towards depth. On top of 

the Tubbergen, De Lutte formation is available and identified by dominating reddish-brown sandy mudstone 

(Figure 1.2). 

Veenstra et al. (2020) showed the poro-perm variation of the Tubbergen formation 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 shown in Figure 1.3 (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 permeability-porosity heterogeneity 

can result from a dynamic depositional origin, like braided-fluvial. The authors also emphasise the very high 

poro-perm values closer to the faults extending from Gronau (Gronau Fault Zone; (Duin et al., 2006)). These 

historic poro-perm measurements show that certain sections of the Tubbergen formation have poro-perm 

similar to existing Dutch geothermal doublets. However, the poro-perm variation becomes a geological risk 

for geothermal resource development (Veenstra et al., 2020). 
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Figure 1.1: Lateral extension of the Tubbergen formation. The Tubbergen formation and Gronau Fault Zone are only 
indicated within the Netherlands. They do not indicate the actual geographical extent; they are only illustrated for visual 
interpretation. Modified after TNO-GDN (2024) and Veenstra et al. (2020). 

 

 

Figure 1.2: Chronostratigraphy of the Tubbergen formation, which is grouped in onshore fluvial-lacustrine deposits, 
overlayed by De Lutte formation and underlaid by the Maurits formation. Modified after NLOG, (2024). 
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Figure 1.3: Porosity and permeability variation of Tubbergen sandstone in Twente from five drill holes: FLN ð 01, TUM 
ð 01, REU ð 01, AMO ð 03, and LUT ð 06 (NLOG, 2023b). The Tubbergen formation is found at different levels 
between 1470 and 3193m depths. The sub-trend enclosed in a red ellipse shows the clean sandstone. REU-01 has 
higher permeabilities for lower porosities, and AMO-03 has high values for both porosity and permeability. C1, C2, 
and C3 clusters are demarcated to highlight the value variation. Modified after Veenstra et al. (2020). 

1.2. Research Problem and Objectives 

The strong poro-perm variations within historic plug measurements of the Tubbergen formation (Figure 1.3) 

pose a risk for geothermal realizations within the Tubbergen formation. Publicly available scientific 

information on the exact causes of poro-perm heterogeneity is scarce. Therefore, this research aims to reveal 

the mineralogical factors associated with the poro-perm variation in the Tubbergen formation by investigating 

historic core plugs with state-of-the-art imaging spectroscopy core scanning. 

1.2.1. The main objective and the sub-objectives 

To identify the mineralogical factors causing the porosity-permeability heterogeneity of the sandstone in the 

Tubbergen formation, using shortwave infrared hyperspectral spectroscopy. 

¶ To identify the mineralogical factors that cause the porosity-permeability variation in Tubbergen 

sandstone core plugs. 

¶ To identify the distribution patterns of mineralogy that affect the porosity-permeability in Tubbergen 

sandstone core plugs. 

1.2.2. Research questions 

¶ What mineralogical factors affect the porosity and permeability of sandstone from the Tubbergen 

formation? 

¶ How does mineralogy distribution affect the porosity-permeability of the analyzed sandstone core 

plugs? 

¶ What causes the higher permeability values in REU ð 01 samples than FLN ð 01 for the same 

porosity values? 
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2. RESEARCH DATA 

Two types of data were used in the study. First is the porosity and permeability data of the Tubbergen 

formation from two drillholes. The second dataset is the SWIR data of the same drill core plugs on which 

the poro-perm was measured. 

2.1. Porosity and Permeability Data 

Poro-perm information is obtained from the two drill holes indicated in Figure 1.3, publicly available in 

NLOG (2023b). The two drill holes are FLN ð 01 (FLN) and REU ð 01 (REU), named after the region 

they were drilled. According to the details in Table 2.1, none of the drill holes penetrates the complete 

thickness of the Tubbergen formation. 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 plugs with poro-perm values 

than REU. Additionally, on top of the Tubbergen formation in FLN, De Lutte formation is available with a 

119m (1764 ð 1883m) thickness where the whole section was cored, which the core-plugs also contain high 

poro-perm values, thus used in this research. The poro-perm analyses were compiled by the Dutch 

Petroleum Company (Nederlandse Aardolie Maatschappij - NAM). 

Apart from the NAMõs poro-perm analysis, another poro-perm analysis report has been compiled by the 

Geological Laboratory of C. Deilmann mining company from Germany for a selected 61 FLN samples. The 

current study used only the data from the NAM report. The differences between the two datasets are given 

in chapter 4.1. 

Table 2.1: A summary of the drill holes where the core plugs were obtained. The section that belongs to De Lutte 
formation is highlighted in grey. 

Drill 
hole 

Completion 
date 

End depth 
(m) 

Details of Tubbergen formation Cored 
sections From (m) To (m) Thickness (m) 

FLN 21-Jan-1966 1968 
1764 1883 117 

All 
1883 1968 85 

REU 10-Apr-1970 2571 2213 2571 358 
2250 - 2260 m 

2545 - 2555 m 

2.2. SWIR Hyperspectral Data 

To analyse the mineralogy of poro-perm variation using SWIR spectroscopy, the same samples used for 

measuring the poro-perm were obtained from the NAM core repository in Assen. 478 plugs are available for 

FLN. Most REU data points have two plugs representing each label; consequently, 209 plugs are available 

for 108 labels. All the plugs are cylindrical with a diameter of about 2.7cm (Figure 2.1). Several samples were 

distorted during the permeability measurements, as indicated in the original core analysis documents 

(NLOG, 2023b), and they only have porosity values. FLN 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. 
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Figure 2.1: Four of the core plugs used in the research. (a) A plug 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. Plugs from both drill holes 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 porosity-permeability data, SWIR data acquisition and 

preprocessing, and analysing the two data types to achieve the objectives. The analysis combined poro-perm 

data with SWIR spectral information to reveal the mineralogical factors affecting poro-perm variation. 

3.1. Porosity-Permeability Data Preparation 

The poro-perm data from NAM are available as website text and as the scanned copy of the original report 

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 means 

several samples are unavailable within the sequence. A reliable link between the samples and their respective 

poro-perm measurements is imperative for a valid result. Therefore, to avoid confusion, the poro-perm data 

table was sorted out by physically inspecting the plugs and comparing them with poro-perm values. Adjacent 

plugs with high and low permeability values were inspected with a hand lens to identify textural and 

mineralogical differences that can be related to corresponding values in the table. Also, plugs were visually 

compared with the slabbed drill-core photos (NLOG, 2023b) to check that the corresponding label and 

depth of plugs match the core slab's appearance (colour, textures) at the relevant depth. Also, disintegrated 

plugs should not have permeability values during the measurement, while they can have porosity values in 

the table. To check the labelling sequence, such plugs were compared against the data points indicated as 

"disintegrated samples" in the poro-perm table. 

Additionally, poro-perm 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 between 0 ð 0.4 mD. 

Thus, the mid value of the range, which is 0.2 mD, was 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 current 

research. 

Poro-perm data of well REU did not have confusion with plug numbers and data points. It has labelled 

plugs from 1 ð 108 without blanks. Similar to FLN, few disintegrated plugs during the permeability 

measurement have no permeability values and plugs with extremely low permeabilities are indicated as <0.4 

mD. 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 plugs were considered to have 

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 similar poro-perm values, 

contrasting textural differences are seen, as in Figure 3.1. It is uncertain that the petrophysical properties 

were measured using the same techniques for several reasons (no mentions were found of the measuring 

techniques). Even though the poro-perm analyses used in the research were compiled by the NAM, the drill 

holes were made four years apart so that different techniques could have been used. If the same techniques 

have been used, various geological processes can cause different mineralogy/textures to produce similar 

poro-perm conditions. Therefore, FLN and REU data were analysed separately to avoid uncertainties. 
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Figure 3.1: 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. SWIR Imaging Spectroscopy of Drill Core Samples 

In geology, the spectroscopy of minerals is studied using the visible to infrared (IR) wavelength range (0.4 - 

14 Ǫm) with a foundation laid by Hunt et al. (1970), where most minerals show diagnostic absorption and 

emission features in reflectance and emittance spectra, due to the different electron and molecular structure 

of the compounds (Hunt, 1977). Specific IR wavelength ranges are important when studying certain mineral 

groups. The main rock-forming minerals (detrital), such as quartz, feldspar, and micas, exhibit distinct 

characteristic features in the thermal IR (TIR) spectrum (Christensen et al., 2000). Similarly, clays and 

carbonates show features in the short-wave IR (SWIR) spectrum (Clark, 1999; Hunt, 1977). Minerals 

containing Fe display their unique features in the visible-near IR (VNIR) spectrum (Clark, 1999; Hunt, 1977). 

Since clays and carbonates are crucial mineralogies that affect sandstone porosity-permeability, SWIR 

spectroscopy was chosen to carry out the research.   

Eventually, the spectroscopy method evolved to high-spectral resolution (hyperspectral) imaging (HSI) 

techniques. HSI is defined as image acquisition with hundreds (100 ð 200) of contiguous and registered 

spectral bands where each image pixel has a radiance spectrum (Goetz et al., 1985; Lodhi et al., 2019). In 

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 domains, as in all remote sensing (RS) platforms, from spaceborne to laboratory 

scale. Mathieu et al. (2017) summarise the HSI applications in geology, particularly in analysing drill cores. 

Various instrumentation configurations have been developed to acquire data for rocks, drill cores, and chips 

at a laboratory scale (Okada, 2022). Additionally, many methods exist for the subsequent data processing 

(Asadzadeh & de Souza Filho, 2016). 

Therefore, HSI is an ideal method for this research to analyse a large number of samples without any 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 arranged on a plastic scanning tray, facing the labelled surface upwards. Plugs were placed into 
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two parallel columns beside the centre tray axis of the tray. Fragmented samples were put together at the 

fitting edges. A 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 the 

relative position with each other, and a sample batch was ready to be scanned. Hyperspectral data of a 

prepared sample tray were acquired using the Specim SisuROCK VNIR & SWIR HSI system of ITC, 

University of Twente, with the instrument settings mentioned in Table 3.1. 14 scans were done to acquire 

the data for 691 plugs from both drill holes. 

 

Table 3.1: Instrument configuration for HSI acquisition 

Camera VNIR  SWIR 

Pixel size (µm) 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 using the Hyperspectral Python (HypPy) package (Bakker, 2011) 

and ENVI software (Exelis Visual Information Solutions, Boulder, Colorado). SWIR raw data from the 14 

scans were converted to 14 reflectance images, each with 288 spectral bands. Then, the images were left-

right rotated/flipped because the sensor acquired the data as left-right flipped to the true appearance. 

All the HS images were mosaiced together to create a single HS image. Noisy bands of the image mosaic, 

identified by the unrealistic reflectance values (reflectance below ô0õ or exceeding ô1õ) in the image statistics, 

were removed from the edges of the spectral range by spectral sub-setting. Also, the statistics plot showed 

abrupt increases (spikes) on the "maximum" plot caused by the corrupt image pixels and needed to be 

removed before further processing. For convenient purposes, the statistics of individual images were 

examined for spikes, and few images had maximum plots with spikes, as in Figure 3.2. The band positions 

of the troughs and crests were noted, and the band math operator shown in Figure 3.2 was used to get the 

cumulative ratios between a crest and the associating trough. The band math operator generated a 

monochrome raster contrasting the corrupt pixels (bad pixels have higher values and are seen in brighter 

tones). The cumulative ratios enhance the effect of corrupt pixels rather than taking a single ratio. Identified 

corrupt pixels were masked on the relevant location on the image mosaic. Furthermore, the edges of the 

disintegrated samples and 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 absorption features (Figure 

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 plastic 

absorption features in reflectance spectra, and the band math operation was used to contrast the plastic and 

rocks (Figure 3.3) 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 was 

removed inwards from existing sample boundaries to remove the remaining rock-plastic mixed pixels. At 

the end of the spatial sub-setting 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 

applied to smooth the image spectra. 
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Figure 3.2: The statistics plot of a single reflectance image with corrupt pixels and the band math operator for 
highlighting the spike-causing pixels in the red-coloured "Maximum" 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. 

 

Figure 3.3: Three reflectance spectra of the plastic scanning tray and indicated wavelength positions for the band math 
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. Identifying the Mineralogical Factors of Porosity-Permeability Variation 

Principal Component Analysis (PCA) was used to derive spectral information of mineralogy from the 

hyperspectral image. Values of useful principal components were assigned to each sample and then used for 

statistical analysis with poro-perm data. PCA spectral indicators with clear relationships to poro-perm were 

explored empirically to recognize their mineralogy. 
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3.3.1. Principal component analysis of the SWIR 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 original 

data (Jolliffe, 1986). PCs are derived as linear combinations 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 other 

words, PCs are obtained from the original data, where PC1 has the maximum variance from the original 

data, the next PC (PC2) has the maximum variance from the remaining data, and so on. Therefore, PCA is 

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 PCA 

becomes a useful data processing technique (Burger & Gowen, 2011) since certain bands do not contain 

useful information. PCA in HS images is used to obtain a new 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 characteristics are used to 

identify what contains each PC band that can be related to mineralogy (Asadzadeh & de Souza Filho, 2016). 

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 spatial 

behaviour of the groups can be analysed to understand the unique characteristics (spectral indicators) that 

define a group and how they are distributed across the samples. The individual spectral indicators (PCs) on 

samples can be obtained as a relative quantity for the considered PC and can be linked with its physical 

property values to find the correlation between mineralogy and poro-perm of sandstone plugs. 

Two PCAs were done separately for the pre-processed image for FLN and REU core plugs. Because the 

two poro-perm datasets may not have been measured with similar techniques, and different geological 

processes may have influenced the two. Therefore, analysing both together can cause erroneous results. 

The first PC bands from the two analysis results were empirically observed as greyscale/monochrome 

images to identify the decreased sensible information until the PC bands were seen as noisy images. The 

first 12 PC bands were decided to have useful spectral information. Then, RGB colour composites of 

different PC band combinations were created to visualise spectral patterns (compositional difference) on 

and across the samples. 

3.3.2. Relationships between PC bands and porosity-permeability 

As a preliminary qualitative analysis, different RGB colour composites of PC bands were compared with 

poro-perm values by placing them side-by-side to identify high-low zones of porosity and permeability in 

the colour composites. To make zones more evident, the samples of clearly identified colour groups in 

colour composites were indicated on the poro-perm 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 physical 

properties. The mean and standard deviation (SD) of PCs for each sample were calculated, and data tables 

were populated for every plug, including porosity, permeability, and PCs as attributes. The data tables were 

used to create scatterplots of PC mean SD against porosity permeability and to visualise the trends between 

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

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 the 

homogenous (low variability) samples for the PC, which can be considered as the representative for the PC. 

The poro-perm of such homogenous samples can be considered to correspond most closely to spectral 

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 extracted. The two 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 obtained from the 

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 continuum-removed (and offset) spectra (Pontual et al., 1997c). The behaviour 

of the overall spectrum, shape, depth of the features, and reflectance were compared with USGS spectral 

library version 7 (Kokaly et al., 2017) to determine the mineralogy. 

3.3.3. Relationships between band math-derived mineralogical components and porosity-permeability 

A single PC band contains several spectral information, and different PC bands contain similar spectral 

features. Therefore, confusion may arise when determining the exact causes of poro-perm variations. 

Therefore, specific spectral mineralogical components observed in PC bands, such as albedo, Ferrous iron 

(Fe2+) response, mineral crystallinities and relative abundances, were separately calculated using band math 

operations (ratios and arithmetic operations of the reflectance values at defined wavelength bands) and 

absorption feature depth ratios to assess against porosity and permeability. 

Albedo variation of the pixel spectra was visualised using the SWIR band 1600.72nm (B1600.72) because the 

wavelength position has the highest reflectance value due to the absence of absorption features on pixel 

spectra. 

Kaolin-group 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 lattice. 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 the kaolin-group mineral 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 2200nm (Guatame-García et al., 2018; Pineau et al., 2022). 

Fe2+ response, which causes the tilt/drop/slope of the SWIR spectra observed within the wavelength range 

of 1300 ð 1600nm, was determined using the R1600.72/R 1301.87 ratio (adopted from Pontual et al. (1997b)), 

where ôRõ is the reflectance value of the mentioned wavelength positions. 

Illite: 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 from Pontual et al. (1997b) was used to suit the relevant AlOH absorption feature 

positions from the dataset. The ratio is defined by dividing the shorter wavelength band (unique kandite 

group AlOH feature) by the longer wavelength band (common AlOH 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 a poro-perm influencing factor in Tubbergen sandstone. 

In SWIR spectroscopy, ISM variation is determined by the ratio between feature depths of AlOH around 

2200nm and water around 1900nm (Zhou et al., 2022). Many published scientific literature used the term 

òillite crystallinityó (IC) for the depth ratio derived from reflectance spectroscopy. Doublier et al. (2010) 

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 by the feature depth ratio between the AlOH feature at 2206.38nm and the 

water feature at 1915.07nm, which was adopted from Pontual et al. (1997b) to suit the main AlOH 
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absorption feature position of illite in the dataset. Depths were calculated using continuum-removed spectra 

of the mosaic of pre-processed images. 

Calculated parameter values for each sample were compared against porosity and permeability to reveal the 

relationships. The mean values of B1600.72, Fe2+ response, KC, illite : kaolinite relative proportions, and ISM 

were plotted against petrophysical properties, highlighting homogenous samples for the parameter (the 

lowest 1/3 after normalising the SD). This way, it can be visualized whether poro-perm has clearer 

relationships with the most representative samples for a considered spectral parameter, and it can be 

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 as 

mineral grains. Thus, an image pixel may cover multiple minerals at once, causing the pixel spectra to contain 

the spectral signatures of the minerals within its boundary. Therefore, the pixel must be òspectrally unmixedó 

to estimate the mineral constituents (all or some) in the pixel, which involves separating the pixels' spectrum 

into constituent spectra known as spectral endmembers and their fractional abundances per pixel. In linear 

spectral unmixing, it is assumed that the observed spectral signature of a pixel is a linear combination of the 

spectral signatures of the materials present in the considered pixel (Bioucas-Dias et al., 2012).  

Identified mineral indicator spectra in PCA and band math operations for causing poro-perm variations 

were used as the endmembers to classify the SWIR image by linear unmixing. Unmixing results were shown 

as endmember colour composite to visualise their distribution across the analysed samples. 
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4. RESULTS 

4.1. Rearranged Porosity-Permeability Data 

The rearranged poro-perm data for FLN from the original Dutch report is given in Appendix 1. A 

comparison of values from the German and Dutch reports is shown in Figure 4.1. Two plots compare the 

porosity and permeability separately from both reports. The relative differences between the two sources 

can be seen with one-to-one reference lines in the plots. Values from the two reports are not identical in 

terms of both porosity and permeability. In the porosity plot, many values plotted below the one-to-one 

line indicate that the values from the Dutch report are higher than those from the German report. In the 

permeability plot, many values are plotted above the on-to-one line, indicating that many values from the 

Dutch report are lower than those from the German report. However, they are relatively comparable except 

for a few measurements that show a drastic variation from the trend. 

 

Figure 4.1: The comparison of two laboratory poro-perm analysis reports from Germany and the Netherlands for 
FLN. (a) Porosity comparison. (b) Permeability comparison. Tabular data for the two plots is given in Appendix 2 

The poro-perm data for REU is given in Appendix 3. 

4.2. Pre-processed SWIR Hyperspectral Data 

Figure 4.2a shows an IR false colour composites of the raw reflectance HS data array. Removal of noise 

bands (Bands 1 ð 8 and 283 ð 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 pixels, respectively 

(Figure 4.2b). A cleaned image after removing all irrelevant pixels is shown in Figure 4.2c. 

 

Figure 4.2: Preprocessing 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 false colour composite. (b) 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 preprocessing (Figure 4.3). Notable 

features are seen in the mean plots at 1400nm, 1900nm, and around 2200nm wavelengths, caused by the 

most abundant spectral features from all the remaining pre-processed image pixels (pixels of rock samples). 

The three features at the mentioned wavelength positions indicate the rich presence of hydroxyl (OH), 

water, and AlOH (Hunt, 1977; Hunt et al., 1970) molecules within the sample constituents. 

 

Figure 4.3: The statistics plot of the pre-processed HS image mosaic. Note the disappearances of spikes in the òmaxó 
plot and the shapes of plastic spectra after the preprocessing when compared with Figure 3.2. Absorption features 
from the dominant constituents from the rock pixels at 2200nm, 1900nm, and 1400nm wavelengths can be seen in 
mean plots. 

After completing the basic image preprocessing, the image had to be further processed to remove the noise 

in pixel spectra, and the òFast mean 1+5+1 neighbourhood filteró (in HypPy) was applied. Figure 4.4 shows 

filtering effects on an image pixel, suppressing the noise. 

 

Figure 4.4: Comparison of two spectral profiles of the same rock pixel before and after the òFast mean 1+5+1 
neighbourhoodó smoothing filter. Small wiggles in the left spectrum have disappeared in the right spectrum after 
filtering. 

Several image pixels from clastic minerals, such as quartz and feldspar, show some of the plastic trayõs 

absorption features in their spectra, similar to Figure 4.5:. 

The preliminary observation after the preprocessing shows that image pixels are heavily dominated by 

kaolinite features and, to a much lesser extent, with illite/sericite. Carbonate features and Fe2+ reponse are 

also indicated in pixels. Example spectra observed in the image are shown in Figure 4.6. 



IDENTIFYING THE MINERALOGICAL INFLUENCES ON POROSITY-PERMEABILITY VARIATION IN SANDSTONE, USING SHORT-WAVE INFRARED SPECTROSCOPY: 

IMPLICATIONS FOR GEOTHERMAL POTENTIAL IN TWENTE 

 

16 

 

Figure 4.5: An example of pixel spectra from quartz (in blue) and feldspar (in orange) clasts containing absorption 
features similar to plastic trays. The plastic spectrum is indicated in black colour. Plastic absorption feature positions, 
seen in quartz and feldspar, are indicated by dashed lines. 

 

Figure 4.6: 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) Continuum-removed offset reflectance profiles. Note that the broad feature of ferrous drop 
(blue spectrum) on the continuum-removed profile is not an actual absorption feature but an effect of hull-removal of 
the spectrum (Pontual et al., 1997c). 

4.3. PCA results of SWIR Image 

PCA statistics of the first 13 principal components of FLN and REU are given in Table 4.1 and Table 4.2. 

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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Table 4.1: PCA Statistics of the first 12 principal components of FLN and the scree plot of eigen values. 

PC band Eigenvalue Cum. %  

1 1.71517 93.67% 

2 0.068928 97.44% 

3 0.041085 99.68% 

4 0.002056 99.79% 

5 0.001534 99.88% 

6 0.000842 99.92% 

7 0.000368 99.94% 

8 0.000183 99.95% 

9 0.000163 99.96% 

10 0.000118 99.97% 

11 0.000105 99.97% 

12 0.000049 99.98% 

 

Table 4.2: PCA Statistics of the first 12 principal components of REU and the scree plot of eigen values. 

PC band Eigenvalue Cum. %  

1 1.213847 93.49% 

2 0.06148 98.23% 

3 0.017047 99.54% 

4 0.002681 99.74% 

5 0.00118 99.84% 

6 0.000737 99.89% 

7 0.000325 99.92% 

8 0.000185 99.93% 

9 0.000164 99.94% 

10 0.000112 99.95% 

11 0.000091 99.96% 

12 0.000064 99.96% 

 

The RGB colour composites of the first three PC bands from FLN and REU are shown in Figure 4.7 and 

Figure 4.8, respectively. For both datasets, PC3, PC2, and PC1 are assigned as red, green, and blue, 

respectively. The sample arrangement with labels is shown adjacent to each colour composite. The sample 

pixels exhibit the colours according to the proportions of constituent PCs. The relative proportions of 

constituent PCs of a sample pixel can be determined by referring to the pixel colour in the RGB legend. For 

an example, purple pixels resulted by the combination of blue (PC1) and red (PC2). Pink is seen if the red 

is more abundant than blue. If pixels seen in with a brightness close to white, they are most likely enriched 

with all the three PCs. Vice versa, pixels are seen in reduced brightness (black). 
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Figure 4.7: (a) RGB colour composite of the PC bands 3, 2, and 1 for FLN, showing the variations across the samples with the constituent PCs. (b) Labelled plugs in Figure 11a. 
The samples are organized in a downhole direction, going from top to bottom and then left to 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 in white font. The Beginning of De Lutte formation is indicated 
as S-DL and the ending as E-DL. The beginning of the Tubbergen formation is indicated as S-Tb.
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Figure 4.8: (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, going 
from top to bottom and then left to 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 in 
white font. 

Figure 4.9 shows the coloured poro-perm plot of FLN by assigning similar representative colours to the 

samples from the PC colour composite in Figure 4.7. Data points are concentrated into three zones. Purple 

(blue/PC1 and red/PC2) and yellow (representing the samples with all three PCs) points occupy higher 
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poro-perm regions. The sharp bottom line consists of points with green varieties dominating PC2 (all the 

points in the line have a permeability value of 0.2mD). The data point group between the bottom line and 

high poro-perm group consists of all three PCs, orange, greenish, and dark purple, with varying proportions. 

 

 

Figure 4.9: Porosity vs permeability plot of FLN with the colours from PCA colour composite in Figure 4.7, assigned 
to corresponding samples. Data point colours were chosen to represent the colours from PCA colour composite. Data 
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). 

Figure 4.10 shows the coloured poro-perm plot of REU by assigning similar representative colours to the 

samples from the PC colour composite in Figure 4.8. Data points are mainly concentrated in two zones. 

Purple (blue/PC1 and red/PC2) points occupy higher poro-perm regions. The sharp bottom line consists 

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

 

 

Figure 4.10: 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 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). 
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4.4. Relationships between PC Bands and Porosity-Permeability 

A scatterplot series of the PC mean value of each plug against the porosity and permeability was created for 

the first twelve PC bands to identify the spectral indicators that change with porosity and permeability. For 

each plot, all the available data points are shown in blue, and the most homogenous samples (the sample 

with the lowest 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 FLN in Figure 4.11, 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 mean 

PC plots from FLN samples in Figure 4.12 do not show a clear relationship. 

The REU plots of the porosity vs mean PC in Figure 4.13 show 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 bands in Figure 4.14. 

Additionally, another series of scatterplots were created with the PC standard deviation (SD) of each plug 

against the porosity and permeability to visualise the behaviour of physical properties with the spread of 

each PC band information. In the porosity vs PC SD plots of FLN (Appendix 4), 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 to a rapid increase of porosity, which later 

stabilizes. PC5, PC10, and PC12 also show similar shape in trend but more intense. 

Permeability vs PC SD plots of FLN (Appendix 5) 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 relationship 

with permeability. 

All REU porosity and permeability plots with PC SD (Appendix 6  and Appendix 7) have recognisable 

positive trends. They all appear as linear trends with varying correlations. 
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Figure 4.11: Scatterplots of mean PC vs porosity for the FLN - 01. Blue points represent the mean PC value of each 
core plug and their measured porosities. Orange points denote only the most homogenous samples for the PC (1/3 of 
core plugs with the lowest SD). 
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Figure 4.12: Scatterplots of mean PC vs permeability for the FLN - 01. Blue points represent the mean PC value of 
each core plug and their measured porosities. Orange points denote only the most homogenous samples for the PC 
(1/3 of core plugs with the lowest SD). 
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Figure 4.13: 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 samples for the PC (1/3 of core 
plugs with the lowest SD). 






















































































