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Abstract 

Pore fabrics represent the geometric arrangement and network of pores in rocks, with a particular 

focus on the pore connectivity and orientation, which have a significant impact on the fluid flow 

within the pores. Accurately describing the pore fabric characteristics is critical in assessing the 

flow behaviour (connectivity, permeability) of underground fluid resources such as geothermal 

fluids, groundwater, and hydrocarbons. Thin section analysis is the most direct and fundamental 

method for observing and describing pore fabrics, but it usually only presents two-dimensional 

features. X-ray computed microtomography (XRCT) is certainly an effective way to non-

destructively observe samples and describe their three-dimensional features, but it is constrained 

by the trade-off between resolution and sample size. The magnetic pore fabric (MPF) method 

theoretically can detect pore sizes as small as 10 nm, but MPF is only empirically associated with 

pore fabrics and permeability characteristics, leading to potential biases in practical applications. 

Direct measurement of permeability anisotropy on samples is indeed a relevant method for 

determining the optimal flow direction of fluids, but the determination of measurement direction 

often requires prior knowledge of the fabric characteristics. If MPF can establish a more 

quantitative relationship with pore fabrics and permeability anisotropy, considering that 

impregnated samples can be prepared in large quantities at once and that MPF measurements are 

relatively simple and efficient, the MPF method is expected to provide a more accurate and 

efficient quantitative prediction of fluid flow direction in porous rocks. In this study, typical 

sandstones (Berea, Berea Spider, Bentheimer, Castlegate, Molasse, Salt Wash North) and 

carbonates (Calcarenite, Indiana limestone), as well as artificial rocks (quartz sandstone bonded 

by liquid glass, and hot isostatically pressed (HIP) calcite-muscovite mixture) with various 

porosities and pore fabrics were selected. For HIP samples, calcite and muscovite were mixed to 

simulate impure carbonate rocks. Irregular calcite and sheet-like muscovite grains were combined 

in ratios of 3:7, 5:5, and 7:3 to produce pore fabrics with different anisotropies. The grains were 

uniformly mixed and subjected to 20 MPa cold pressing, followed by 160 MPa and 670 °C hot 

isostatic pressing for 3 hours, resulting in a homogeneous structure. Pore fabrics were extracted 

using a combination of three mutually perpendicular thin sections. XRCT scans of samples were 

conducted to establish digital rock models, obtain pore fabrics, and simulate permeability 

anisotropy and MPF. Multiple sets of cores were sampled in various directions to form multiple 

sets of full tensor permeability anisotropy measurements for cross-comparison. The appropriate 

ferrofluids were selected based on the surface wettability and charge properties of the mineral 

grains, and then impregnated into the rock samples. Afterward, the MPF of each sample was 

measured. The research results demonstrate that pore fabrics, permeability anisotropy, and MPF 

generally exhibit consistent orientations for most samples. However, there are significant 

differences in the anisotropy degree and anisotropy shape. Simulated permeability anisotropy and 

MPF model show more similarity with XRCT-derived digital pore fabrics which they are based 

on, compared to directly measured permeability anisotropy and MPF, which exhibit differences in 

some samples. For HIP samples, MPF maintains consistent orientations with permeability 

anisotropy. The MPF and permeability anisotropy also exhibit similar changes in anisotropy 

degree with varying muscovite ratios. This is because the shape of flaky muscovite has a higher 

anisotropy degree compared to irregular calcite. As the muscovite content in the sample increases, 

the anisotropy degree of both MPF and permeability also increases. Overall, MPF and permeability 

anisotropy show a strong correlation in terms of orientation and anisotropy degree. Therefore, the 

MPF method can serve as an effective prior method for assessing the sample heterogeneity and 

pore fabrics, providing a robust tool for predicting optimal flow directions in the exploration of 

underground liquid resources, including geothermal energy and hydrocarbons.  
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1. Introduction  

1.1 Background  

Pore fabrics focus on the spatial arrangement and orientation of pores in rocks, describing the 

connectivity, distribution and anisotropy of the pore network. The fluid flow within pores is 

naturally constrained by the pore fabrics, thus characterizing the pore fabrics plays a pivotal role 

in the exploration and exploitation of fluid resources such as geothermal energy, hydrocarbons, 

and groundwater (Aliyu & Chen, 2018; Chen et al., 2020; Frosch et al., 2000; Gao & Hu, 2018; 

Kibria et al., 2018; Sun et al., 2021; Wagner et al., 2005; Yang et al., 2017, 2018; Zhang et al., 

2020). Despite the recognized importance, characterizing pore fabrics with sufficient accuracy and 

efficiency remains a significant challenge, hindering the ability to fully predict and manage fluid 

flow in complex geological formations. Currently, there are various direct and indirect methods 

for studying the pore fabrics and fluid flow characteristics of reservoir rocks, each with its own 

advantages and disadvantages.  

 

The utilization of optical microscopy to observe thin sections of rocks and the combination with 

image analysis remains a cornerstone technique for studying pore fabrics (Chen et al., 1999; 

Nishiyama & Kusuda, 1994, 1996; Přikryl, 2015). Its advantages lie in its relatively simple 

preparation process, and the contrast of the pore portions can be effectively enhanced by injecting 

fluorescent resin into the thin sections. When observed under a microscope equipped with UV 

light, the pore fabrics injected with fluorescent resin exhibit significant luminescent characteristics, 

facilitating easy characterization (Anselmetti et al., 1998; Chen et al., 1999, 2000; Hakami, 1995; 

Montoto et al., 1981; Nishiyama & Kusuda, 1994, 1996; Persson, 1998; Prévosteau et al., 1970; 

Přikryl, 2015; Prikryl & Kou, 1996). By increasing the magnification of the microscope, images 

with submicron resolution can be obtained, and observations of larger areas can be achieved 

through multiple scans and image stitching (Andriani & Walsh, 2002; Gustafsson, 2000; 

Heintzmann & Ficz, 2013; Ingham, 2010). However, the inherent limitation of thin sections is 

their two-dimensional nature. This 2D representation presents a significant challenge because the 

complex and three-dimensional connectivity of pore networks, which is critical for fluid flow, 

cannot be fully captured. A key gap remains in developing robust methods to accurately 

extrapolate 2D thin section observations to represent the true 3D pore fabric, and to quantify the 

uncertainties associated with this extrapolation. Additionally, there is a risk of damaging the pore 

fabrics during the process of polishing the mineral specimen (Heilbronner & Barrett, 2013). 

 

Another approach to obtaining pore fabrics is through X-ray computed microtomography (XRCT), 

a widely used method for acquiring three-dimensional structures within objects. By continuously 

scanning the sample laterally and combining the scans to generate a three-dimensional image of 

the sample, a digital model of the rock sample is established. Based on the digital rock model, the 

pore fabrics can be extracted for various types of analysis, such as pore shape, size, and distribution. 

Physical simulation experiments, such as simulating fluid permeation within pores, can also be 

conducted based on such digital pore fabrics (Andrä et al., 2013a; Holzer et al., 2011; Madadi & 

Varslot, 2009; Madonna et al., 2012; Pini & Madonna, 2016). Compared to two-dimensional 

images, acquiring and processing three-dimensional data requires more computational power. 

Using higher resolution and larger sample sizes significantly increases the data volume. Therefore, 

a persistent gap is the need for optimized XRCT workflows to efficiently process large datasets 

and extract representative pore fabric information across varying scales (Chen et al., 2020; Lai et 

al., 2018; Sun et al., 2021; Zhan et al., 2009; Zhang et al., 2020). This pore fabric information also 

should be representative of the overall sample characteristics and not simply a collection of 

individual pores. 

 

Assessing the fluid connectivity within rock pores in various directions is most directly done by 

measuring the permeability anisotropy of samples. However, this method typically requires prior 
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knowledge of the fabric orientation of the rock sample, such as bedding planes, paleoflow 

directions, etc., to determine the optimal direction of fluid migration. Then, at least two 

measurements are taken parallel and perpendicular to the structural orientation to calculate their 

anisotropy (Adams et al., 2013, 2016; Benson et al., 2003, 2005; Nabawy, 2018). However, relying 

solely on qualitative observation of fabric information from samples is not accurate enough and 

lacks quantification, potentially leading to misjudgement of the preferred flow direction. Without 

prior information about fabric, at least six measurements are needed to calculate the anisotropy 

characteristics of permeability, a second-order tensor (Coulson & Nye, 1958). Additional 

measurements in more directions can help assess the confidence of the results (Jelinek, 1977). 

However, full tensor measurements are too costly. Therefore, a gap exists for a stable, efficient, 

and convenient method to acquire prior information, thereby reducing the need for extensive 

measurements. 

 

Another indirect method for measuring pore fabrics and predicting permeability anisotropy is 

called magnetic pore fabric (MPF) (Pfleiderer & Halls, 1990, 1994). This involves injecting a 

highly magnetic ferrofluid into the sample and measuring the magnetic susceptibility in various 

directions by rotating the sample. The magnetic anisotropy of the impregnated sample reflects the 

overall magnetic anisotropy of the pores injected by ferrofluid, hence termed magnetic pore fabric. 

MPF provides a three-dimensional overall characterization of the sample without requiring a trade-

off between sample size and resolution, and also without requiring prior information about the 

fabric. Additionally, impregnated samples can be mass-produced at once, and MPF measurements 

are relatively simple and efficient. Most studies have shown that MPF exhibits relative consistent 

orientations with pore fabrics and permeability anisotropy (Benson et al., 2003; Louis et al., 2005; 

Pfleiderer & Halls, 1990, 1994). However, its anisotropy degree generally appears lower than that 

of pore fabrics and permeability anisotropy (Benson et al., 2003; Jones et al., 2006; Louis et al., 

2005; Nabawy et al., 2009; Pfleiderer & Halls, 1994). The results of MPF are influenced by various 

factors such as pore distribution, ferrofluid magnetism, and even measurement frequency 

(Biedermann, 2019; Biedermann et al., 2021). Further validation is needed to confirm the ability 

of the MPF method to predict the pore fabrics and permeation characteristics of rock samples. 

 

1.2 Research hypothesis and objectives 

The research hypothesis is to what extent can this study establish robust quantitative relationships 

among pore fabrics characterized by thin section and XRCT methods, permeability anisotropy, 

and magnetic pore fabric, and how robust are these relationships across diverse rock types, thereby 

providing a more integrated and efficient approach for porous media characterization and preferred 

flow direction prediction? 

 

To address the research question, the objectives are: 

⚫ To quantify geometric characteristics of individual pores using thin section and XRCT 

methods and develop a mathematical framework to integrate these individual pore features to 

derive overall pore fabric characteristics for direct comparison with other methods 

(addressing the gaps in 2D to 3D extrapolation and multi-method comparison) 

⚫ To establish quantitative relationships between pore fabrics (from thin section and XRCT), 

permeability anisotropy, and MPF, utilizing tensor representations to enable direct 

comparison and analysis of anisotropy degrees and orientations (addressing the gap in linking 

different methods and quantifying anisotropy relationships). 

⚫ To validate the robustness of these quantitative relationships across a diverse suite of 

sedimentary and artificial rock samples, assessing the generalizability of the integrated 

approach to various porous media (addressing the gap in validation and general applicability). 
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⚫ To evaluate the potential of MPF as a predictive tool for pore fabrics and permeability 

anisotropy, aiming to reduce the measurement burden and enhance the efficiency of porous 

media characterization (addressing the gap in efficiency and MPF validation). 

 

2. Theory and organization of the thesis 

2.1 Central concepts 

This chapter provides a theoretical foundation for understanding anisotropy in sedimentary rocks 

and the methods employed in this study to characterize pore fabrics and permeability anisotropy. 

To provide a robust theoretical framework for this thesis, it is essential to define and elaborate 

upon the concept of anisotropy within the context of rock properties. In geological materials, 

anisotropy refers to the directional dependence of physical properties. Sedimentary rocks, in 

particular, exhibit inherent anisotropy due to their formation processes, including depositional 

environment, compaction, and diagenesis. This intrinsic anisotropy significantly influences 

various rock characteristics, most notably permeability and pore fabrics, thereby critically 

affecting fluid flow behaviour within subsurface reservoirs. Understanding and quantifying 

anisotropy is therefore important for accurate reservoir characterization and the optimization of 

fluid resource exploration and development (Aliyu & Chen, 2018; Chen et al., 2020; Gao & Hu, 

2018; Kibria et al., 2018; Sun et al., 2021; Yang et al., 2017, 2018; Zhang et al., 2020).  

 

Mathematically, second-order tensors provide a powerful tool for representing and analysing 

anisotropic properties. A second-order tensor is a linear transformation that can be represented by 

a matrix, capturing directional variations in a property within a three-dimensional space. In the 

context of rock anisotropy, tensors can effectively describe properties such as permeability, 

magnetic susceptibility, and pore fabric. For a symmetric second-order tensor, diagonalization 

yields a set of orthogonal eigenvectors and corresponding eigenvalues. The eigenvectors (V1, V2, 

and V3) define the principal axes of the anisotropic property, indicating the directions of maximum, 

intermediate, and minimum magnitudes. The eigenvalues (typically denoted as a ≥ b ≥ c) quantify 

the magnitude of the property along these principal axes, with a representing the maximum, b the 

intermediate, and c the minimum. These eigenvalues and eigenvectors provide a complete 

quantitative description of the anisotropy, enabling the calculation of anisotropy degree (P = a/c, 

[1, ∞]) and anisotropy shape (U = (2*b - a - c)/(a - c), [-1, 1]) (Coulson & Nye, 1958; Jelinek, 

1981; Strang, 2022). 

 

Characterizing pore fabrics and permeability anisotropy in rocks necessitates a range of 

experimental and analytical techniques. Beyond the methods employed in this study, a broader 

spectrum of approaches exists, each with its own strengths and limitations. These methods can be 

categorized as follows: 

 

⚫ Pore fabric characterization techniques: In addition to thin section analysis and X-ray 

computed tomography, other advanced imaging techniques like micro-computed tomography 

(micro-CT) (Garum et al., 2020), focused ion beam scanning electron microscopy (FIB-SEM) 

(Devarapalli et al., 2017; Garum et al., 2020; Liang et al., 2024; Zhao et al., 2022), and 

transmission electron microscopy (TEM) (Bernard et al., 2013) offer higher resolution 

imaging of pore fabrics. Statistical methods such as mercury intrusion porosimeter (MIP) 

(Zhang et al., 2018) and Nitrogen gas adsorption (Kuila & Prasad, 2013; Schmitt et al., 2013) 

provide quantitative information on pore size distribution and surface area. Nevertheless, MIP 

and Nitrogen gas adsorption are limited in their ability to comprehensively characterize pore 

fabrics, especially regarding anisotropy. Although micro-CT, FIB-SEM, and TEM can 

achieve higher resolution images, their application is often restricted by smaller sample sizes 

that may not be representative, as well as complex and expensive experimental procedures. 
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Conversely, thin section method is advantageous due to its simplicity, efficiency, and low 

cost. XRCT method offers a more favourable trade-off between resolution and representative 

sample volume. 

 

⚫ Permeability measurement techniques: While this study utilizes steady-state gas permeameter 

with Klinkenberg correction, other methods exist, including the pressure pulse decay method 

(Dicker & Smits, 1988; Jones, 1997; Zhao et al., 2022) for low permeability rocks and 

oscillatory pressure method (Bernabe et al., 2006; Elkhoury et al., 2011) for dynamic 

permeability characterization. However, both latter methods are unsteady-state permeability 

measurements. The unstable fluid pressure inherent in these techniques can potentially induce 

greater damage to the rock pores, especially those exhibiting pressure sensitivity. 

 

⚫ Indirect anisotropy characterization methods: Besides MPF, elastic anisotropy offers another 

indirect description of pore fabrics. However, given that elasticity is a fourth-order tensor, its 

characterization demands extensive directional measurements or symmetry assumptions.  In 

parallel with permeability anisotropy assessments, directional velocity measurements 

necessitate oriented core samples.  Furthermore, seismic velocities are influenced by factors 

beyond pore fabrics, including microcracks, grain boundaries, and the intrinsic elastic 

anisotropy of individual grains. Consequently, seismic-based pore fabric characterization 

remains a challenge (Almqvist et al., 2011; Benson et al., 2003; David et al., 2017; Laurent 

Louis et al., 2004; Robion et al., 2014). Conversely, the MPF method used in this study 

establishes a relationship with pore fabrics without extensive measurements and is less 

susceptible to extra factors. 

 

In geology, the term "fabric" emphasizes the geometric arrangement and orientation of 

components within a rock, serving as a description of anisotropy that varies with direction. In 

contrast, "structure" refers to more general features. It is important to note that the terms "pore 

fabrics" and "pore structures" are both used to describe the arrangement and characteristics of 

pores. But pore fabric is a component of pore structure. Pore structure is the overarching term 

describing the complete characterization of the pore space, while pore fabric specifically focuses 

on the geometric arrangement of the pores and network of pores. Pore fabric examines how pores 

are interconnected and oriented, which can significantly affect the permeability. In this study, the 

primary focus is on any characteristics of pores related to the preferred flow direction. Therefore, 

pore fabrics are the main focus of the research, utilizing methods such as thin section analysis, 

XRCT, and MPF techniques. 

 

Here are some other terms related to fabric and structure, such as sedimentary structures which are 

characteristics formed during or shortly after the deposition of sediment. These structures provide 

valuable information about the depositional environment and processes. For example, common 

sedimentary structures include bedding, cross-bedding, ripple marks, mud cracks, and graded 

bedding (Nichols, 2009).  

 

Macroscopic fabric and block fabric both refer to the fabric of a rock or sediment as observed at a 

hand-sample or outcrop scale. This fabric is visible to the naked eye or with minimal magnification 

and can include features such as visible grain alignment, layering or banding, vesicles, amygdules, 

and vugs (Blatt et al., 2006). 

 

Magnetic fabric describes the preferred orientation of magnetic minerals within a rock and is 

typically analyzed using anisotropy of magnetic susceptibility (AMS) measurements. Key aspects 

of magnetic fabric include magnetic lineation and magnetic foliation (Jelinek, 1977). 
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Grain fabric specifically refers to the arrangement and orientation of grains within a rock or 

sediment, typically observed at a microscopic to mesoscopic scale. It reflects the rock's 

depositional processes and deformation history. Packing and grain shape directly affect the amount 

of pore space and how easily fluids can flow through the rock. Preferred grain orientation can lead 

to anisotropic properties, meaning the rock's properties, such as strength or permeability, vary 

depending on the preferred grain orientation (Blatt et al., 2006). 

 

Based on the above central concepts and important criteria, this study can establish a quantitative 

comparison between pore fabrics, permeability anisotropy, and MPF. This enables MPF to serve 

as an efficient prior method for predicting the optimal direction of fluid flow, thereby benefiting 

the exploration and development of fluid resources, such as geothermal energy and hydrocarbon, 

and underground CO2 storage. 

 

2.2 Organization of the thesis 

Based on the research objectives and central concepts, the specific research content was presented 

in Chapters 3 to 5, with each chapter structured as a self-contained academic article. The article in 

Chapter 3 has been published in Geochemistry, Geophysics, Geosystems, while the content of the 

other chapters may be prepared for potential submission to peer-reviewed journals.  

 

In Chapter 3, two rocks with significantly different porosity and pore structure, calcarenite and 

molasse sandstone, were selected as research samples. MPF at three measurement frequencies and 

XRCT-derived pore fabrics at two resolutions were compared and analyzed. To generate effective 

comparative results, the study also utilized techniques such as total shape ellipsoid and 

representative elementary volume (REV) to process relevant data, forming a systematic and 

effective technical workflow for acquiring sample MPF and pore fabrics data and conducting 

comparative analysis. 

 

In Chapter 4, the focus was on investigating the measurement of permeability anisotropy using 

different numbers of directional cores and comparing MPF, pore fabrics, and permeability 

anisotropy. A wider variety of rock samples were employed in the study, including six sandstones, 

two carbonates, and one artificial quartz sandstone, to promote the broader applicability of the 

MPF method. In addition to the XRCT and MPF methods, three-dimensional pore structures 

obtained from thin sections analysis and full-tensor permeability anisotropy measured from 7 or 

14 directional cores were also included, along with data confidence analysis and sample 

heterogeneity assessment. For the MPF method, discussions were held on the selection of 

ferrofluid and measurement frequency, as well as issues such as frequency dependence and self-

demagnetization. The aim was to achieve a comprehensive and accurate quantitative relationship 

between pore fabrics, permeability anisotropy, and MPF based on comparisons across multiple 

samples. 

 

In Chapter 5, given the inherent heterogeneity characteristics of natural samples, the focus shifted 

to experimental studies using synthetic samples. The hot isostatic pressing method was employed 

to simulate the high-temperature and high-pressure environment of rock formation, using calcite 

and muscovite minerals with different grain geometries for mixing, to create rock samples with 

relative homogeneity yet significant anisotropy. The goal was to further investigate the 

relationship between MPF, pore fabrics, permeability anisotropy, and promote the MPF method 

as an effective and prior means to indicate fabric anisotropy and the optimal direction of fluid 

permeation. 
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3. Article Ⅰ: Quantitative comparison of 3D pore space properties with magnetic 

pore fabrics—testing the ability of magnetic methods to predict pore fabrics in 

rocks  

(Published in Geochemistry, Geophysics, Geosystems (doi.org/10.1029/2022GC010403)) 

Y. Zhou1, M. Pugnetti1, A. Foubert2, P. Lanari1, C. Neururer2 & A. R. Biedermann1 

1Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern, 
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Key Points: 

• Magnetic pore fabrics can complement X-ray tomography, to capture small pores, and 

assess field-scale variations in pore fabrics 

• A total shape ellipsoid is derived from X-ray tomography data, to represent average pore 

orientation and shape, and minimize artefacts   

• The principal directions of magnetic pore fabrics and total shape ellipsoids are generally 

coaxial in most samples  

 

Abstract 

Pore fabrics characterize the anisotropy of pore space in rocks and influence the direction of fluid 

flow. This is important in reservoir characterization, and petroleum and geothermal energy 

exploitation. X-ray computed micro-tomography (XRCT) is commonly used to analyze pore 

fabrics, but limited by the micron-scale resolution for representative 1-inch rock cores. The 

magnetic pore fabric (MPF) method has been proposed to capture pores down to 10 nm. Although 

empirical relationships between MPF and pore space properties or permeability anisotropy are 

available, their application is compromised by large variability. This study integrates He 

pycnometry and XRCT-derived pore space models with MPFs, and provides a quantitative 

comparison for calcarenite (~50 vol% porosity and complex pore structure), and molasse 

sandstone (10-30% porosity and relatively homogeneous pore fabrics). The preferred orientation 

of pores obtained from XRCT is described by a total shape ellipsoid, calculated by summing the 

second-order tensors reflecting the best-fit ellipsoids of individual pores. This ellipsoid is then 

compared to the MPF magnitude ellipsoid in terms of fabric orientation, degree and shape of 

anisotropy. The MPF and total shape ellipsoids are generally coaxial. The MPF has a smaller 

anisotropy degree than the total shape ellipsoid, and their relationship depends on the ferrofluid 

properties. The anisotropy shapes show large variability. Nevertheless, the good agreement of 

principal directions in most samples makes MPFs a valuable and efficient complementary tool to 

analyze a large number of samples, in combination with XRCT on selected samples, for a field-

scale pore space characterization. 

 

 

Plain Language Summary 

Understanding underground fluid flow is a major goal when exploring geothermal energy and the 

migration of petroleum. These fluids transfer between pores at multiple scales. When the pores are 
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flattened or elongated and display a preferred orientation, fluids will flow more readily in some 

directions compared to others. This results in preferred flow directions and flow paths. In this 

study, a fast way of determining pore geometry based on magnetic measurements is compared to 

traditional characterization methods. The good agreement between results suggests that magnetic 

methods can be applied as a complementary tool to include larger numbers of samples and 

potentially capture pores not resolved by traditional methods, with important implications for 

studies in geology and geological engineering. 

 

3.1. Introduction 

The fabric of connected pores, i.e., their shape, orientation, and connectivity, largely controls rock 

properties such as permeability. An accurate 3D description of pore fabrics has therefore many 

applications, including geothermal energy usage (Aliyu & Chen, 2018; Frosch et al., 2000; Wagner 

et al., 2005; Zhang et al., 2020), hydrocarbon exploitation, especially in tight rock (Chen et al., 

2020; Gao & Hu, 2018; Kibria et al., 2018; Lai et al., 2018; Sun et al., 2021; Yang et al., 2017, 

2018; Zhang et al., 2020), and numerical simulations of fluid flow in reservoirs (Mehmani et al., 

2020; Wang et al., 2009; Yang et al., 2019; Zhang et al., 2015). Pore fabrics can be characterized 

directly or indirectly, as defined below. 

 

Direct methods provide maps or grids of the pore network: (1) Image analysis of optical 

microscopy thin sections has a resolution of ~0.23 µm at best for 2D observations (Andriani & 

Walsh, 2002; Gustafsson, 2000; Heintzmann & Ficz, 2013; Ingham, 2010). Sample preparation 

may destroy or alter pores or create pseudo-pores if grains are detached during polishing 

(Heilbronner & Barrett, 2013). (2) Scanning electron microscopy (SEM) is a 2D mapping 

technique that can image pores down to 1-10 nm (Bultreys et al., 2016; Reed, 2005), characterizing  

a limited number of micropores within a single plane (De Boever et al., 2015; Marszałek et al., 

2014; Mavris et al., 2012; Vázquez et al., 2013). (3) X-ray computed micro-tomography (XRCT) 

has emerged as a 3D technique to characterize the internal structure of rocks including their pore 

fabric, and provides the basis for digital rock physics (DRP) models that predict physical properties 

of rocks, especially acoustic and flow properties (Andrä et al., 2013; Holzer et al., 2011; Madadi 

& Varslot, 2009; Madonna et al., 2012; Pini & Madonna, 2016). Zhan et al. (2009) and Zubair 

(2012) reported a good fit between numerical calculation and direct porosity and permeability 

measurements using Berea sandstone and carbonate rocks. A crucial prerequisite for meaningful 

comparisons between model and measurement is that both are conducted on representative sample 

volumes. Sample sizes ranging from sub-micrometers to a few centimeters are commonly used for 

XRCT (Cnudde & Boone, 2013; Gelb et al., 2009; Landis & Keane, 2010; da Silva, 2018; Zubair, 

2012). Larger samples may be more representative of the investigated rock, but suffer from lower 

spatial resolution (Figure 3.1). Unresolved pores can result in up to 32% difference between 

modelled and measured data (Zhan et al., 2009).  

 

Indirect methods characterize pore fabrics by measuring the anisotropy of specific physical 

properties influenced by pore fabrics, e.g., permeability and seismic anisotropy and magnetic 

anisotropy of samples impregnated by ferrofluid. They provide average information on pore space 

properties, which is sufficient for many applications (e.g. Almqvist et al., 2011). Note that 

although permeability anisotropy is considered an indirect measurement of pore fabric, it is the 

most direct assessment of a rock’s fluid transport properties. Permeability anisotropy is a 

symmetric second-order tensor, requiring at least six independent directional measurements for 

full description (Coulson & Nye, 1958). Otherwise, a priori information on the fabric orientation 

is needed, e.g., lineation and foliation directions, in case that measured directions disagree with 

the principal permeability directions, thus underestimating permeability anisotropy. Another 

indirect description for pore fabric is elastic anisotropy. However, elasticity is a fourth-order tensor, 

thus requiring a large number of directional measurements or symmetry assumptions. Analogously 
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to permeability anisotropy, each directional velocity is generally measured along a separate 

oriented core. Moreover, seismic velocities are affected by microcracks, grain boundaries and 

intrinsic elastic anisotropy of each grain in addition to pore fabrics, so seismic-based pore space 

characterization is challenging (Benson et al., 2003; David et al., 2017; Laurent Louis et al., 2004; 

Robion et al., 2014).  

 

 

Figure 3.1. Sample size (diameter of the cylindrical core) vs resolution for XRCT and MPF 

methods (XRCT modified from Cnudde et al., 2011; Cnudde & Boone, 2013; Gelb et al., 2009; 

Zubair, 2012). The MPF resolution is 10-20 nm for sample sizes ranging from 6 mm to 25.4 mm 

diameter (Almqvist et al., 2011; Esteban et al., 2006; Humbert et al., 2012; Parés et al., 2016; 

Robion et al., 2014).  

 

Magnetic pore fabrics (MPFs) provide a fast and efficient tool for pore fabric characterization. 

The samples’ pore space is impregnated with ferrofluid, followed by measuring the anisotropy of 

magnetic susceptibility (AMS) (Pfleiderer & Halls, 1990), and thus only connected pores, which 

contribute to flow, are targeted by MPFs. MPFs can be applied on a single sample, without any 

priori information on the fabric, thus avoiding underestimating anisotropy by heterogeneity. 

Additionally, the method has been ascribed the ability to capture pores and pore throats down to 

10-20 nm (Figure 3.1) (Almqvist et al., 2011; Esteban et al., 2006; Humbert et al., 2012; Parés et 

al., 2016; Robion et al., 2014). Pores and throats smaller than magnetic nanoparticles (10-20 nm 

diameter) are not captured by MPF. In practice, the threshold of pores that are impregnated 

depends on pore throat geometry and wettability (Robion et al., 2014), and 100 nm has been put 

forward as a more realistic threshold (Pugnetti et al., 2022). Empirical relationships have been 

established between MPFs and pore fabrics: (1) the maximum and minimum principal 

susceptibility axes are sub-parallel to the average orientations of major and minor pore axes 

(Hrouda et al., 2000; Jezek & Hrouda, 2007; Jones et al., 2006; Pfleiderer & Halls, 1990, 1994), 

(2) the degree of magnetic anisotropy increases when pore shapes become more anisotropic (Jones 

et al., 2006; Pfleiderer & Halls, 1990, 1993; Robion et al., 2014), and (3) oblate or prolate MPFs 
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are related to flattened or elongated pore shapes (Jones et al., 2006; Pfleiderer & Halls, 1990). 

MPFs have been compared to permeability anisotropy (Benson et al., 2003; Hailwood et al., 1999; 

Louis et al., 2005; Nabawy et al., 2009; Pfleiderer & Halls, 1994), and used to predict anisotropy 

of elastic properties (Almqvist et al., 2011). Unfortunately, empirical relationships vary largely 

between different studies, making the results hard to interpret (Almqvist et al., 2011; Benson et 

al., 2003; Jones et al., 2006; Louis et al., 2005; Nabawy et al., 2009; Pfleiderer & Halls, 1990, 

1993, 1994; Robion et al., 2014). The variability may be explained partly by that large pores 

contain large volumes of ferrofluid, whereas the preferred orientation of pore connections is more 

relevant for permeability anisotropy (Pfleiderer & Halls, 1994). Pore shape, orientation and 

arrangement control MPFs, and ferrofluid susceptibility and measurement conditions largely 

influence MPF – pore fabric relationships (Biedermann, 2019; Biedermann et al., 2021). Many 

MPF studies focused on simplified samples (Biedermann, 2019; Jones et al., 2006; Pfleiderer & 

Halls, 1990), and factors affecting the relationships between MPFs and pore space in natural 

samples are not yet fully understood.  

 

Two complementary pore fabric characterization methods are investigated and correlated 

quantitatively in terms of the portion of pore space they characterize, and obtained fabric 

orientation, degree and shape: XRCT as a standard method, and MPF which has great potential 

but is rarely used. Two sedimentary rocks, calcarenite and molasse, were included with variability 

in porosity and pore complexity. A new second-order tensor quantity, the total shape ellipsoid, is 

derived from XRCT data, for direct comparison with MPF in terms of fabric orientation, 

anisotropy degree and shape.  

 

3.2. Materials and Methods 

3.2.1 Sample description 

Samples with porosity of 10-55 % were chosen, molasse and calcarenite, applying for typical 

porosity of reservoir rocks varying between 5-40 % (Guo, 2019; Monicard, 1980). Ideally, a single 

rock type would have been used for all porosities to minimize the number of variables. Because 

the collected molasse samples have 10-30 % porosity with micropores, calcarenite with large pores 

was included, extending the porosity range to ~50 %.  

 

The studied calcarenites are Plio-Pleistocene in age and recovered from the Gravina Formation in 

Apulia, Italy (Figure 3.2a) (Oryem et al., 2015). They possess high porosity (16–60 %) and a large 

proportion of interconnected pores (>99.5 % of pore space on average) (Ciantia et al., 2015). 

Different pore types are identified in BSE images, such as inter- and intragranular porosity, 

microporosity, and moldic porosity (Figure 3.2b). Calcarenite cores MI-1-Z3, MI-2-Y3, MI-2-Y8, 

MI-2-Y10, MI-3-X15, MI-3-X11 were drilled from the same block along three perpendicular 

directions, indicated by X, Y and Z in the sample names. Samples MI-5-Z21 and MI-5-X22 were 

drilled from another block. Molasse sandstone was collected in four areas from the Upper Marine 

Molasse (OMM) in the Swiss molasse basin (SMB): (1) Rüeggisberg, BE, samples D1121Z, 

D1112Y, D1263Y2, D1234X, D1221X, D1261X, (2) Entlebuch, LU, samples C43Y, C334Y, 

BE42AY, (3) Düdingen, FR, Switzerland, sample 5256X, and (4) Tafers, FR, Switzerland, sample 

F31Z1 (Figure 3.2c). The molasse samples are characterized by cross and parallel bedding (Figure 

3.2d). OMM consists mainly of shallow marine and tidal-influenced sandstones and mudstones, 

deposited in a shallow seaway from 20 to 17 Ma (Chevalier et al., 2010; Garefalakis & 

Schlunegger, 2019). The OMM sandstone displays porosities from 5 to 20 % (Chevalier et al., 

2010; Schegg et al., 1997), mainly including intergranular porosity and microporosity (Figure 

3.2d). Being an important aquifer in the SMB, OMM may provide pore space to store and transfer 

CO2 and geothermal fluids (Chelle-Michou et al., 2017; Chevalier et al., 2010; Kohl et al., 2010; 

Rybach, 2019). All rocks were drilled and cut to obtain standard-sized cores of 25.4 mm diameter 

and 22 mm length. Initial sample characterization involved porosity measurements by comparing 
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grain volume (obtained from a Micromeritics AccuPyc 1340 Automatic Gas (He) Pycnometer 

system in the Petrophysics Laboratory at the University of Bern) with bulk volume (calculated by 

core diameter and length).  

 

 
Figure 3.2. (a) Location of calcarenite samples, (b) Backscattered electron (BSE) image of 

calcarenite sample and photograph of calcarenite sample and core, (c) location of molasse samples, 

(d) thin section image and photograph of molasse sandstone with sketch on internal structure and 

drilling directions. Note the cross-stratification in the molasse sandstone. The core axis was 

generally oriented parallel or perpendicular to lineation, provided that lineation could be clearly 

identified. Coordinates of MI are 40°49'14.5"N, 16°25'25.0"E; for D 46°49'45.6"N, 7°24'04.4"E; 

for C 46°58'52.4"N, 8°03'48.3"E; for BE 46°58'54.3"N 8°03'47.7"E; for 5256 46°48'11.2"N, 

7°10'51.2"E, and for F 46°48'09.8"N, 7°11'00.9"E. All molasse samples are OMM, even though 

mainly USM is present in the area where samples C and BE were obtained. Geological maps are 

modified after Donnaloia et al., 2019 (a), Sommaruga et al., 2012 and Wirth et al., 2020 (c). 

 

3.2.2 XRCT data acquisition and processing 

The Bruker SkyScan 2211 3D X-ray micro-tomography scanner perform initial scans at the 

University of Fribourg (15 μm pixel size), and a Bruker SkyScan 1273 obtain later measurements 

at the University of Bern (9 μm or 5.5 μm pixel size). Samples D1112Y and C334Y were measured 

on both systems for different resolution (Table S3.1). However, the direct comparison between 

both systems was not performed for all samples, as part of them (MI-1-Z3, MI-2-Y3, MI-2-Y10, 

MI-3-X15, MI-3-X11, D1121Z, D1234X, D1221X, D1261X, C43Y and BE42AY) were 

impregnated or destructively analyzed after initial scanning with the Bruker Skyscan 2211, while 

others (MI-2-Y8, MI-5-Z21, MI-5-X22, D1263Y2 and 5256X, F31Z1) were measured only on the 

SkyScan 1273 for later analysis. XRCT data of impregnated samples were not further analyzed 

due to impregnation rendering the segmentation between ferrofluid/resin and solid fraction 

difficult. Rather, additional cores, so-called sister samples, were drilled from the original block in 

close proximity, assuming that both cores represent the same pore fabric. Pairs of sister samples 
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are given as Core1/Core2, where XRCT data were obtained on the first core, and MPF on the 

second, e.g., MI-3-X15/MI-3-X11. Where possible, XRCT data were obtained on Core1, and MPF 

data were obtained on both sister samples, allowing to test between-sample heterogeneity, e.g., 

MI-2-Y8/MI-2-Y10 and D1234X/D1221X. Sample MI-2-Y3 was drilled along the same direction 

as MI-2-Y8/MI-2-Y10 but further away, and similar situation for D1261X with D1234X/D1221X. 

The D12 block has a visible macroscopic fabric, parallel bedding, and thus similar pore fabrics are 

expected for samples along the same orientation. 

 

Initially, different filters, voltage, current, and exposure time were used on each sample, in 

accordance with minor changes in their physical properties. Conditions for the X-ray source on 

the Bruker Skyscan 2211 were 80 kV/230 μA for the calcarenites, and 100-156 kV/200-445 μA 

for the molasse sandstones. Filters of 0.5 mm Al, 0.5 mm Ti, 0.5 mm Mo and 0.5 mm Cu were 

chosen for different samples. Images were acquired at 220 ms exposure time for calcarenite, and 

100 - 300 ms for the molasse sandstone (Table S3.1). Different settings resulted in different 

contrast and artefacts, which could be corrected and removed during the reconstruction. Then it 

became evident that one consistent set of settings was sufficient for all samples to obtain images 

with good contrast and reduced artefacts. Only resolution was decisive in defining image quality. 

Settings on the Bruker Skyscan 1273 were the same for all samples with 100 kV/80 μA, 1 mm 

Al+0.038 mm Cu filter, and 275 ms exposure time (Table S3.1). Reconstructions were performed 

using NRecon, and images were compensated for misalignment, corrected for ring artefacts and 

beam hardening artefacts (Skyscan, 2011). 

 

After reconstruction, the unsharp masking filter (Polesel et al., 2000; Strobel, 1996) was applied 

to noisy images, to sharpen and enhance image details in Avizo versions 2019.4 and 2020.1. Single 

thresholding segmentation was applied to differentiate pores from the solid fraction based on the 

attenuation coefficients, expressed as grayscale values (Figure 3.3). Because the determination of 

a threshold value is user-dependent and affects the segmentation of pixels with intermediate values 

(Andrä et al., 2013; Karimpouli & Tahmasebi, 2019; Sun et al., 2017; Thomson et al., 2018), a 

watershed segmentation was applied to assign intermediate greyscale values (Bieniek & Moga, 

2000). The uncertainties in calculated porosity were estimated by testing different thresholds 

(Figure S3.1). 

 

To ensure the representativeness of the volume for XRCT-derived calculations while minimizing 

computational cost, the representative elementary volume (REV) was determined, by calculating 

porosity (defined as relative abundance of pixels with greyscale values identified as pores) or pore 

size distributions as a function of included volume. Porosity and pore size distribution were 

calculated for cubes of increasing size, from 100 x 100 x 100 voxels (0.9 x 0.9 x 0.9 mm3) to 500 

x 500 x 500 voxels. For small volumes, XRCT-derived parameters vary largely with increasing 

volume, reaching a plateau as cube size increases above acritical threshold. This threshold volume 

is the REV, i.e., the smallest volume representing the entire sample. Note that the REV can vary 

depending on the property of interest. Here, the REV for determining porosity is 100 x 100 x 100 

voxels (cf Figure 3.3), while for pore size distributions, the REV is 300 x 300 x 300 voxels (Figure 

3.4a, b). To further estimate the uncertainty associated with sample heterogeneity, calculated 

porosities from five 5 x 5 x 5 mm3 cubes located at different positions within the sample were 

compared to calculate a mean porosity with deviation (Table 3.1). Then, one cube was chosen 

arbitrarily for pore shape analysis (Figure 3.3). 
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Figure 3.3. Workflow for XRCT image processing and MPF. The samples are scanned in field of 

view to obtain 28-29 mm width of images. Increasing voxel sizes are related to increasing fields 

of view. For 5.5 µm voxel size, results of two scans are stitched together after scanning in two 

horizontal positions. Absorption images are converted to cross-section images of greyscale CT 

intensity values during reconstruction. Hierarchical watershed segmentation divides the 

reconstructed volume into pores (blue) and solid fraction (red). Once the pore network is extracted 

from the segmented image, the bulk pore space is separated using the Skeleton-Aggressive 

algorithm which creates a connectivity network between the individual pores based on nodes and 

throats. The representative elementary volume (REV) is selected based the relationship between 

calculated porosity and sample size. The individual pore size is given as the equivalent diameter 

(EqDiameter) of a sphere that has the same volume as the pore, and the shape and orientation are 

defined by eigenvectors and eigenvalues of the covariance matrix M (a second-order tensor) (Text 

S3.1) (Avizo, 2020). The orientation density functions and total shape ellipsoids are derived from 

the matrices of single pores. The cores are impregnated by ferrofluid before measuring MPF. 
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Sample  

Porosity 

(resolution: 15 

μm / Skyscan 

2211) (%) 

(threshold for 

pores, 0-255) 

Porosity 

(resolution: 9 

μm / Skyscan 

1273) (%) 

(threshold for 

pores, 0-255) 

Porosity (He 

pycnometry, AccuPyc 

1340) (%) 

Porosity 

(MPF) (%) 

Calcarenite 
   

 

MI-1-Z3  43±4 (70) ▲ 52±1 29.4 

MI-2-Y3  36±4 (73) ▲ 51.6±0.3 46.0 

MI-2-Y8/MI-2-Y10  ▲/▲ 33±3 (74)/■ 53.1±0.4/55.2±0.5 15.5/28.7 

MI-3-X15/MI-3-X11  31±5 (65)/▲ ▲/■ 51.2±0.4/54.7±0.3 ▲/28.9 

MI-5-Z21  ▲ 35±3 (71) 55.2±0.2 17.5 

MI-5-X22  ▲ 34±5 (68) 53.8±0.2 12.7 

Molasse (Rüeggisberg) 
   

 

D1121Z  5±2 (45) ■ 19.04±0.02 25.6 

D1112Y  6±3 (45) 6±1 (45) 20.78±0.03 11.8 

D1263Y2  ▲ 9±2 (55) 21.78±0.01 3.84 

D1234X/D1221X  9±3 (55)/▲ ■/■ 19.01±0.01/20.29±0.01 10.7/9.26 

D1261X ▲ ▲ 20.26±0.02 5.55 

Molasse (Entlebuch) 
   

 

C43Y  4±4 (60) ■ 16.0±0.2 7.63 

C334Y  0.6±0.1 (55) 1.9±0.8 (60) 13.5±0.7 5.60 

BE42AY 6.4±0.5 (65) ▲ 12.05±0.01 6.69 

Molasse (Düdingen) 
   

 

5256X ▲ 4±1 (60) 11.13±0.01 ▲ 

Molasse (Tafers)     

F31Z1  ▲ 
16.4±1 (5.5 

μm) (68) 
30.78±0.07 9.22 

Table 3.1 

Porosity comparison of numerical calculations based on XRCT data, laboratory measurements by 

He pycnometry and estimation from MPF 

Note. Uncertainty was estimated by calculating the standard deviation of five cube volumes (5 x 

5 x 5 mm3) in five positions (XRCT) or the standard deviation of five measurements (He 

pycnometry). Triangle indicates data not measured and square indicates data not shown because 

they were measured after impregnation. 
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The segmented pore space was separated into individual pores to characterize pore shape and size 

distribution (Gostick, 2017; Soille, 2000). Pore size is given as equivalent diameter of a sphere 

with the same volume. Individual pores are approximated with best-fit ellipsoids, represented 

mathematically by symmetric second-order tensors whose eigenvalues a ≥ b ≥ c correspond to the 

lengths of the major, intermediate and minor ellipsoid axes, and the eigenvectors V1, V2 and V3 

describe their orientations (Figure 3.3 and Text S3.1) (Avizo, 2020). Pore fabrics are traditionally 

characterized by orientation density functions (ODFs) of the major and minor pore axes (Dullien, 

1979). In the present study, ODFs are however strongly affected by artefacts arising from small 

pores whose geometry remained unresolved.  A series of filters was applied to remove pores 

smaller than 4 x 4 x 4 voxels up to 16 x 16 x 16 voxels, to investigate related changes in the ODFs. 

Additional difficulties inherent to the characterization of major and minor axes by ODFs are that 

all pores contribute equally, independent of size, and the lack of information on pore shape. For 

example, in a strongly elongated pore, the minor and intermediate axes may be similar, so that the 

orientation of the minor axis is poorly defined. 

 

An alternative approach to analyze the average pore fabric is introduced here to reduce these 

difficulties: the total shape ellipsoid, which is calculated by adding the unnormalized second-order 

tensors reflecting individual pores. Advantages of the total shape ellipsoid include: (1) The 

calculation was adapted from averaging normalized second-order tensors to compute a mean 

anisotropy of a group of samples (Jelínek & Kropáček, 1978). Normalized tensors ensure that each 

contribution has the same weight, so that the average is controlled by the most anisotropic item. 

Unnormalized tensors allow to give more weight to larger and better defined pores, and minimize 

resolution-related artefacts compared to ODFs; (2) the orientation distribution, pore shape 

distribution, and distribution of aspect ratios are integrated in one single measure; and (3) the total 

shape ellipsoid can be directly compared to other second-order tensor properties, including 

permeability and MPF. Finally, because the total shape ellipsoid is calculated from a large number 

of individual pores, its statistical robustness can be assessed by bootstrapping (Constable & Tauxe, 

1990; Tauxe et al., 1998). Here, 500 total shape ellipsoids were calculated from randomly and 

repetitively choosing subsets including 579-14913 pores for different samples and resolutions 

(Hext, 1963; Jelínek & Kropáček, 1978; Owens, 2000). Finally, confidence ellipses were 

calculated based on those bootstrapped total shape ellipsoids and plotted by TomoFab (Petri et al., 

2020).  

 

The anisotropy of the individual pores as well as that of the total shape ellipsoid are described by 

the anisotropy degree Ps = a/c, and their shape by Us = (2*b-a-c)/(a-c). The definitions are 

analogous to standard parameters used for the characterization of magnetic anisotropy, Pm = k1/k3 

and Um = (2*k2-k1-k3)/(k1-k3), where k1 ≥ k2 ≥ k3 are the principal susceptibilities (Jelinek, 1981). 

Pm and Ps range in the interval [1, ∞], where 1 means isotropy and increasing values relate to 

increasing degrees of anisotropy. The values of Um and Us vary in the range [-1,1], where -1 

describes rotationally prolate ellipsoids and +1 indicates rotationally oblate ellipsoids.  

To investigate how different pore size windows affect pore fabrics, the fabrics of pores with 

EqDiameter≥100 µm and ≤100 µm in sample MI-3-X15 were compared.   
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Figure 3.4. Results of pore size distribution for all XRCT scans. (a) and (b) present changes in 

pore size distribution associated with changing the included volume for calcarenite MI-5-Z21 and 

molasse D1112Y. The REV for pore size distribution is 300^3 voxels for both because the 300^3 

voxels are the minimum volume to present similar pore size distribution. If the volume is smaller 

than 300^3 voxels, there are not enough pores to present the full range of distribution, and hence 

maxima and minima vary. (c) and (d) are pore size distributions for different calcarenites and 

molasse sandstones. The pore size is given as the equivalent diameter (EqDiameter) of a sphere 

that has the same volume as the pore. Only data obtained prior to impregnation are shown. The 

red vertical lines represent the threshold of 4 x 4 x 4 voxels (EqDiameter = 27 µm for voxel size 

of 5.53 μm3, or 45 µm for voxel size of 93 μm3, or 74 µm for 153 μm3 voxel size).  
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3.2.3 Magnetic pore fabric measurements 

The AMS of the dry samples was measured using a 15 directions measurement scheme to 

determine the anisotropy of the rock itself (Jelinek, 1977). Two instruments were used, the 

magnetic susceptibility bridge SM150 from ZH instruments (Czech Republic) for initial 

measurements, followed by the MFK1-FA susceptibility bridge from AGICO (Czech Republic). 

The measurement frequencies were set to ~4 kHz, ~16 kHz, and ~512 kHz for the SM150, using 

a field of 80 A/m, the maximum available at all frequencies. On the MFK1-FA, frequencies of ~1 

kHz, ~4 kHz, ~16 kHz were used with the standard field of 200 A/m. Five repeated measurements 

were obtained for every direction at each frequency, to increase data quality and assess the 

significance of anisotropy against the instrumental noise level (Biedermann et al., 2013). The noise 

level of the MFK1-FA is orders of magnitude lower than that of the SM150, so that the former is 

able to detect anisotropy where the latter cannot. Therefore, samples were remeasured on the 

MFK1-FA, except MI-1-Z3 and MI-2-Y3, which had been cut after impregnation to check the 

spatial variability of impregnation efficiency.  

 

After characterizing their initial anisotropy, samples MI-1-Z3, MI-2-Y3 and MI-3-X15 were 

impregnated with oil-based ferrofluid (EMG 909 with an intrinsic susceptibility of 1.38 SI) diluted 

at 1:25 volume ratio of ferrofluid to light hydrocarbon carrier oil offered by Ferrotec. These 

samples were impregnated under vacuum for 24 hours at 100 kPa, following the technique outlined 

in Parés et al. (2016). After initial experiments had shown difficulties with impregnation efficiency, 

the remaining samples were impregnated with oil-based ferrofluid diluted by resin and hardener 

(hardener:resin = 1:4) under vacuum for 1 hour at 100 kPa. As the resin solidifies, it is thought to 

keep the magnetic nanoparticles immobile within the pores (Thorpe et al., 2016). Ferrofluid was 

diluted at volume ratio of 1:50 for molasse MI-2-Y10, MI-3-X11, D1121Z, D1112Y, D1234X, 

D1221X, C43Y, BE42AY, F31Z1 and 1:30 for the remaining molasse, and all calcarenite samples 

(Table S3.2). Any resin-ferrofluid mixture on the surface of the sample was cleaned before 

solidification to avoid artefacts. Unfortunately, the elimination was not thorough for samples MI-

2-Y8, MI-5-X22, MI-5-Z21, D1263Y2, D1261X and C334Y, resulting in artefacts during MPF 

measurements. These samples were polished to remove leftover resin from the surface. Samples 

MI-3-X15 and 5256X broke during the impregnation experiment. New experiments will be 

performed once more sophisticated impregnation methods are available (Pugnetti et al., 2021). 

 

To test which proportion of the pore space was impregnated, the susceptibility of impregnated 

samples was compared to the independently measured susceptibility of diluted ferrofluid and 

ferrofluid-resin mixtures. From this, the ferrofluid porosity, and susceptibility-based impregnation 

efficiencies were calculated (Parés et al., 2016). The susceptibility was divided by a coefficient 1-

1.3 for 512-1 kHz to correct frequency dependence (Biedermann et al., 2021). The MPFs were 

measured as magnetic anisotropy after impregnation, following the same protocol as for AMS 

described above. Samples MI-1-Z3 and MI-2-Y3 were measured at 4 kHz, 16 kHz and 512 kHz 

on the SM150. Samples MI-3-X11, D1121Z, D1234X and C43Y were measured at 1 kHz, 4 kHz 

and 16 kHz on the MFK1-FA, and all remaining samples were measured at 1 kHz on the MFK1-

FA, once it became clear that anisotropy is higher and better defined at lower frequency 

(Biedermann et al., 2021). 

 

The data quality and statistical significance of the anisotropy compared to instrument noise for 

AMS and MPF are described by R1 (Biedermann et al., 2013) as well as confidence angles E13 

(=E31), E12 (=E21) and E23 (=E32) based on the 15 mean directional susceptibilities (Hext, 1963; 

Jelinek, 1977; Jelinek, 1981). Large R1 values and small confidence angles indicate significant 

anisotropy and well-defined directions. Note that magnetic anisotropy measurements on dry 

samples are called AMS in this study, whereas the term MPF is used to indicate results on the 

impregnated samples. The susceptibility of the dry calcarenite samples is ~3 orders of magnitude 



 

22 
 

lower than that of the impregnated samples, and a factor of 4 to 10 lower for dry compared to 

impregnated molasse samples. Additionally, the AMS is not significant in many of the investigated 

rocks. Therefore, the AMS can be neglected, and only the MPF results will be discussed further. 

 

3.2.4 Correlation of XRCT and MPF data 

The size range of pores captured by XRCT or MPFs is different, and they yield different types of 

data: XRCT provides a grid of voxels identified as pores, whereas the MPF is an average 

representation of the overall pore fabric. Nevertheless, they can be compared when calculating a 

total shape ellipsoid, which represents the pore fabric of all pores larger than 4 x 4 x 4 voxels. Both 

total shape ellipsoids and MPFs are second-order tensors and represent the entire sample volume, 

which allows a direct comparison of fabric orientation, as well as the anisotropy degree and shape 

parameters. Abbreviations used as subscript are explained in Table S3.3. Note that the MPF P-

value depends on the intrinsic susceptibility of the fluid used for impregnation in addition to the 

average pore shape (Biedermann, 2019; Jones et al., 2006). Therefore, Pm will always be lower 

than Ps, and it is also expected to be lower when the ferrofluid was more diluted. Nevertheless, an 

increase in Pm with increasing Ps is expected as long as the susceptibility of the fluid is constant. 

 

3.3. Results 

3.3.1 XRCT results 

3.3.1.1 3D reconstructions and porosity 

The calcarenites present 31-43 % XRCT-derived porosities and 51.2-55.2 % He porosities, and 

molasse sandstones have 0.6-16.4 % XRCT-derived porosities and 11.13- 30.78 % He porosities 

(Table 3.1). There is no clear and uniquely defined limit in grey-scale values that distinguishes 

pores and solid fraction, due to averaging of the attenuation coefficients of pore and matrix in 

voxels containing a mix of both. Adjustment of the threshold value from 73 to 85 causes a change 

in calculated porosity for the calcarenite MI-2-Y3 of ~10 % (Figure S3.1). Additionally, pore 

throats are narrower than pores and thus harder to resolve by XRCT, leading to overestimating the 

isolated porosity and underestimating the connected porosity. The discrepancy between XRCT 

and He porosities is larger for molasse samples than calcarenites, due to the smaller pore size of 

molasse, resulting in a larger fraction of pores being below the spatial resolution of XRCT. These 

small pores are included in the He porosity, indicating that 46-95 % of the pore space in molasse 

sandstones and 17-43 % for calcarenites are not resolved by the XRCT data.  

 

3.3.1.2 Pore size distributions 

The REV of pore size distribution was presented above (Figure 3.4a, b). Note that additional pores 

smaller than the voxel resolution (5.53 μm3, 93 μm3 or 153 μm3) may be presented. The different 

resolutions cause different datasets. Between 1 % and 22 % of the identified pores occupy a small 

number of voxels, generating unresolved shape and orientation. A lower threshold of 4 x 4 x 4 

voxels was chosen for orientation and shape analyses, including 78–99 % of the XRCT-derived 

pore space and <83 % of the pore space defined by He pycnometry. Calcarenites display bimodal 

pore size distributions, with two maxima at ~20 and ~300 µm equivalent pore diameter for samples 

measured with 15-μm pixel size or at ~12 and ~150 µm for samples with 9-μm pixel size, as the 

range of pore sizes detected depends on the resolution. Molasse sandstones have a unimodal pore 

size distribution, where 95–99 % of micropores (1–22 % of the pore volume) have sizes below the 

threshold for shape/orientation resolution. For samples D1112Y and C334Y measured at both 

resolutions, additional micropores are identified at higher resolution, and C334Y also displays 

additional large pores at higher resolution (Figure 3.4). 

  

3.3.1.3 Pore orientation  

As the orientation of pores below a certain size limit cannot be resolved, causing extreme maxima 

parallel to the sample x, y and z-axes when including all identified pores for analysis. These 
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artefacts are reduced when increasing the lower threshold of analyzed pore sizes from 4 x 4 x 4 

voxels to 16 x 16 x 16 voxels at the expense of diminishing the number of included pores. The 

total shape ellipsoids appear unaffected by these artefacts, and display similar orientations and 

anisotropy degrees, even when including the large number of small pores (66–84 % of the number 

of XRCT-derived pores but 1–5 % of XRCT-derived pore volume) (Figure 3.5a).  

 

3.3.1.3.1 Calcarenite 

All samples whose names start with MI-1, MI-2 and MI-3 were drilled from the same block, in 

perpendicular directions. For MI-1-Z3, V1s-individual group sub-parallel to the sample x-axis. The 

minor axes V3s-individual form a girdle distribution in the yz-plane, with a sub-maximum parallel to 

z. The bootstrapped total shape ellipsoid displays a similar V1s-total direction (at 36° from the 

sample x-axis), and the mean V3s-total direction is at 26° to the sample y-axis (Figure 3.5a). A 

comparison of the total shape ellipsoid with individual pore orientations shows that V3s-total is 

defined by the absence of V1s-individual axes rather than a grouping of V3s-individual. Sister samples 

MI-2-Y8/MI-2-Y10, and MI-2-Y3 were drilled in the same orientation, but display different fabric 

orientations. In MI-2-Y3, V1s-individual show a girdle distribution in the yz-plane with three sub-

maxima, and V3s-individual group closely around z. The orientation of total shape ellipsoid, with V3s-

total at 33° to the x-axis and broad distributions of V1s-total and V2s-total, is dominantly controlled by 

the V1s-individual distribution (Figure 3.5b). Conversely, the V1s-individual axes of sample MI-2-Y8 

show a girdle distribution within a plane rotated ~30° from the xz-plane around the z-axis, and V3s-

individual axes are grouped at ~30° to the y-axis in the xy-plane. The V1s-total and V2s-total axes show a 

broad distribution in the plane defined by the V1s-individual girdle (Figure 3.5c). For MI-3-X15, both 

V1s-individual and V1s-total are sub-parallel to the z-axis. The V3s-individual and V3s-total directions group 

close to the y-axis. For EqDiameter≤100 µm and ≥100 µm of pores, V3s-total axes of both size 

windows are close to the y-axis and V1s-total and V2s-total are in the xz-plane (Figure 3.5d).   

 

Samples MI-5-Z21 and MI-5-X22 were drilled from a second block, and their orientations are 

mutually perpendicular, but unrelated to previous calcarenite samples. Nevertheless, they show 

similar pore fabrics: V3s-individual and V3s-total group sub-parallel to y, and V1s-individual groups sub-

parallel to z, defining V1s-total (Figure 3.5e, f). 

 

The calcarenites MI-1-Z3, MI-2-Y3, MI-2-Y8 and MI-3-X15 are mutually perpendicular, and can 

be used to assess how representative fabrics on cores are for the entire block. If the block is 

perfectly homogeneous, the total shape ellipsoids should coincide once all datasets in a common 

coordinate system. After rotating all datasets to the sample coordinates of MI-1-Z3, the V1s-total 

axes of MI-1-Z3, MI-2-Y3, MI-2-Y8 and MI-3-X15 are at 9°-36° to the x-axis, but are statistically 

distinct at 95 % confidence. The orientations of V2s-total and V3s-total axes are largely variable 

(Figure S3.2). Additionally, the type of grouping is different for each sample: in MI-1-Z3, the V1s-

total form a point distribution, whereas the V3s-total form a point distribution in MI-3-X15. This 

indicates between-sample heterogeneity, and implies that a large number of standard-sized 

samples would need to be measured and averaged to obtain a pore fabric representative of this 

rock. 
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Figure 3.5. Comparison of point distribution and ODFs of pore axes, bootstrapped total shape 

ellipsoids, and MPFs for calcarenites and molasses. ODFs include pores larger than 4 x 4 x 4 

voxels to reduce resolution artefacts. Pore orientation and MPF results are shown on upper 

hemisphere equal area stereonets. V1, V2 and V3 indicate the maximum, intermediate and 

minimum axes of the total shape ellipsoid. The ellipses show the 95 % confidence based on 

bootstrapping (Constable & Tauxe, 1990; Hext, 1963; Jelínek & Kropáček, 1978; Owens, 2000; 

Tauxe et al., 1998). The total shape ellipsoid with confidence ellipses is drawn using the TomoFab 

MATLAB code, and the red dashed line highlights the V1–V2 plane, i.e., the foliation defined by 

the SPO; the lineation corresponds to the direction of V1 (Petri et al., 2020). Principal susceptibility 

directions are shown for averaged (solid symbols), and individual datasets (open symbols). (a) 

presents the comparison of point distributions and orientation density functions of pore axes and 

total shape ellipsoids as a function of pore size threshold for MI-1-Z3. Ps is the anisotropy degree 

of total shape ellipsoid. (d) presents the comparison of point distributions and orientation density 

functions of pore axes and total shape ellipsoids with different pore size windows 

(EqDiameter≤100 µm and ≥100 µm) for MI-3-X15. 

 

3.3.1.3.2 Molasse 

Samples D11 and D12 were drilled from two different blocks collected at the same site. Samples 

C43Y and C334Y were also drilled from blocks from the same location, but with different 

orientations. Sample 5256X was from another block. For molasse D1121Z, the V3s-individual and 

V3s-total group around the z direction, and the V1s-individual present a girdle distribution in the xy plane, 

which is also reflected by the total shape ellipsoid (Figure 3.5g). Sample D1112Y was measured 

at both resolutions, 15-μm and 9-μm, and both datasets show girdle distributions of V1s-individual, 

and V1s-total axes rotated ~30° around the z-axis from the xz-plane. The directions for V3s-individual 

and V3s-total group at ~30° from y in the xy-plane. Despite these similarities, the ODFs change 

significantly with resolution. For example, the grouping of V1s-individual and V3s-individual is more 

pronounced in the higher-resolution data. These differences are reflected by the total shape 

ellipsoids (Figure 3.5h), and may be a result of resolution artefacts, or indicate size-dependent pore 

orientation. For D1263Y2, the orientation of the total shape ellipsoid is controlled by the main 

groupings of V1s-individual and V3s-individual (Figure 3.5i). Conversely, for D1234X, V2s-total is sub-

parallel to the maximum grouping of V3s-individual, while V1s-total aligns with the maximum of a 

broad distribution of V1s-individual. Thus, it is the absence of V1s-individual rather than the presence of 

V3s-individual that define the orientation of V3s-total (Figure 3.5j).  

 

For molasse sample C43Y, the V1s-individual and V1s-total axes are sub-parallel to x. The V3s-individual 

and V3s-total show a pronounced maximum along z (Figure 3.5k). Sample C334Y displays largely 

different ODFs for data obtained with 15 μm and 9 μm resolution. The 15 μm data show the V1s-

individual sub-parallel to x and V3s-individual along z. Conversely, the higher-resolution data shows a 

concentration of V1s-individual parallel to z, i.e., along the preferred directions of V3s-individual as 

identified by 15 μm data. Also the orientation of the total shape ellipsoid is resolution-dependent, 

although the discrepancy is less than observed in the ODFs (Figure 3.5l). This observation 

highlights the importance of adequate resolution in XRCT studies. For sample BE42AY, the V1s-

individual and V1s-total axes are along z. The V3s-individual and V3s-total are at ~30° from x in the xy-plane 

(Figure 3.5m). 

 

A relatively small number of pores was identified above the size threshold suitable for fabric 

analysis in 5256X, resulting in ODFs with many sub-maxima. As a consequence, the total shape 

ellipsoid is poorly defined, especially in the V2-V3 plane (Figure 3.5n). The confidence angles of 

the total shape ellipsoid may thus indicate the quality of the underlying XRCT data. Sample F31Z1 

shows the V1s-individual and V1s-total axes along x. The directions for V3s-individual and V3s-total group at 

~20° from z in the yz-plane (Figure 3.5o). 
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3.3.1.4 Pore shape and anisotropy degree 

For all samples, the individual pores present a large range of pore shapes (Us-individual varies from -

0.99 to +0.99) and anisotropy degrees (Ps-individual varies from 1.14 to 2826). The total shape 

ellipsoid shows a lower anisotropy degree than the individual pores (Ps-total of 1.07-2.41), and a 

slightly smaller range of Us-total values from -0.99 to 0.98, which reflects the large variability in 

pore orientations (Figure 3.6). 

 

 

Figure 3.6. Anisotropy degree Ps (Ps-individual, Ps-total) and shape Us (Us-individual, Us-total) of individual 

pore best-fit ellipsoids, total shape ellipsoid and bootstrapped total shape ellipsoid for all samples.  
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3.3.2 MPF results 

After impregnation, the volume-normalized mean susceptibility is 1.47–20.60×10-3 SI for 

calcarenites and 4.44–19.03×10-4 SI for molasse sandstones (Table S3.4). The susceptibility of 

diluted ferrofluid is 4.36–4.39×10-2 SI (1:25 oil), 1.16×10-2 SI (1:30 resin) and 7.11–7.39×10-3 SI 

(1:50 resin). The MPF-derived porosity is 12.7–47.1% for calcarenites and 3.84–26.2% for 

molasse sandstones (Table 3.1), reflecting I.E.susc of 23.7–91.3%  and 17.6–138%, respectively. 

I.E.susc with diluted oil (52–91.5%) is higher than one with resin mixture (23.7–53.0%) for 

calcarenites (Table S3.4). 

 

3.3.2.1 Magnetic fabric orientation 

Not all calcarenites display well-defined MPFs; MI-1-Z3 shows no significant anisotropy (Figure 

3.5a). Samples MI-2-Y3 (measured at 512 kHz) and MI-2-Y10 (1 kHz) display significant 

anisotropy, but their principal directions are poorly defined (Figure 3.5b, c). Samples MI-2-Y8, 

MI-3-X11, MI-5-Z21 and MI-5-X22 show significant anisotropy, and well-defined directions 

(Figure 3.5c, d, e, f, and Table S3.4). The V3m-MPF of sample MI-2-Y8 is sub-parallel to the z-axis. 

The V1m-MPF is at 31° to x-axis in the xy-plane (Figure 3.5c). For sample MI-3-X11, the MPFs 

measured at different frequencies are co-axial, with largest confidence angles at 16 kHz, and V1m-

MPF at 36° to the y-axis in the xy-plane, V3m-MPF sub-parallel to the z-axis (Figure 3.5d). For sample 

MI-5-Z21, the V1m-MPF deviates 24° from the x-axis, and V3m-MPF is oriented along z-axis (Figure 

3.5e). The V1m-MPF of sample MI-5-X22 is parallel to the x-axis, and V2m-MPF and V3m-MPF lie within 

the yz-plane (Figure 3.5f). 

Most molasse samples show significant anisotropy and well-defined directions. Sample D1221X 

possesses significant anisotropy but poorly defined directions, and samples D1234X and D1261X 

have a well-defined V1m-MPF, but large confidence angles in the V2m-MPF – V3m-MPF plane (Figure 

3.5). For sample D1121Z, the MPFs show similar orientation independent of frequency and the 

V1m-MPF, V2m-MPF and V3m-MPF are along to the y-, x- and z-axes, respectively. Largest confidence 

angles are observed at 16 kHz (Figure 3.5g). The V1m-MPF of sample D1112Y is ~10° from the x-

axis, and V2m-MPF and V3m-MPF are in a plane that is rotated ca 10° around z from the yz-plane 

(Figure 3.5h). Both samples D1263Y2 and D1234X show well-defined V1m-MPF sub-parallel to the 

y-axis, and V2m-MPF and V3m-MPF in the xz-plane (Figure 3.5i, j). Sample D1221X and BE42AY 

have significant anisotropy of MPFs but poorly defined directions. Sample D1261X shows well-

defined V2m-MPF along z-axis, and V1m-MPF and V3m-MPF rotated ~30° around the z-axis in the xy-

plane (Figure 3.5j, m). The MPFs of sample C43Y in different frequencies possess the same well-

defined V1m-MPF, V2m-MPF and V3m-MPF at ~10° to the x, y and z directions, respectively (Figure 

3.5k). Sample C334Y has well defined V1m-MPF and V2m-MPF in a plane rotated ca 45° around z 

from the xz-plane and V3m-MPF at ~45° to x-axis (Figure 3.5l). For sample F31Z1, MPF axes are 

well defined. The V1m-MPF is at ~20° from the xy-plane, and V3m-MPF is at ~30° to the z-axis (Figure 

3.5o). 

 

3.3.2.2 Anisotropy degree and shape of the magnetic fabric 

The MPF anisotropy degrees of calcarenites are 1.01–1.05, and the shape values Um-MPF vary 

between -0.79 and 0.52 for samples with significant anisotropy. Note that the anisotropy shape is 

poorly defined for samples with low anisotropy and noisy data (Biedermann et al., 2013), which 

explains the large variability in these datasets. The molasse sandstones show higher anisotropy 

degrees, with Pm-MPF between 1.01 and 1.20, and the shape values Um-MPF range from -0.86 to 0.37. 

The samples that were measured at several frequencies mostly show different Um-MPF values and 

similar Pm-MPF. Conversely, sample D1121Z shows similar Um-MPF values at all frequencies, but 

Pm-MPF appears to vary with measurement frequency, and is higher than for other molasse samples 

from the same block (Figure 3.7). 
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Figure 3.7. (a) and (b) Anisotropy degree and shape of the magnetic fabric. Sample MI-2-Y3 was 

measured at 4 kHz, 16 kHz and 512 kHz on the SM150. MI-3-X11, D1121Z, D1234X, C43Y and 

BE42AY were measured at 1 kHz, 4 kHz and 16 kHz on the MFK1-FA. Remaining samples were 

measured at 1 kHz on the MFK1-FA. (c) Degree of magnetic anisotropy (Pm-MPF) against 

anisotropy degree of total shape ellipsoid (Ps-total). All samples were measured in 15 µm, 9 µm or 

5.5 µm XRCT and impregnated by oil-based ferrofluid (EMG 909), using different concentrations.  
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3.3.3 Comparison of XRCT and MPF data 

3.3.3.1 Porosities 

For calcarenite, XRCT-derived porosities are 13.6-21.3% higher than MPF-derived ones except 

MI-2-Y3 (10% lower), and molasse presents opposite results (0.3-20.0% lower) except D1263Y2 

and F31Z1 (5.2-7.2% higher). MPF-derived porosities with diluted oil (29.4-46.0%) are higher 

than ones with resin mixture (12.7-28.9%) for calcarenites. For calcarenites, the XRCT-derived 

porosities (31-43%) have lower variability than MPF data (12.7-46.0%). For molasses, both 

methods have large variability (0.6-16.4% for XRCT and 3.8-25.6% for MPF) (Table 3.1). 

 

 
Figure 3.8. Comparison of anisotropy degree and shape derived from XRCT (total shape ellipsoid) 

and MPF datasets. Samples MI-1-Z3, MI-2-Y3 and MI-3-X15 were measured at 4 kHz, 16 kHz 

and 512 kHz on the SM150. MI-3-X11, D1121Z, D1234X, C43Y and BE42AY were measured at 

1 kHz, 4 kHz and 16 kHz on the MFK1-FA. Remaining samples were measured at 1 kHz on the 

MFK1-FA. 
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3.3.3.2 Directional comparison 

For MI-2-Y3, V1 and V3 directions of total shape ellipsoids and MPF at 512 kHz agree with each 

other at 95 % confidence level. Similarly, total shape ellipsoids and MPFs are generally coaxial in 

samples D1121Z, D1112Y, D1234X, D1261X and D1221X. The principal directions of the total 

shape ellipsoid and MPF are sub-parallel in C43Y, C334Y and BE42AY but distinct at 95 % 

confidence. For MI-5-X22, D1263Y2 and F31Z1, V3 directions of total shape ellipsoid and MPF 

are similar but their V1 and V2 axes are distinct. Conversely, directions are statistically distinct at 

95 % confidence in samples MI-2-Y8 and MI-5-Z21 (Figure 3.5).  

 

3.3.3.3 Comparison of anisotropy degree and shape 

The MPF anisotropy degree is lower than that of the total shape ellipsoid in all samples. It is 

expected that Pm-MPF increases with Ps-total, and a higher-susceptibility ferrofluid causes stronger 

increase. Inconsistent correlations are presented in our data, partly due to measurement uncertainty, 

and only few datasets existing with the same ferrofluid susceptibility and measurement frequency, 

hindering statistical analysis. For similar reasons, it is impossible to evaluate whether Pm-MPF 

displays a consistent frequency dependence (Figure 3.7). Anisotropy shapes agree within 

uncertainty for total shape ellipsoid and MPF in samples MI-2-Y3, MI-2-Y8, MI-5-Z21, D1234X, 

D1261X, D1221X, BE42AY and F31Z1, but are different for both fabric measurements in the 

remaining samples (Figure 3.8). Comparing higher and lower resolution XRCT data suggests that 

both D1112Y and C334Y show similar anisotropy degree and shape at both resolutions (Figure 

3.8g, k).  

 

3.4. Discussion 

3D pore fabrics of calcarenite and molasse sandstone were investigated directly by XRCT, and 

indirectly by MPF. The XRCT technique is commonly used to characterize the internal structure 

of reservoir rocks because of non-destructiveness and 3D descriptions on pore fabrics (Cnudde & 

Boone, 2013; Landis & Keane, 2010; da Silva, 2018; Zeng et al., 2017). However, due to limited 

resolution and related artefacts, the smallest pores are unresolved by XRCT, and distinguishing 

isolated and connected pores is challenging because of narrow pore throats (Feser et al., 2008; 

Gelb et al., 2009; Zhan et al., 2009; Zubair, 2012). The voxel size is 5.5, 9 or 15 μm, corresponding 

to a spatial resolution of 10’648, 46’656 or 216’000 μm3 (4 x 4 x 4 voxels) for characterizing pore 

fabrics. Selecting 4 x 4 x 4 voxels as filter was a compromise between keeping as many pores as 

possible and reducing resolution-related artefacts that affect the ODFs of the major and minor pore 

axes at the expense of losing 1 % to 22 % of XRCT-derived pores (Table 3.1), decreasing the 

representativeness. Fabric orientations in different pore size windows show sub-parallel axes and 

different confidence angles, because window of smaller pores includes more unresolved 

micropores (Figure 3.5d). The comparisons of different resolutions (9 µm and 15 µm) indicate 

higher resolution detects more micropores, and also more small grains decreasing pore volume. 

One sample presents additional pores in all sizes with higher resolutions, probably because 

changing XRCT threshold to segment pores caused more pores resolved in all sizes. For these, 

different fabric orientations are observed between two datasets (Figure 3.5h, l), indicating that 

different pore sizes display different pore fabrics. Conversely, anisotropy degrees and shapes 

appear independent of resolution (Figure 3.6h, l, and 3.8g, k). This suggests that the pore shapes 

and aspect ratios are similar across all pore sizes, while their orientations vary.  

 

A total shape ellipsoid is introduced to minimize the effect of resolution-related artefacts without 

excluding small pores, providing a more stable measurement of pore fabric. In addition to reducing 

artefacts, the total shape ellipsoid can also derive an average pore fabric from a poorly defined and 

noisy ODF, and it allows a direct comparison of pore fabrics with second-order tensor properties, 

such as magnetic susceptibility, permeability or thermal diffusivity. We recommend this strategy 

for future analyses of pore or grain shape distributions in studies about average fabric 
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determination, or when modeling physical properties for reservoir evaluation and characterization. 

We expect that analyses based on total shape ellipsoids are particularly applicable to rocks with 

simple ellipsoidal pores. An alternative approach in need of further tests, is to use the best-fit 

ellipsoids of pores as input for a numerical model calculating MPFs for given pore assemblies and 

ferrofluid susceptibility (Biedermann, 2020). Complex pore shapes may need more sophisticated 

descriptions from further investigations.  

 

The MPF method has been proposed as an efficient pore fabric characterization technique to 

capture pores down to 10 nm (Pfleiderer & Halls, 1993; Robion et al., 2014). If reaching this limit, 

it would provide insight into the fabric of small pores unresolved by XRCT. There is no linear 

trend between the concentration and fluid susceptibility because susceptibility is lower when using 

resin rather than oil for dilution (Pugnetti et al., 2021). Fluid susceptibility still varies (<4%) after 

correcting frequency dependence, possibly because of the discrepancy between this study and 

Biedermann et al. (2021), e.g., time dependence. If changing corrected coefficient, all derived 

quantities, e.g., impregnation efficiency will change. The impregnation efficiency varies largely 

for different samples when using the standard vacuum impregnation method commonly applied in 

MPF studies (Parés et al., 2016; Pugnetti et al., 2021) (Table S3.4). I.E.susc and MPF-derived 

porosities with diluted oil are higher than with resin mixture, due to higher viscosity of resin 

causing harder impregnation. He-pycnometer porosity is higher than MPF and XRCT-derived 

porosities. MPF presents higher porosity than XRCT for most molasses but opposite for most 

calcarenites, possibly because in the large pores, ferrofluid particles may aggregate and sediment 

(Figure 3.2b, d). XRCT-derived porosities for calcarenites present lower variability than ones for 

molasses, may due to large pores easily resolved by XRCT. Ferrofluid on the sample surface was 

not entirely eliminated, may causing I.E.susc > 100 % and MPF-derived porosity > He-pycnometer 

porosity in the corresponding samples and MPF-derived porosities varying for different samples 

and diluents. The anomalies may also result from inhomogeneous fluid, and the uncertainty in the 

determination of fluid susceptibility/frequency dependence, because of the time-dependent nature 

of fluid properties. Nevertheless, results presented here show a quantitative relationship between 

MPF and XRCT-derived pore fabric. Six out of 12 samples exhibit the same fabric orientation for 

XRCT and MPF data at 95 % confidence, including only one calcarenite, probably because very 

weak anisotropy of calcarenite makes it impossible to interpret orientation. With very large pores, 

ferrofluid sedimenting to the bottom of pore may cause changes to MPF, especially for an almost 

isotropic sample, e.g., calcarenite. The additional three samples show sub-parallel fabric 

orientations, though they are distinct at 95 % confidence. Three samples possess fabrics with 

minimum axes that are co-axial between XRCT and MPF data but one of them shows deviations 

in the other two axes. In the other, the orientations of V1 and V2 axes cannot be compared, as V1s-

total and V2s-total directions are not statistically significant. Observed discrepancies in the XRCT and 

MPF fabric measures may be related to artefacts with either method, e.g., incomplete or 

inhomogeneous impregnation may affect MPF data, and resolution artefacts affect XRCT, as 

evidenced by differences in the fabric obtained on the same sample when measured at different 

resolutions and when considering different pore size windows in the same sample. Where XRCT 

data at 9 and 15 µm resolution did not agree, the higher-resolution XRCT data was compared with 

the MPFs, as this captures more pores, and better reflects the pores targeted by MPFs. Related to 

the observation that XRCT scans at different resolutions produce different pore fabric orientations, 

MPFs may show different fabrics as they capture smaller pores than XRCT. In this case, the 

investigated methods target different parts of the pore space, and thus provide complementary 

information when used together. Thus, discrepancies between MPF and XRCT fabric orientations 

in some samples indicate a variation of pore fabric with pore size, provided that other sources such 

as measurement uncertainty and impregnation artefacts can be excluded. To investigate this further, 

a complete set of XRCT data measured at different resolutions would be necessary, which may 

become possible after technological advancements. Until then, the agreement of XRCT and MPF 
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fabric orientations in two thirds of the samples investigated here highlight the potential of the MPF 

method, and suggest that it could be useful to characterize the fabric of pores with sizes below the 

XRCT-resolution on standard-sized cores. Previously published empirical relationships between 

average pore shape and MPF, or the average pore elongation direction and the maximum principal 

susceptibility of the MPF (Hrouda et al., 2000; Jones et al., 2006; Pfleiderer & Halls, 1993) are 

partly confirmed, and the concept of the total shape ellipsoid further expands these relationships, 

as it allows quantitative comparison. 

 

The magnetic anisotropy degree is lower than the anisotropy degree of the total shape ellipsoid. 

This is expected, given the physics of self-demagnetization and shape anisotropy, and the low 

susceptibility of the ferrofluid and high measurement frequency (Biedermann, 2019; Biedermann 

et al., 2021; Jones et al., 2006). The relationship between pore axial ratio and MPF has been 

described by the equivalent pore concept (Hrouda et al., 2000), and corrections thereof (Jones et 

al., 2006). However, because not only the geometry of individual pores, but also their orientation 

and spatial arrangement influence the MPF, there is no unique and straightforward relationship 

and predicting MPFs for a given pore space needs numerical modeling (Biedermann, 2020). Here, 

no clear correlation was observed, partly because measured susceptibility decreases with 

increasing frequency (Biedermann et al., 2021). Therefore, higher fluid susceptibilities and 

measurement frequency of 1 kHz are recommended for MPF studies (Biedermann et al., 2021). 

Half of the samples display similar anisotropy shapes for both fabric measures within measurement 

uncertainty, while the others displayed discrepancies in anisotropy shape. This may be related to 

the different parts of the pore space captured, or an inherent difference between methods, and 

needs to be investigated further. 

 

It remains to be established whether or not the MPF and total shape ellipsoid do relate to 

permeability. There are empirical correlations of MPF, pore fabrics and permeability anisotropy 

(Almqvist et al., 2011; Benson et al., 2003; Hailwood et al., 1999; Nabawy et al., 2009; Pfleiderer 

& Halls, 1994). Permeability anisotropy is also a second order tensor property, and essential for 

reservoir characterization, but the measurement method should be improved to obtain a full tensor 

with estimating uncertainty and heterogeneity. Future work will need to investigate whether the 

total shape ellipsoids and MPFs defined here correlate clearly with laboratory-measured 

permeability anisotropy. This study lays the foundation for the quantitative comparison between 

a variety of fabric measures and second-order properties. More types of reservoir rocks and fabrics 

need to be analyzed for a detailed and thorough understanding of MPFs and their ability to predict 

pore fabrics and permeability anisotropy in the future, following the procedure outlined here. 

 

3.5. Conclusions 

The main goals of the study were (1) to establish quantitative relationships between XRCT-derived 

pore fabric data and MPFs, and (2) to investigate how the methods can complement each other in 

order to improve 3D pore space description for reservoir characterization. The comparison of pore 

fabrics calculated from XRCT and MPF data was accomplished by defining the total shape 

ellipsoid, an average measure of the pore fabric, integrating information on the pore shapes and 

orientation density derived from the XRCT data. The total shape ellipsoid is mathematically 

represented by a second order symmetric tensor, and can thus be directly compared to second order 

tensor properties such as susceptibility or permeability. It is therefore useful not only in MPF 

studies, but also a wide range of fluid flow applications, or when predicting other physical rock 

properties relevant for reservoir evaluation and hydrocarbon exploitation.  

 

Generally, a good agreement was observed between the total shape ellipsoid and MPFs in terms 

of fabric orientation, and partly in terms of anisotropy shape. This confirms and expands previous 

empirical relationships between average pore shape or preferred pore orientation with MPFs. 
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Anisotropy degrees cannot be compared directly, because the susceptibility of the ferrofluid plays 

an important role in controlling the MPF anisotropy degree. Some open questions remain, 

including whether MPFs really are able to capture micropores (> 10 nm of magnetic nanoparticle) 

as suggested in previous studies, and how the total shape ellipsoid is affected by resolution-

artefacts and segmentation uncertainties. Nevertheless, the ability to quantitatively correlate MPF 

and total shape ellipsoid data will make the MPF method more useful in future applications.   
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Key Points: 

• 3D pore fabrics derived from 2D thin-section, X-ray computed tomography, permeability 

anisotropy, and magnetic pore fabric are compared 

• Magnetic pore fabric quantitatively reveals pore fabric and fluid flow direction  

• Integrating methods to predict flow direction benefit geothermal energy exploitation, CO2 

sequestration and groundwater management 

 

Abstract 

Reliable characterization of pore fabrics is essential for understanding fluid flow directionality in 

porous media, with important implications for geothermal energy production, CO2 sequestration, 

and groundwater flow. Thin-section analysis provides detailed pore fabric visualization but is 

limited to two-dimensional representations. XRCT can non-destructively determine 3D pore 

fabrics, but data processing is time consuming, and voxel resolution depends on density and 

sample size. Permeability anisotropy can be measured directly, but can be affected by 

heterogeneity, potentially leading to over- or underestimation of the degree of anisotropy. MPF 

serves as an alternative method for estimating pore fabrics and preferred flow directions, with the 

advantage of obtaining the full tensor from a single core. This study compared 2D thin-section-

derived 3D pore fabrics, X-ray computed tomography (XRCT)-derived data (pore fabrics, 

permeability, and magnetic pore fabric (MPF)), permeability anisotropy from different numbers 

of measurements, and MPF analyses. The study used sandstone and carbonate samples, along with 

a synthetic quartz sample. Comparisons of all tensors show the agreement in the maximum and 

minimum principal directions of pore fabrics, permeability anisotropy, and MPF for most samples 

(eight out of eleven), although the degree and shape of anisotropy vary. Simulated and laboratory-

measured permeability anisotropy differ, likely due to undetected micropores. This study suggests 

MPFs as an efficient way to evaluate between-sample heterogeneity, determine principal pore 

fabric directions and predict permeability anisotropy for cross-calibration. The results contribute 

to the advancement of techniques for reliable pore fabric characterization and understanding fluid 

flow directionality, with implications for renewables and hydrocarbon exploitation, and 

groundwater management. 

 

Plain Language Summary 

In this study, a comprehensive understanding of porous rock structures and fluid flow within them 

is pursued, which is essential during the energy transition phase when it comes to resource 

extraction and management, such as geothermal energy, but also groundwater management. The 
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study compares four distinct techniques: thin-section analysis, which provides a 2D view of pores; 

X-ray computed tomography (CT scan), which provides a 3D view of pores and allow computing 

permeability; permeability anisotropy measurements, which directly indicate the direction of fluid 

flow but require multiple cores; and magnetic pore fabric (MPF), a rapid method for estimating 

overall pore structure of the rock. Using a variety of rock samples, the study analyzes the 

advantages and limitations of each method. The results show that MPF is a highly efficient 

approach for evaluating differences between rock samples and determining the primary directions 

of fluid flow. By integrating these techniques, researchers can achieve a more thorough 

characterization of pore structure and flow directionality in porous rocks. This deeper 

understanding ultimately benefits the efficiency of resource extraction and management, leading 

to better decision and practices in hydrocarbon, geothermal and groundwater industries. 

 

4.1. Introduction 

Accurately understanding and characterizing pore fabrics and permeability anisotropy is essential 

for the exploitation of resources such as geothermal energy but also traditional hydrocarbons and 

groundwater (Aliyu & Chen, 2018; Gao & Hu, 2018; Kibria et al., 2018; Yang et al., 2018). Pore 

fabrics, including pore shape, alignment, connectivity, and distribution, directly influence fluid 

flow in the subsurface. Additionally, permeability anisotropy, which represents the variability of 

permeability in different directions, is critical for determining preferred fluid flow directions.  

 

The typical methods for pore fabric determinations include thin section analysis and X-ray 

computed micro-tomography (XRCT). Thin sections injected with fluorescent resin allow for 

direct observation of luminescent pore networks under a UV light microscope. This method only 

provides 2D images, limiting comprehensive pore fabric analysis (Prévosteau et al., 1970; Přikryl, 

2015). 

 

Using XRCT data sets, digital rock models can be constructed to analyze three-dimensional pore 

size, shape, and orientation distributions, and to calculate physical properties such as permeability 

and MPF (Andrä et al., 2013; Biedermann, 2020; Holzer et al., 2011; Madadi & Varslot, 2009; 

Pini & Madonna, 2016). The total shape ellipsoid, using a second-order tensor to represent the 

pore fabrics of the sample, facilitates the correlation of XRCT results with tensorial physical 

properties, such as permeability anisotropy and magnetic pore fabric (MPF) (Zhou et al., 2022). 

To achieve representative 3D pore characterization, a balance must be struck between sample 

volume and suitable resolution for micropore detection (Lai et al., 2018; Sun et al., 2021). 

 

Permeability anisotropy can directly evaluate the preferred flow directions, and it is a second-order 

tensor, requiring the measurement of at least six independent directions (Coulson & Nye, 1958). 

The selected literature (64 papers) on permeability anisotropy measurements (Figure 4.1) reveal 

that most studies (56 out of 64 papers) measured 2-3 directions, including one perpendicular to the 

bedding and the others parallel to the bedding (Adams et al., 2013, 2016; Al-Azani et al., 2019, 

2021; Al-Dujaili et al., 2021; Armitage et al., 2011; Auradou et al., 2005; Ayan et al., 1994; Benson 

et al., 2003, 2005; Bhandari et al., 2015; Cheng et al., 2012; Clennell et al., 1999; Dai et al., 2019; 

Dautriat et al., 2009; Dewhurst et al., 1996; Farquharson et al., 2016; Farrell et al., 2014; Gehne 

& Benson, 2017; Georgi et al., 2002; Goupil et al., 2022; Hong et al., 2019; Ismail et al., 2014; 

Iverson et al., 1996; Jia et al., 2022; Jiang et al., 2021; Kawano et al., 2011; Khan & Teufel, 2000; 

Leroueil et al., 1990; Li et al., 2021; Lou et al., 2021; Louis et al., 2005; Lu et al., 2019; Malkovsky 

et al., 2009; Metwally & Sondergeld, 2011; Meyer, 2002; Meyer & Krause, 2006; Nabawy, 2018; 

Nordquist, 2015; O’Kelly, 2007; Pan et al., 2015; Panja et al., 2021; Peffer et al., 1997; Pei et al., 

2023; Prasad & Nur, 2003; Prats, 1972; Sato et al., 2018; Scholes et al., 2007; Tan et al., 2023; 

Wang & Pan, 2017; Witt & Brauns, 1983; Youssef et al., 2021; Yu et al., 2020; Zhang et al., 1999; 

Zhang & Tullis, 1998; Zhang & Wang, 2018). Some studies measured other directions, such as 
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30, 45, 60-degree angles between the measured directions and fabric orientation (Baas et al., 2007; 

Cabrera & Samaniego, 2021; Mokhtari et al., 2013; Okazaki et al., 2013; Zhang et al., 2021). 

However, all of the above measurements require a priori information about the fabric orientation, 

such as bedding, fault or paleoflow. Otherwise, the permeability anisotropy may be under- or 

overestimated. Pfleiderer & Halls (1994) measured six directions to compute the full tensor of 

permeability anisotropy. Clavaud et al. (2008)  and Rasolofosaon & Zinszner (2002)  also 

presented full-tensor data, but only one principal direction was measured, and the tensor was 

calculated based on the three-dimensional shape of the fluid invasion front. Furthermore, when 

seven or more directions are measured, the confidence angle can be calculated (Jelinek, 1977), 

which allows an assessment of the significance level of the permeability anisotropy.  

 

Note that the selected literature focuses on permeability anisotropy measurements of natural rocks, 

identified primarily through a Google Scholar search using keywords related to "permeability 

anisotropy measurements of natural rocks" and sorted by relevance (publication year up to 2024).  

Initial search results were filtered based on title and abstract relevance, prioritizing papers clearly 

demonstrating multi-directional permeability anisotropy measurements. This relevance-based 

approach was adopted due to the inefficiency of chronological review given the large and often 

irrelevant search result pool.  This process yielded 64 highly relevant papers out of 210 reviewed, 

primarily concerning sedimentary rocks, especially sandstones, and to a lesser extent carbonates, 

shales, and coal. More detailed selection criteria and the filtering process are described in the 

caption of Figure 4.1. 

 

A promising alternative approach is the analysis of magnetic pore fabrics (MPFs) using ferrofluid-

impregnated samples, which provides an indirect method for determining pore fabrics and 

permeability anisotropy (Pfleiderer & Halls, 1990, 1994). Since the single sample can be rotated 

in a magnetic field to measure different directional susceptibilities, avoiding the prior information 

on fabric. Given that the size of magnetic particles in ferrofluid ranges from 10 to 20 nm, the MPF 

method can detect pores of similar size (Robion et al., 2014). Most studies consistently conclude 

that MPFs align with principal pore fabric directions (Louis et al., 2005; Pfleiderer & Halls, 1990) 

and with the permeability anisotropy orientations (Benson et al., 2003; Louis et al., 2005; 

Pfleiderer & Halls, 1994). MPFs exhibit a lower degree of anisotropy than pore fabrics and 

permeability anisotropy (Benson et al., 2003; Jones et al., 2006; Louis et al., 2005; Nabawy et al., 

2009; Pfleiderer & Halls, 1994). MPF-derived porosity is lower than Helium porosity (Nabawy et 

al., 2009), but not always lower than water porosity (Robion et al., 2014). Nevertheless, there are 

inconsistencies between the principal directions of permeability anisotropy and MPF (Baas et al., 

2007; Nabawy et al., 2009) (Figure 4.2). Potential reasons include residual ferrofluid on the sample 

surface, limited direction measurements for absolute permeability, and the influence of pore 

distributions, intrinsic susceptibility of ferrofluid, and even measurement frequency on MPF 

(Biedermann, 2019; Biedermann et al., 2021). An additional challenge is that MPFs are dominated 

by large interconnected pores impregnated with substantial amounts of ferrofluid, whereas 

permeability anisotropy is more related to the preferred orientation of all connected pores 

(Pfleiderer & Halls, 1994). Simplified samples with strong anisotropy, which are commonly used 

in many MPF studies (Biedermann, 2019, 2020; Jones et al., 2006; Pfleiderer & Halls, 1990), may 

not accurately represent intricate natural pore fabrics 

 

This study aims to address these challenges by providing a detailed and thorough understanding 

of the relationships between pore fabric properties, permeability anisotropy, and MPFs in natural 

and synthetic samples. The research question examines the effectiveness of MPFs in assessing 

sample heterogeneity and determining preferred directions for pore fabrics and fluid flow, with 

the results being cross-validated by thin section, XRCT, and permeability measurements, and 

ultimately contributing to fluid resource exploitation and management.  
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Readers can expect 3D pore fabrics calculated from three perpendicular thin sections and XRCT 

data. Permeability anisotropy and MPF are simulated using XRCT data and measured in the 

laboratory, including full-tensor calculations that evaluate variability and heterogeneity. 

 

 
Figure 4.1. Measurement directions of permeability anisotropy reported in published studies. The 

selected literature primarily focuses on permeability anisotropy measurements of natural rocks. 

Applying Darcy's law, steady-state gas pressure is applied at the end of the sample plug to measure 

the sample's permeability. Using the Google Scholar search engine, academic articles related to 

permeability anisotropy measurements of natural rocks were searched, with the publication date 

up to 2024 and the results sorted by relevance. It is important to note that although the search 

engine shows tens of thousands of results, not all of these papers are useful for our study. Due to 

the nature of the search algorithm, it presents all relevant results, even those with minimal 

relevance, such as papers that mention the keywords only in the reference or introduction sections 

but do not focus on them in the main content. For some results, keywords appear separately 

throughout the text, deviating significantly from their original meaning. Additionally, some papers 

mention permeability but do not cover measurements, anisotropy, or use natural samples, and 

some use simulations instead of physical measurements. The academic terminology used by 

different research communities is not entirely consistent, and authors' writing habits vary. Based 

on these characteristics, reviewing the search results in chronological order becomes highly 

inefficient, as even searching for a single year yields over ten thousand results, most of which are 

irrelevant to our study. Therefore, all results were sorted by relevance, and the papers were 

reviewed sequentially. Only papers whose titles or abstracts clearly indicated the presence of all 

key information were further examined to determine if they measured permeability anisotropy in 

multiple directions. By following this approach, by the 21th page of search results, the probability 

of finding relevant articles had significantly decreased. In total, 210 papers were reviewed, of 

which 64 are highly relevant to our needs, focusing on permeability anisotropy measurements of 

natural rocks. The literature dealt with sedimentary rocks, primarily sandstones, with a smaller 

portion covering carbonates, shales, and coal. It is important to note that although the literature 

spans from 1972 to 2023, this does not represent a comprehensive review of all papers from 1972 

to 2023. Due to the nature of the search engine and our strategy, the search results are sorted and 

presented by relevance for review, not in chronological order. Among 64 academic articles, two 

papers measured one direction to infer permeability anisotropy (Clavaud et al., 2008; 

Rasolofosaon and Zinszner, 2002), 40 papers measured two directions (Al-Dujaili et al., 2021; 

Armitage et al., 2011; Ayan et al., 1994; Bhandari et al., 2015; Cheng et al., 2012; Clennell et al., 

1999; Dai et al., 2019; Dewhurst et al., 1996; Farquharson et al., 2016; Gehne & Benson, 2017; 
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Georgi et al., 2002; Goupil et al., 2022; Hong et al., 2019; Ismail et al., 2014; Iverson et al., 1996; 

Jia et al., 2022; Kawano et al., 2011; Khan & Teufel, 2000; Leroueil et al., 1990; Louis et al., 2005; 

Lu et al., 2019; Malkovsky et al., 2009; Metwally & Sondergeld, 2011; Meyer, 2002; Meyer & 

Krause, 2006; Nabawy, 2018; Nordquist, 2015; O’Kelly, 2007; Panja et al., 2021; Peffer et al., 

1997; Prasad & Nur, 2003; Prats, 1972; Scholes et al., 2007; Wang & Pan, 2017; Witt & Brauns, 

1983; Youssef et al., 2021; Yu et al., 2020; Zhang et al., 1999; Zhang & Tullis, 1998; Zhang & 

Wang, 2018), 18 papers measured three directions (Adams et al., 2013, 2016; Al-Azani et al., 2019, 

2021; Auradou et al., 2005; Benson et al., 2003, 2005; Dautriat et al., 2009; Farrell et al., 2014; 

Jiang et al., 2021; Li et al., 2021; Lou et al., 2021; Mokhtari et al., 2013; Okazaki et al., 2013; Pan 

et al., 2015; Pei et al., 2023; Sato et al., 2018; Tan et al., 2023), two papers measured five directions 

(Cabrera & Samaniego, 2021; Zhang et al., 2021), and two papers measured six directions (Baas 

et al., 2007; Pfleiderer & Halls, 1994). 

 

 
Figure 4.2. Published MPF studies reporting on pore fabric, permeability and MPF anisotropy. 

The upper panel compares the anisotropy orientation of pore fabric, permeability and MPF. The 

lower left panel compares the anisotropy degree between pore fabric, permeability and MPF. The 

lower right panel compares the porosity measured by helium with the porosity inferred by MPF.  
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4.2. Materials and Methods 

4.2.1 Sample description and characterization  

Eight sedimentary rocks with different pore characteristics are investigated, including sandstones 

(Berea (B25, B350, B660), Berea Spider (BS), Bentheimer (BT), Castlegate (CG), Molasse (D12), 

Salt Wash North (SWN)) and carbonates (Calcarenite (MI6), and Indiana limestone (I)). 

Additionally, one synthetic quartz sandstone (S3) was made. For sample preparation, the Molasse, 

Calcarenite and synthetic quartz samples were each prepared as 8 cm×8 cm×8 cm cubes. To test 

samples commonly used in industrial applications and to investigate the heterogeneity of dm-scale 

blocks, the benchmark samples (14 cm×14 cm×9 cm blocks) were ordered and analyzed. Berea 

sandstones are from Cleveland Quarries, and others are from Kocurek Industries, Inc.  

 

The Berea sandstone is one of “Benchmark samples”, which has been used by the hydrocarbon 

industry for many years as a standard in core-flood experiments. It is known to be a well-sorted, 

medium-grained, homogeneous Mississippian sandstone. Berea Sandstone has a fabric with cross-

bedded loose and tight layers. The strength and other properties vary depending on whether they 

are measured parallel or perpendicular to the layers, and hence the strength anisotropy is evident. 

Berea sandstone is primarily composed of quartz grains (~150 µm grain size) with a uniform grain 

size distribution. Other secondary minerals total less than 20%, including feldspar, kaolinite, 

dolomite, calcite, rutile, and zircon. The porosity is about 19% and permeability ranges from 15 

to 80×10-15 m2 (Bernabe & Brace, 1985; Churcher et al., 1991; Hart & Wang, 1995; Øren & Bakke, 

2003; Simmons et al., 1982). 

 

The Berea Spider sandstone is homogeneous and transversely isotropic at macro-scale. Berea 

Spider Sandstone, a variant, likely shares the layered fabric of Berea Sandstone, and its anisotropy 

is expected to be similar, influenced by these layers (Kocurek Industries). It is known to be an 

Upper Devonian sandstone with ~82% quartz and microcline, clay and albite (<18%) (Gamal et 

al., 2020, 2021). Porosity is 19-21% and permeability is 120-300 mD (≈ 1.18-2.96×10-13 m2) 

(Kocurek, 2022c). 

 

The Bentheimer sandstone belongs to the Early Cretaceous (Valanginian) deposited in the Lower 

Saxony Basin in a shallow marine environment. It is generally homogeneous and isotropic at small 

scales, however, it can show slight anisotropy due to pore shape. It consists of well-sorted sand 

with medium grain sizes (180-300 µm). Quartz is the dominant mineral (>90%) with accessory 

feldspar and clay. The homogeneous samples show 21-27% porosity and 520-3500 mD (≈ 5.13-

34.5×10-13 m2) permeability (Dubelaar & Nijland, 2015; Kemper, 1976; Kocurek, 2022a; Louis et 

al., 2005; Peksa et al., 2015; Vos, 1990).  

 

The Castlegate sandstone is a Late Cretaceous fluvial sediment of the Castlegate Formation 

outcropping in the Book Cliffs of Utah. It has a fabric from fluvial environments with structures 

like cross-bedding. This leads to anisotropy, where properties like permeability or wave velocity 

vary depending on the direction relative to these structures. It has a fine to medium grain size (~0.2 

mm). Quartz as the primary phase (70-80%) is combined with 5-10% clay. The sample is relatively 

homogeneous and moderately anisotropic with a porosity of 26-29% and a permeability of 2-4×10-

13 m2 (Adams & Bhattacharya, 2005; Digiovanni et al., 2007; Ingraham et al., 2013; Kocurek, 

2022b; Mclaurin & Steel, 2007). 

 

The Molasse sandstone was collected in Rüeggisberg, BE from the Upper Marine Molasse (OMM) 

of the Swiss molasse basin (SMB) and characterized by cross bedding and parallel bedding (Zhou 

et al., 2022). The fabric of OMM is characterized by shallow marine and tidal-influenced 

sedimentary structures like cross-bedding and lamination, and these structures cause anisotropy 

for mechanical properties and permeability.  It has ~20% porosity and up to 650 mD (≈ 6.42 ×10-
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13 m2) horizontal permeability and low vertical permeability due toto thinning upward beds. 

Therefore, it can be an important reserve and transfer space for CO2 and fluids (Chelle-Michou et 

al., 2017; Chevalier et al., 2010; Garefalakis & Schlunegger, 2019; Kohl et al., 2010; Rybach, 

2019; Schegg et al., 1997).  

 

The Salt Wash North sandstone represents the fluvial sediment of the Salt Wash Member of the 

Upper Jurassic Morrison Formation, with sedimentary structures leading to some degree of 

anisotropy, affecting how it behaves in different directions. The porosity is about 20% and the 

permeability is 400-1344 mD (≈ 3.95-13.3×10-13 m2) (Chesley & Leier, 2018; Owen et al., 2015, 

2017; Robinson & Mccabe, 1997; Tyler & Frank, 1983). 

 

The Calcarenite belongs to the Plio-Pleistocene units of Apulia, Italy. Apulian calcarenite is a soft 

porous rock formed by the cementation of calcareous grains accumulated in a shallow marine 

environment. It can exhibit anisotropy with thermal conductivity and P-wave velocity showing 

directional variations. It is characterized by a porosity between 16% and 60% with more than 99.5% 

of the pore space interconnected. It includes different pore types, such as intergranular pores, 

moldic pores, etc. (Andriani & Walsh, 2002; Ciantia et al., 2015; Zhou et al., 2022).  

 

The Indiana limestone is from the Mississippian Salem Formation. The primary composition is 

calcium carbonate (~98%). It is highly homogeneous and weakly bedded with medium-sized 

grains, consisting of oolites and fossil debris cemented by calcite. Its uniform fabric makes it less 

anisotropy. The porosity is 10-21% and permeability is 4-244 mD (≈ 0.04-2.41×10-13 m2) 

(Churcher et al., 1991; El-maghraby & Blunt, 2013; Hart & Wang, 1995; Schmidt & Huddle, 

1977). 

 

To simply and quickly prepare an anisotropic artificial sample, quartz sand with a grain size of 80-

150 µm, similar to that of common molasse samples, was selected to simulate a quartz sandstone 

texture. The liquid glass as the adhesive was mixed with the quartz sand. The mixture was placed 

in a cube holder and pressed with a hammer (<5 MPa) before drying in a 100 °C oven for 72 hours. 

The preparation process does not aim to replicate an actual diagenetic environment but rather seeks 

to rapidly and simply create an anisotropic structure through the pressing action of a hammer. 

 

The photographs of three orthogonal surfaces (xy, yz, xz) were taken for each benchmark sample 

using an iPhone 13 Pro Max. Then the samples were cut for three perpendicular thin sections (xy, 

yz, xz) and cores. According to the directions of the sedimentary layers provided by the rock 

supplier, the xy-direction of the sample block was defined as along the sedimentary layers, i.e., 

horizontal, while the z-direction is perpendicular to the layers, i.e., vertical. Therefore, the z-

direction corresponds to the compaction direction experienced during sediment deposition. Due to 

the influence of compaction, the elongation direction of grains and pores was expected to align 

along the xy-direction. In Figure 4.3, the pore fabrics and grain fabrics at the microscopic scale 

were presented through thin section and XRCT images (methods introduced later) and 

qualitatively compared with the macroscopic fabrics of the sample as observed in photographs. 

Through simple visual inspection of the images, an initial attempt was made to empirically validate 

the directional relationship between the microscopic pore fabrics and the macroscopic sample 

fabrics. However, it can be observed that only Sample BS shows slightly visible bedding at the 

macroscopic scale, while the other samples exhibit relatively homogeneous structures with no 

clear bedding. At the microscopic scale, there are also no significant directional features in the 

pore fabrics and grain fabrics. However, the following sections presented quantitative analysis of 

pore fabrics to establish a quantitative relationship between the macroscopic fabrics and the 

microscopic pore fabrics. 
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Figure 4.3. (a-k) Macroscope fabrics of the sample blocks examined from photographs on three 

perpendicular surfaces (xy, yz, xz) (see text) and pore fabrics on XRCT images of cores and thin 

sections in three orthogonal orientations (xy, yz, xz). The first column shows the macroscope 

fabrics from photographs of blocks. The surface of block BS has slight bedding structures, while 

the other blocks are relatively homogeneous without any clear structures. The second column 

shows the pore fabrics on XRCT images of cores. Columns three to six sequentially show the 

characteristics for pore fabrics and grain fabrics on the thin sections that were impregnated with 

fluorescent resin. These include images under parallel-polarized light, cross-polarized light, green 

UV light, and pore fabrics (shown in white) extracted using the ImageJ software. Samples D12, 

MI6, and S3, being part of an early experimental group, lack external photographs and 

consideration of fluorescent resin during thin section preparation. Some thin sections have a weak 

fluorescence due to the sparse presence of fluorescent resin on the minerals. Therefore, only the 

brightest luminescent parts were extracted for pore fabrics analysis. (l) Identification of pore types 

in thin sections (yz). These images are magnifications of the thin section images in part (a-k), 

aimed at providing a clearer view of the microscopic pore fabrics, with a particular focus on 

highlighting the pore types. All sandstone and synthetic quartz samples display images under 

plane-polarized light, with pore areas injected with yellow resin clearly visible. The primary pore 

type is intergranular pores. In contrast, calcarenite MI6 and limestone I display images under 

cross-polarized light, where black pore areas are more easily identified. These samples contain 

inter- and intragranular pores and moldic pores. Note that molasse D12, calcarenite MI6, and 

synthetic quartz S3 are early samples that were not injected with colored resin. Consequently, pore 

areas in samples D12 and S3 can only be identified with difficulty under plane-polarized light 

through repeated comparison and careful observation, while in cross-polarized light, quartz grains 

exhibit undulatory extinction, making pore area identification even more challenging. 

 

All sandstones show quartz as the primary mineral and intergranular pores as the main pore type. 

Samples B350 and D12 show more secondary minerals with the presence of clays. MI6 and I have 

bioclastic fragments and oolites as the main grains cemented by calcite, with various pore types 

including inter- and intragranular pores, and moldic pores (Figure 4.3). 

 

After macroscopic visualization of the blocks, for the first group of samples (Molasse, Calcarenite 

and synthetic quartz), one standard size core of 25 mm diameter and 22 mm length was drilled 

from each of six directions, X, Y, Z, XY, YZ, XZ. An additional core from each block was drilled 

along the Z direction for the Molasse and Calcarenite and along the X direction for the synthetic 

quartz sandstone (Table 4.1 and Figure 4.4a). Benchmark sample blocks were first subjected to a 

simple XRCT scan to check for sample heterogeneity. Then, 18 cores were drilled from the six 

directions for each benchmark sample to check the variability of the blocks (Table 4.1 and Figure 

4.4b). All sample cores were dried in an oven at 100 °C for 48 h. The grain volume was measured 

by a Micromeritics AccuPyc 1340 Automatic Gas (He) Pycnometer system at the University of 

Bern, and the bulk volume was calculated by the diameter and height of cores, which were 

repeatedly measured using a caliper. The porosity was then determined by comparing the grain 

volume with the bulk volume. 

 

Table 4.1. Sample list for directional cores 

Sample name Directional core 

D12, MI6 X, Y, Z1, Z2, XY, YZ, XZ 

S3 X1, X2, Y, Z, XY, YZ, XZ 

B25, B350, B660, BS, BT, CG, 

SWN, I 

X1, X2, Y11, Y12, Y21, Y22, Z11, Z12, Z13, 

Z21, Z22, Z23, XY1, XY2, YZ1, YZ2, XZ1, 

XZ2 
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Figure 4.4. Sketch for directional cores. (a) Directional cores of samples D12, MI6 and S3 and 

cores for permeability anisotropy, (b) directional cores of benchmark samples B25, B350, B660, 

BS, BT, CG, SWN, I, and cores for permeability anisotropy of benchmarks.
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4.2.2 Direct and indirect pore fabric determination  

4.2.2.1 Thin section analysis 

Pore characterization was first performed on thin sections. In the case of the first group of samples 

D12, MI6 and S3, standard resin impregnation was used to prepare thin sections; thus, no 

additional pore analysis was performed beyond the examination under plane- and cross-polarized 

light. In contrast, the thin sections of the benchmark samples were impregnated with the 

fluorescent resin, which facilitates the identification of pores using fluorescence microscopy. 

However, by covering of these sections with glass slides prior to polishing, an overflow of colored 

resin was observed on the mineral surfaces. Therefore, only the brightest fluorescent areas were 

identified as pores (Figure 4.3). High-resolution imaging was achieved using a microscope at 10× 

magnification. For sample I, both the grains and pores are significantly larger than those in other 

samples. A 5x magnification was sufficient, and the sampling area was larger than others to ensure 

the collection of representative data. Pore analysis was carried out using ImageJ software with the 

Threshold function for pore segmentation and the Analyze Particles function to determine the area 

and principal axis of the best-fitting ellipse for each pore. The pore size was determined by the 

equivalent diameter of a circle with an area equal to that of the pore, referred to as the EqDiameter. 

The Representative Elementary Area (REA) was defined by evaluating the distribution of porosity 

and pore size as a function of the included area, with an 8 mm × 8 mm section selected for analysis 

(Zhou et al., 2022). The aggregate shape of the ellipses in each thin section was calculated by 

summing the tensors of the best-fit ellipses of the pores (Zhou et al., 2022). By aggregating the 

tensors from total shape ellipses in the xy, yz, and xz thin sections, the second-order tensors were 

derived to represent the average three-dimensional pore structure, i.e., total shape ellipsoid 

(Shimamoto & Ikeda, 1976). For further analysis, only pores with a minimum size of 4×4 pixels 

(2.3×2.3 µm²) were considered, as they were large enough to be reliably detected (Zhou et al., 

2022).  

 

The anisotropy degree (P = a/c, [1, ∞]) and shape (U = (2*b-a-c)/(a-c), [-1,1]) can be calculated 

by using the lengths of the principal axes of the total shape ellipsoid (a ≥ b ≥ c)  (Jelinek, 1981). 

 

4.2.2.2 XRCT data acquisition and processing 

One core from each sample (B25Y12, B350Y12, B660Y12, BSY12, BTY12, CGY12, D12X, 

SWNY12, MI6Z2, IY12, S3Z) was scanned with a Bruker SkyScan 1273 at the University of Bern, 

with a resolution of 5.5 μm pixel size, using a 1 mm Al+0.038 mm Cu filter, with operating 

parameters set at 100 kV and 80 μA to achieve an exposure time of 275 ms. 

 

Image reconstruction including the correction of misalignments, as well as ring and beam 

hardening artifacts, were performed using NRecon (Skyscan, 2011). Subsequently, the XRCT data 

were processed using Avizo (ThermoFisher Scientific, version 2021.2), applying an Unsharp 

masking filter for noise reduction (Polesel et al., 2000; Strobel, 1996) and a watershed algorithm 

for pore segmentation (Bieniek & Moga, 2000). The representative elementary volume (REV) was 

constructed analogously to the representative elementary area (REA) method (Zhou et al., 2022). 

A volume of 600×600×600 voxels (3.3×3.3×3.3 mm3) was designated as the REV for subsequent 

pore analysis, permeability simulation, and MPF modeling. All pores larger than 4×4×4 voxels 

(22×22×22 µm3) were classified as detectable in shape for further analysis (Zhou et al., 2022). 

 

The total shape ellipsoid was used to represent pore fabrics, incorporating bootstrap methods 

(Constable & Tauxe, 1990; Tauxe et al., 1998; Zhou et al., 2022) and calculating 95% confidence 

ellipses (Hext, 1963; Jelínek & Kropáček, 1978; Owens, 2000; Zhou et al., 2022). The degree of 

anisotropy P and shape U of the pore fabrics were derived similarly to the thin section analysis 

approach. 

 



 

57 
 

XRCT-derived pore network models were reconstructed using Avizo software and facilitated the 

calculation of the permeability tensor via simulated fluid flow from various orientations, using a 

standard input pressure of 0.13 MPa and a default fluid viscosity of 0.001 Pa•s. Increasing the 

pressure and fluid viscosity significantly increased the simulation computation time but did not 

notably alter the simulated permeability anisotropy orientation, degree, or shape—the parameters 

of primary interest in this study. Therefore, the default settings were used to reduce simulation 

computation time. The permeability anisotropy was determined by analyzing the eigenvectors and 

eigenvalues of the tensor. The degree and shape of anisotropy can also be calculated from the 

eigenvalues corresponding to maximum, intermediate and minimum permeability.   

 

The MPF was modeled for each sample based on the XRCT data using FinIrrSDA software 

(Biedermann, 2020)  to assess total anisotropy and shape anisotropy. 

 

4.2.2.3 Permeability anisotropy measurements 

Permeability anisotropy, a second-order tensor, requires a minimum of six directional 

measurements, with additional cores in identical orientations to evaluate variability. Samples were 

analyzed by CoreLab ((UK) for air permeability testing at a confining pressure of 800 psig (≈ 5.52 

MPa). Preliminary full tensor permeability anisotropy measurements focused on D12, MI6, and 

S3 samples, considering inherent variability. Six directional cores (X, Y, Z, XY, YZ, XZ) with one 

additional core were obtained for full tensor permeability estimation with 95% confidence ellipse. 

Six different cores (X, Y, Z1, XY, YZ, XZ or X, Y, Z2, XY, YZ, XZ) were selected for the full tensor 

calculation without confidence intervals. A trio (X, Y, Z) or a pair (X, Z) of cores was chosen to 

derive the vertical and horizontal directional permeability anisotropy of the fabric, in accordance 

with common practices in the literature (Figure 4.1, 4.4). Consequently, the permeability 

anisotropy results derived from seven, six, three, and two cores were compared, to identify 

potential discrepancies due to under- or over-estimation when examining limited cores. Eight 

benchmark blocks of larger dimensions were prepared for further analysis. For these, 14 cores 

were drilled in six directions to compute four tensors including confidence ellipses (X1, Y11, Z11, 

Z12, XY1, YZ1, XZ1 and X2, Y21, Z21, Z22, XY2, YZ2, XZ2 and X1, Y11, Z11, Z12, XY2, YZ2, XZ2 

and X2, Y21, Z21, Z22, XY1, YZ1, XZ1). Similar to previous procedures, six, three, and two 

directional cores were also evaluated for comparison purposes (Figure 4.4). Second-order 

permeability tensors were quantified analogously to the total shape ellipsoid calculations, 

considering the eigenvectors V1, V2, V3, the anisotropy degree P = k1/k3, and the shape U = (2*k2-

k1-k3)/(k1-k3), where k1 ≥ k2 ≥ k3 represent the principal permeabilities. 

 

4.2.2.4 Magnetic pore fabric measurements 

The anisotropic magnetic susceptibility (AMS) of each dry sample was determined by 15 

directional measurements taken while the sample was rotated to elucidate the inherent anisotropy 

of the rock (Jelinek, 1996). The instrumentation included a MFK1-FA susceptibility bridge from 

AGICO (Czech Republic), operating at approximately 1 kHz and applying a standard magnetic 

field of 200 A/m. The AMS data comparison for either seven cores per sample (D12, MI6, S3) or 

18 cores from benchmark samples ensured evaluations within a consistent coordinate framework, 

and verified the homogeneity of each sample. Initially characterized cores from the first group 

(D12, MI6, S3) were impregnated with a diluted, oil-based ferrofluid (FerroTec EMG 909 with an 

intrinsic susceptibility of 1.38 SI) under a 100 kPa vacuum for one hour. This procedure was 

similar to that used in previous studies (Zhou et al., 2022). This ferrofluid was diluted at a volume 

ratio of 1:30 with hardener to resin at a ratio of 1:4. After impregnation, the MPFs were measured 

to determine the magnetic anisotropy, following to the same protocol as the AMS measurement 

(Table 4.2).  

 

The susceptibility-based impregnation efficiency (I.E.susc) and the MPF-inferred porosity (𝜑𝑀𝑃𝐹) 
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were determined by comparing the sample susceptibility to that of the impregnation fluid (Pugnetti 

et al., 2022): 

𝐼. 𝐸.𝑠𝑢𝑠𝑐 =
∆𝑘𝑚𝑒𝑎𝑛

𝜑𝑘𝑓𝑙𝑢𝑖𝑑
∗ 100% 

𝜑𝑀𝑃𝐹 =
∆𝑘𝑚𝑒𝑎𝑛

𝑘𝑓𝑙𝑢𝑖𝑑
∗ 100% 

where 𝑘𝑓𝑙𝑢𝑖𝑑  is the ferrofluid susceptibility, while 𝜑 is the sample porosity, ranging from 0 to 1. 

∆𝑘𝑚𝑒𝑎𝑛 is the change in the mean susceptibility of the sample during impregnation. Given the 

insignificance of the magnetic susceptibility of the pre-impregnation sample compared to the post-

impregnation sample, ∆𝑘𝑚𝑒𝑎𝑛 can be replaced by the mean susceptibility of the impregnated 

sample 𝑘𝑚𝑒𝑎𝑛. Note that both 𝑘𝑓𝑙𝑢𝑖𝑑 and  𝑘𝑚𝑒𝑎𝑛 are normalized to the volume of the measured 

ferrofluid or sample and can then be compared.  

 

Table 4.2. AMS and MPF measurement settings. ‘’\’’ means no data. The diluted ferrofluids' 

susceptibilities were measured and adjusted for self-demagnetization, yielding susceptibility 

values of 0.17 SI for EMG 705 (1:10), 0.19 SI for EMG 905 (1:10), and 0.012 SI for EMG 909 

(1:30). 

  
Volume ratio of ferrofluid and dilution  Impregnation method  

Frequency 

(kHz) 

Field 

(A/m) 

AMS 

All 

cores 
\ \ ~1 200 

MPF 

D12, 

MI6, S3 

1:30  

EMG 909 : hardener and resin 

100 kPa vacuum for 

1 hours 
~1 200 

B25, 

B350, 

B660, 

BS, BT, 

CG, 

SWN 

1:10  

EMG 705 : distilled water 

100 kPa vacuum for 

24 hours 
~1 200 

I 
1:10  

EMG 905 : oil EMG 900 

100 kPa vacuum for 

24 hours 
~1 200 

 

In addition, dissolution that occurs at the sample surfaces during ferrofluid impregnation resulted 

in a reduction in sample mass after impregnation. This phenomenon was relatively more 

pronounced in samples with weak cementation, where dissolution was more pronounced. As a 

result, it was not possible to determine the mass of ferrofluid in the impregnated sample by 

measuring the difference in mass, making it impossible to calculate the mass-based impregnation 

efficiency (I.E.mass).  

 

The relatively lower intrinsic susceptibility and higher viscosity of the resin mixture resulted in 

reduced impregnation efficiency. Water-wet quartz sandstone (Zhang et al., 2020) and oil-wet 

carbonate surfaces (Zhang et al., 2006; Zhang & Austad, 2006) influenced the choice of 

impregnation media. To improve impregnation efficiency, water-based EMG 705 (4.04 SI intrinsic 

susceptibility and <5 mPa•s viscosity) was selected for sandstones, and oil-based EMG 905 (3.52 

SI intrinsic susceptibility and <5 mPa•s viscosity) was selected for limestones. The ferrofluids 

were diluted with distilled water or exclusive oil (EMG 900 from FerroTec) in a volume ratio of 

1:10 (Table 4.2).  
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Although the initial susceptibility of the ferrofluid is specified by the Ferrotec company, 

susceptibility of the ferrofluid is frequency dependent, being higher than the initial susceptibility 

for oil-based fluid, but lower for water-based fluid (Biedermann et al., 2021). Furthermore, due to 

the self-demagnetization (Clark, 2014; Osborn, 1945; Sato & Ishii, 1989; Stoner, 1945), the 

susceptibility must be measured under standard conditions and corrected to obtain the true intrinsic 

susceptibility of the ferrofluid (𝑘𝑖𝑛𝑡)  

𝑘𝑖𝑛𝑡 =
𝑘𝑚

1 − 𝑁𝑘𝑚
 

Where, N is the self-demagnetization factor, which depends on the shape of the magnetic material, 

and 𝑘𝑚  is the measured susceptibility of the ferrofluid. The ferrofluid, consisting of strongly 

magnetic nanoparticles suspended in a carrier liquid, is macroscopically treated as a homogeneous 

strongly magnetic liquid. Here, the self-demagnetization factor is determined by the shape of the 

fluid during the measurement process. Therefore, the susceptibilities of diluted ferrofluids stored 

in cylinders (1.63-cm diameter by 0.95-cm height) were measured and adjusted for self-

demagnetization, yielding susceptibility values of 0.17 SI for EMG 705 (1:10), 0.19 SI for EMG 

905 (1:10), and 0.012 SI for EMG 909 (1:30). 

 

The statistical reliability of anisotropy against instrument noise for the MPF, was determined by 

confidence angles E13 (=E31), E12 (=E21) and E23 (=E32), derived from average directional 

susceptibilities (Hext, 1963; Jelinek, 1977, 1981). Narrow confidence angles indicate pronounced 

anisotropy with precise orientations. P and U, which characterize magnetic anisotropy, were 

calculated as k1/k3 and (2*k2-k1-k3)/(k1-k3), respectively, where k1 ≥ k2 ≥ k3 are the primary 

susceptibilities (Jelinek, 1981).  

 

4.2.3 Correlation of thin section, XRCT, permeability anisotropy and MPF data 

Porosity measurements obtained from the Helium pycnometer were directly compared to 

porosities calculated from thin section, XRCT, and MPF data. Similarly, measured permeability 

values were directly compared with those calculated from XRCT data. Permeability anisotropy 

measurements in 7, 6, 3, and 2 directions were compared to determine the need for seven-direction 

measurements for accurate data quality assessment and to avoid underestimation of anisotropy. 

Comparisons were made between pore fabrics derived from thin section analysis, XRCT data (total 

shape ellipsoid, simulated permeability anisotropy, MPF model), measured permeability 

anisotropy, AMS, and MPF. These comparisons focused on the orientation, represented by the 

angle between the principal axes of different properties relative to the confidence angle, and also 

considered the degree and shape of anisotropy. In addition, the total tensors derived from these 

different methods were calculated to allow a direct comparison of anisotropy orientations between 

them.  

 

4.3. Results 

Porosity measurements of the sampled collection range from 17.43% to 55.58%, while 

permeabilities range from 3.4 to 14180.3 mD (approximately 33.56-139948.68×10-16 m2). The 

data generally follow the expected porosity-permeability relationship. Sample B25 has the lowest 

porosity at 17.43%, while sample MI6 has the highest at 55.58%. Most samples show the same 

trend of increasing porosity values with helium pycnometer-derived porosity values being greater 

than XRCT-derived porosity values, followed by MPF-derived and thin-section-derived porosity 

values. Thin section and MPF data provide comparable porosity values for all samples. In the case 

of sample SWN, the MPF data shows a slightly lower porosity than the thin section; however, 

their respective porosities are similar within uncertainty. Sample S3 shows a unique ordering 

where the MPF-derived porosity is greater than XRCT-derived porosity which is greater than the 

helium-derived porosity (Table 4.3 and Figure 4.5). 
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Table 4.3. Porosity comparison of laboratory measurements by He pycnometer, numerical 

calculations based on thin sections and XRCT data, and estimation from MPF. I.E.susc is also 

presented. The susceptibility-based impregnation efficiency (I.E.susc) and the MPF-inferred 

porosity were determined by comparing the sample susceptibility to that of the impregnation fluid. 

“\” means no data. For samples D12, MI6 and S3, only one core of each sample was impregnated 

by ferrofluid, so error estimates of their MPF-porosity and I.E.susc based on multiple measurements 

for one core. 

Sample 

Porosity 

(He 

pycnometer, 

AccuPyc 

1340) (%) 

Porosity (thin 

sections / 

magnification: 

10x) (%) 

(threshold, 

(solid-void) 0-

255) 

Porosity 

(Skyscan 

1273 / 

resolution: 

5.5 μm) (%) 

(threshold, 

(void-solid) 

0-255) 

Porosity 

(MPF)  

(%) 

I.E.susc  

(%) 

Sandstone      

B25 18.05±0.62 4.7±0.4 (83) 14±1 (51) 7.8±0.6 42.9±5.0 

B350 24.11±0.64 7.6±0.5 (87) 19±2 (44) 9.4±0.4 38.8±2.3 

B660 23.85±0.62 7.8±0.9 (83) 19±2 (55) 11.4±3.0 48.4±12.1 

BS 23.83±0.46 7.6±0.4 (83) 18±1 (48) 10.2±0.9 42.2±4.1 

BT 26.62±0.56 11±0 (81) 22±2 (43) 10.7±0.7 40.2±2.8 

CG 32.60±0.64 11±1 (90) 23±1 (50) 10.7±2.1 32.9±6.5 

D12 21.53±0.71 \ 12±2 (35) 9.2±0.1 42.6±0.1 

SWN  32.92±1.01 10±1 (102) 17±2 (44) 8.3±1.5 25.3±4.3 

Carbonate stone     

MI6 54.01±1.57 \ 37±3 (40) 32.4±0.1 60.1±0.1 

I 20.97±1.07 9.1±1.9 (68) 12±1 (42) 9.5±1.1 46.3±6.3 

Synthetic quartz     

S3 40.97±0.94 \ 42±2 (45) 44.7±0.1 109±0.1 

 

For the pore size distribution, data from thin sections indicate a decreasing trend in the proportion 

of pores as their size increases, with larger pores showing lower relative quantities. Conversely, 

XRCT data show a bimodal distribution, with peaks at ~30 and ~100 µm. Thin section data show 

a wider pore size range (2-400 µm) compared to XRCT data (20-400 µm) (Figure 4.6). 

 

4.3.1 Thin section 

Examining the degree of anisotropy P and shape U, sample BS has the lowest range of 1.02-1.03 

among all samples, while sample CG has the highest P values, between 1.07-1.08. Samples B25, 

B350, BT, CG, and SWN show a relatively prolate anisotropy shape with mean U values ranging 

from -0.14 to -0.38. Conversely, samples B660, BS, and I have a relatively oblate shape with mean 

U values ranging from 0.02 to 0.18. However, all samples show considerable variation in U across 

different total shape ellipsoids, indicating inconsistent anisotropy shapes for each sample (Figure 

4.7). 

 

Samples B25, B350, BT, CG, and SWN have the minimum axes (V3) of pore fabrics closely 

aligned with the z-direction, while the maximum and intermediate axes (V1, V2) lay within the xy-

plane. Samples B660 and BS have an angle of about 35° between the V3 and z-axis, and between 

the V1 and the xy-plane. For sample I, the anisotropy orientations of pore fabrics show inconsistent 

distributions between different tensors (Figure 4.8). 
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Figure 4.5. Porosity for different samples from Helium pycnometer, thin section analysis, XRCT, 

MPF-derived data, and Helium pycnometer (literature). Different shapes of symbols represent the 

different samples. The samples B25, B350, and B660 are all Berea sandstone with different 

permeabilities, and thus, they are represented by similar symbols, specifically triangles oriented in 

different directions. All sandstone samples (B25, B350, B660, BS, BT, CG, D12, SWN, S3) are 

represented with solid symbols, while carbonate samples (MI6, I) are represented with open 

symbols. Helium porosity, obtained using the standard measurement method, is used as the x-axis, 

while porosity obtained from other methods is represented by different colors as the y-axis. Note 

that symbols of the same shape (regardless of color differences) correspond to the same sample, 

so they share the same value on the x-axis, all representing He porosity. However, their different 

colors correspond to porosity from other methods or literature, showing their values on the y-axis. 

Gray represents thin section-derived porosity, black represents XRCT-derived porosity, blue 

represents MPF-derived porosity, and purple also represents He porosity, but these are not 

measured in this study (the He porosity measured in this study is shown on the x-axis) and are 

instead sourced from the literature, with different shades of purple indicating different references.  

 

4.3.2 XRCT data 

Regarding the degree of anisotropy for XRCT-derived pore fabrics in different sandstones, sample 

D12 has the highest P value of 1.34, while sample BS has the lowest value of 1.09. For carbonates, 

the degrees of anisotropy area at 1.31 for sample I and 1.27 for sample MI6. The synthetic sample 

S3 has an average P of 1.07. In terms of anisotropy shapes for XRCT-derived pore fabrics, samples 

BS, CG, and SWN have prolate shapes, while samples B350, B660, D12, and I are oblate. Samples 

B25, BT, MI6, and S3 show inconsistent anisotropy shapes (Figure 4.7). 

 

For XRCT-derived pore fabrics, expect for MI6, all samples have the V1 axes of total shape 

ellipsoids and Orientation Distribution Functions (ODFs) within the xy-plane. Samples B25, B350, 

B660, BT, D12, I, and S3 have V3 axes that are subparallel to the z-axis. Samples BS, CG, and 

SWN have their V2 and V3 axes aligned with the xz-plane. Sample MI6's V1 and V2 axes show a 

broad distribution along the xz-plane, with the V3 axis trending subparallel to the y-axis (Figure 

4.8). 

 

In terms of simulated permeability anisotropy, sample D12 has the highest degree of anisotropy at 

2.53, and sample BS has the lowest at 1.07 compared to other samples. Samples B25, B660, BS, 

and S3 are characterized by their oblate anisotropy shapes, with U values ranging from 0.03 to 

0.61. The remaining samples have prolate shapes, with U values ranging from -0.04 to -0.55 
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(Figure 4.7). For sandstones and synthetic sample S3, the V1 axes of the simulated permeability 

anisotropy are nearly parallel to the xy-plane. The V1 of Sample MI6 is closely aligned with the z-

axis, while that of Indiana limestone I is oriented at about 30° to the xy-plane (Figure 4.8). 

 

  
Figure 4.6. Pore size distribution for all samples. Pore size is presented by EqDiameter which is 

the diameter of a circle or sphere with the same area or volume as a single pore. The distribution 

is presented as percent of pores, comparing the number of pores for each size with the total number 

of pores. 
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Figure 4.7. Anisotropy degree (P) and shape (U) of all samples from pore fabrics of thin section 

analysis, XRCT-derived data (total shape ellipsoids, simulated permeability anisotropy, and 

MPF model), measured permeability anisotropy, AMS and MPF.  
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Figure 4.8. Comparison of orientation of pore fabrics from thin section analysis, XRCT-derived 

data (orientation density functions of pore axes, bootstrapped total shape ellipsoids, simulated 

permeability anisotropy, and MPF model), measured permeability anisotropy (7, 6, 3, 2 cores), 

AMS and MPF. In the last column, the block fabric was added. During sedimentation, vertical 

compaction occurs, the maximum axis of the block fabric is considered to be along the xy-direction, 

while the minimum axis is along the z-direction, i.e., the compaction direction. 
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In the MPF models, the degree of anisotropy of sample CG is the highest at 1.03 compared to other 

samples, while the P of sample S3 is the lowest at 1.00. Berea sandstone B25, B350, B660, 

sandstone BT, D12, and limestone I have oblate anisotropy shapes with U values ranging from 

0.28 to 0.61, while other samples have prolate shapes ranging from -0.12 to -0.71 (Figure 4.7). 

The V1 axes of all samples are nearly parallel to the xy-plane, except for calcarenite sample MI6 

which is parallel to the z-axis. The V3 axes of samples B25, B350, B660, I, and S3 are closely 

aligned with the z-axis, and samples BS and BT have their V3 axes at approximately 30° to the z-

axis. Samples CG and SWN have their V3 axes nearly aligned with the x-axis, and sample MI6 

has its V3 axes along the y-axis (Figure 4.8). 

 

4.3.3 Permeability anisotropy 

Permeability exhibits significant variability both between and within samples. Sample B25 has a 

significantly lower permeability, ranging from 43 to 71 millidarcies (mD), while synthetic quartz 

S3 has the highest, ranging between 10355 and 14180 mD. Within individual samples, directional 

core permeabilities also vary; for example, sample B350 has a permeability ranging from 225 mD 

to 555 mD, and sample B660 has a narrower range of 334 mD to 438 mD. Variations are also 

evident in other samples, with sample BS ranging from 360 mD to 598 mD, sample BT from 2038 

mD to 3066 mD, and sample CG from 631 mD to 937 mD. Sample D12 shows more important 

fluctuations with permeabilities as low as 3.4 mD and as high as 27 mD. The remaining samples 

show heterogeneity: sample SWN ranges from 1206 mD to 3463 mD, sample MI6 from 678 mD 

to 2128 mD, and sample I exhibits a range from 673 mD to 2137 mD (Figure 4.9). The degree of 

permeability anisotropy is significantly greater than that of other measured or simulated data 

(Figure 4.7). The lowest anisotropy value is 1.32 from Berea sandstone B660, and the highest is 

12.78 from molasse D12. Most samples exhibit oblate anisotropy shapes with U values between 

0.11 and 0.64, except for samples CG, SWN, and I, which exhibit relatively prolate shapes with U 

values between -0.11 and -0.60 (Figure 4.7). 

 

Analysis of the anisotropy directions of the permeability, derived from seven cores equipped with 

confidence ellipses, shows that the groups of seven cores X1, Y11, Z11, Z12, XY1, YZ1, XZ1, and 

X1, Y11, Z11, Z12, XY1, YZ1, XZ1, show subtle anisotropy directions across all benchmark samples. 

In contrast, the group of X2, Y21, Z21, Z22, XY2, YZ2, XZ2, as well as the group of X2, Y21, Z21, 

Z22, XY1, YZ1, XZ1, show the tendency of more pronounced anisotropy in all benchmarks except 

for sample SWN. Specifically, benchmark samples B25, B350, B660, and BS exhibit significant 

V3 axes nearly parallel to the z-axis, while the V1 and V2 axes are broadly oriented in the xy-plane. 

For sample CG, the V2 and V3 axes are approximately at 45 degrees to the z-axis, and the V1 axes 

are in the xy-plane. For Sample SWN, one V3 axis is oriented at about 50 degrees to the z-axis, 

and other directions are much less significant. In cases where only a single tensor measurement is 

available, samples D12 and MI6 show insignificant anisotropy. However, sample S3 shows 

pronounced anisotropy with a significant V1 axis in the xy-plane and V2 and V3 axes positioned at 

~45° to the z direction (Figure 4.8). 

 

Measurements taken from six cores show that the V3 axes of samples B25, B350, B660, and BS 

are close to the z-axis and the V1 and V2 axes are distributed in the xy-plane. The principal 

directions in samples BT and CG have similar but inconsistent distributions. Samples D12 and S3 

have the V1 axes in the xy-plane and the V2 and V3 axes at ~45° to the z-axis. Sample MI6 has the 

V1, V2, and V3 axes aligned in the x, z, and y directions, respectively. Samples SWN and I show 

inconsistent anisotropy in permeability (Figure 4.8). 

 

For three-core measurements, all samples have the V3 axes aligned in the z direction, and the V1 

and V2 axes in the xy-plane, except samples SWN and MI6, which have V1 and V3 axes in the xy-

plane and the V2 axes in the z direction. For two-core measurements (X, Z), all samples have the 
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V1 axes in the x direction and the V3 axes at the z direction (Figure 4.8). 

     

 
Figure 4.9. Permeability of different directional cores from each sample.  

 

4.3.4 AMS and MPF 

The AMS of dry samples over all 7 or 18 directional cores shows the highest and lowest anisotropy 

degrees of 1.90 from sample S3 and 1.01 from sample B25, respectively. Sample BS has a 

relatively oblate anisotropy shape with a range of 0 to 0.83, while the anisotropy shapes of the 

other samples vary between cores (Figure 4.7). 

 

The AMS orientations are consistent for the molasse sample D12, with the V3 axes subparallel to 

the z-axis, and V1 and V2 in the xy-plane. Sample BS shows a similar but less consistent 

distribution of principal directions among different cores. All other samples exhibit inconsistencies 
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in the anisotropy orientations (Figure 4.8). 

 

 

 
Figure 4.10. (a) Degree of anisotropy of MPF (P) vs mean susceptibility of MPF (kmean), and (b) 

susceptibility-based impregnation efficiency (I.E.susc) vs mean susceptibility of MPF (kmean). (c) 

Porosity VS permeability from laboratory measurements and simulation from XRCT data. (d) 

Comparison of anisotropy degree of measured permeability with pore fabrics derived by thin 

section, XRCT-derived data (total shape ellipsoids, simulated permeability anisotropy, and MPF 

model), AMS and MPF. 

 

According to the MPF data, the highest and lowest degrees of anisotropy, P, are 1.05 for sample 

CG and 1.02 for sample I. Samples B350, B660, and BT show inconsistent anisotropy shapes 

across different cores, while the other samples have consistent oblate shapes (Figure 4.7). 
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In terms of MPF principal directions, all samples generally show the V3 axes near the z-axis and 

V1 and V2 in the xy-plane. However, sample SWN has V1 and V2 axes with a band distribution 

nearly parallel to the yz-plane, and V3 in the xy-plane (Figure 4.8). 

 

Comparing the mean magnetic susceptibility with the degree of anisotropy for each sample shows 

no significant trend. However, there is a significant positive correlation between susceptibility-

based impregnation efficiency and the mean susceptibility for all samples (Figure 4.10a, 4.10b). 

 

4.3.5 Comparison  

Overall, there is a relatively positive correlation between measured porosity and permeability, and 

between simulated porosity and permeability. However, samples D12 and MI6 show relatively 

lower measured permeability than the general trend. For all samples except S3, measured 

porosities (18.05-54.01%) exceed simulated porosities (12-37%). Samples B25, B350, B660, BS, 

CG, D12, MI6, and S3 show higher simulated permeabilities (117.17-23246.9 mD) than measured 

(43.18-14180.3 mD), while samples BT, SWN, and I show the opposite, with measured 

permeabilities (673.03-3065.81 mD) exceeding simulated values (328.47-2436.69 mD) (Figure 

4.10c). 

 

Anisotropy shapes derived from different methods, including thin section, total shape ellipsoids, 

simulated permeability, MPF model, measured permeability, AMS, and MPF, consistently show 

inconsistencies for each sample (Figure 4.7). The degrees of anisotropy from XRCT (P values 

ranging from 1.07 to 1.34) are generally higher than those from thin sections (P values from 1.03 

to 1.07). The MPF model (P values from 1.00 to 1.03), AMS (P values from 1.01 to 1.90), and 

MPF (P values from 1.02 to 1.05) show relatively lower degrees of anisotropy. Measured 

permeability, with the highest anisotropy degrees (from 1.32 to 12.78), surpasses all other methods, 

including those from simulated permeability (P values from 1.07 to 2.53) (Figure 4.7, 4.10d). 

 

When comparing anisotropy orientations from different methods, samples B25, B350, B660, BS, 

BT, CG, and S3 consistently show V1 axes in the xy-plane and V3 axes subparallel to the z-axis. 

Sample D12 shows similar distributions, yet with inconsistent V1 axes in the xy-plane between 

methods. Samples SWN, MI6, and I have inconsistent principal direction distributions across 

methods (Figure 4.8). 

 

4.4. Discussion 

Comparative porosity analysis shows that for most samples, helium-derived porosity exceeds 

XRCT, MPF, and thin-section-derived porosity in descending order (Table 4.3 and Figure 4.5). 

Clearly, helium pycnometer, thin section and XRCT analysis can detect pores of different sizes 

(Alabi et al., 2014; Chitale et al., 2014; Cnudde & Boone, 2013; Silva, 2018; Landis & Keane, 

2010; Nishiyama & Kusuda, 1994; Přikryl, 2015; Soete et al., 2022). The influence of sedimentary 

facies can also amplify the differences in various porosity determinations. For example, among 

Berea sandstones, sample B25 is more compacted than B350 and B660, with tighter grain contacts 

and narrower pores and throats. Therefore, liquid injection methods are less capable of detecting 

a large number of micropores compared to gas methods. Similarly, for sandstone samples, 

compaction and intergranular cementation lead to narrower throats between pores, making it 

difficult for liquids to impregnate. In contrast, carbonate rock samples with extensive dissolution 

result in more connected intragranular and moldic pores, facilitating fluid injection (Figure 4.3). 

 

For liquid impregnation methods, MPF can typically detect more pores than thin section analysis, 

due to its lower fluid viscosity. However, one exception exists, and this is probably because MPF 

requires to impregnate fluid into the entire sample, whereas thin sections only require fluid 

injection on the sample surface to cut and prepare thin sections. When impregnation efficiency is 
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poor, MPF-derived porosity will be smaller. An exception is observed for MPF > XRCT > He 

porosity, possibly due to residual ferrofluid on the sample surface causing overestimation in the 

MPF-derived method, and an increased threshold for pore segmentation in XRCT resulting in 

higher XRCT porosity values. 

 

The pore size distribution trends and distribution ranges between thin sections and XRCT are 

different (Figure 4.6), due to the different resolutions (De Boever et al., 2016; Bosak et al., 2004; 

Ronchi & Cruciani, 2015).The better resolution of thin sections images compared to XRCT data 

results in the identification of more micropores with random shapes, which reduces the degree of 

anisotropy in the total shape ellipsoids from thin section data (Figure 4.7, 4.10d). The use of 

unnormalized tensors in the calculation of total shape ellipsoids favors larger and more defined 

pores, resulting in consistent anisotropy orientations for six of the eight samples using both thin 

section and XRCT measurements (Figure 4.8). However, the two outliers both have weak 

anisotropy structures, resulting in incongruent anisotropy between the different methods (Figure 

4.8). 

 

Simulated permeabilities are higher relative to measured values in eight out of eleven samples 

(Figure 4.10c), possibly due to smoother grain surfaces and more open pores for the XRCT-

derived data. The significantly higher anisotropy degree in the permeability values compared to 

other methods can be attributed to increased fluid flow in specific directions under high-pressure 

air determination, and pressure air can access to smaller micropores and throats with significant 

anisotropy (Figure 4.7, 4.10d). Insignificant anisotropy orientations determined from seven core 

measurements may be due to the heterogeneity of the block and the limited number of directional 

cores available for determination. Increasing the number of directional cores used to compute a 

tensor could potentially narrow the confidence angles, thereby increasing the significance of the 

orientations. Despite these differences, the measured and simulated permeabilities generally agree 

in having the V1 axes in the xy-plane and the V3 axes close to the z-axis for most samples (seven 

out of eleven samples) (Figure 4.8). Discrepancies between the two methods may be due to the 

less significant anisotropy in XRCT pore fabrics (as in sample B660) or the insignificant 

anisotropy (as in samples SWN, MI6, and I). 

 

Magnetic susceptibility data, including the MPF model, AMS, and MPF, have lower degrees of 

anisotropy compared to other methods. Variables affecting the MPF data include fluid 

susceptibility during impregnation, pore geometry, orientation, and distribution (Biedermann, 

2019, 2020; Biedermann et al., 2021; Jones et al., 2006). There appears to be no trend between the 

degree of anisotropy and susceptibility, but there is a clear positive correlation exists between 

impregnation efficiency and susceptibility (Figure 4.10a, 4.10b), suggesting that higher contents 

of ferrofluid in the samples directly result in higher magnetic susceptibility. Complex factors 

influence the degree of anisotropy beyond the ferrofluid content as discussed above. Anomalous 

samples with greater than 100% impregnation efficiency may have excess ferrofluid on their 

surface, overestimating the magnetic susceptibility of the sample. The orientation of the MPF data 

is consistent with other methods for the majority of samples (eight out of eleven samples) (Figure 

4.8), with discrepancies involving samples with insignificant anisotropy structures potentially 

driving the inconsistency with other methods. 

 

Quantitative comparisons from different resolutions and scales, including thin sections, XRCT, 

permeability anisotropy, MPF, and block, exhibit consistent orientations in eight out of eleven 

samples (see last column in Figure 4.8). This demonstrates that in these samples with significant 

anisotropic structures, the fabric's orientation is consistent across both macroscopic and 

microscopic scales. 
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4.5. Conclusions 

This study presents a method for deriving three-dimensional total shape ellipsoids from two-

dimensional shape ellipses obtained from three orthogonal thin sections. While pore fabric 

analysis using thin section microscopy is widely used because of its simplicity, it is inherently 

limited by its two-dimensional nature, which can distort the understanding of pore structures. By 

incorporating total shape ellipses from three perpendicular thin sections, the calculation of total 

shape ellipsoids now captures the true spatial distribution of pore structures. In addition, this 

research has implemented a four-tensor measurement of permeability anisotropy to 

comprehensively evaluate variability and heterogeneity within one single sample.  

 

The anisotropy orientations of permeability generally correlate well with pore fabrics derived from 

thin sections, XRCT data (including pore fabrics, simulated permeability and MPF model), and 

MPF. However, anisotropy shapes show discrepancies between different determination methods. 

For the degree of anisotropy, the typical order is: measured permeability > simulated permeability > 

XRCT-derived total shape ellipsoids > thin-section-derived total shape ellipsoids > AMS > MPF > 

MPF model. This hierarchy confirms previous empirical correlations between these properties 

(Benson et al., 2003; Jones et al., 2006; Louis et al., 2005; Nabawy et al., 2009; Pfleiderer & Halls, 

1994). In summary, given the simplicity and efficiency of the MPF method, it is recommended to 

initially use MPF to obtain indicative information on pore fabrics and the optimal direction of fluid 

flow. Subsequently, measuring permeability in the corresponding optimal direction and its 

perpendicular direction will suffice to calculate more accurate permeability anisotropy. This 

approach reduces the need for time-consuming and expensive full-tensor measurements of 

permeability and provides more accurate prior information on fabrics compared to observations 

on hand specimens and microscopic observations, thus minimizing under- and overestimation of 

anisotropy. 

 

However, several questions remain unanswered. It is unclear how the insignificant anisotropy 

within a sample fabric affects different determination methods, potentially leading to discrepancies 

in anisotropy between them. It is also uncertain whether samples with higher homogeneity and 

anisotropy will show more consistent agreement between pore fabric, permeability anisotropy, and 

MPF. 
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Key Points: 

• Calcite-muscovite samples produced by hot isostatic pressing exhibit varying anisotropy 

through different mixing ratios 

• Pore fabrics derived by thin section and X-ray microtomography analysis, permeability 

anisotropy, and magnetic pore fabric are compared  

• Magnetic pore fabric method can effectively predict the fabric anisotropy change and the 

preferred flow direction 

 

Abstract 

Investigating the pore structure and permeability of rocks is crucial for the understanding, 

exploitation and exploration of fluid resources in the subsurface. Natural rock samples often 

exhibit significant heterogeneity, posing challenges for controlled experiments. In this study, 

calcite-muscovite composites are used to simulate the texture of impure carbonate rocks. 

Homogeneous structures with varying anisotropies are produced by uniformly mixing irregular 

calcite and sheet-like muscovite grains in ratios of 3:7, 5:5, and 7:3. These mixtures are then 

subjected to 20 MPa cold pressing, followed by 160 MPa and 670 °C hot isostatic pressing for 

three hours, generating uniaxial vertical compressive stress (z) and lateral tensile strain (xy). This 

study provides a cross-comparison of the pore structure and permeability anisotropy of synthetic 

samples, employing three-dimensional pore fabric determinations based on thin section and XRCT 

analysis, permeability simulation and magnetic pore fabric (MPF) modelling based on XRCT 

digital rock, as well as permeability measurements, and magnetic pore fabrics based on samples 

injected with ferrofluid. Thin section data, permeability, and MPF consistently indicate anisotropy 

orientations with the maximum axes along the lateral tensile direction (xy) and the minimum axes 

along the vertical compression direction (z), whereas XRCT data differ, showing discrepancies in 

anisotropy orientations for four out of ten samples. The degree of anisotropy in permeability and 

MPF increases with the proportion of muscovite. Thus, the MPF method serves as an effective 

prior tool for predicting the optimal flow direction, thereby aiding in the exploration of subsurface 

fluid resources such as water resources, fluid flow related to geothermal energy exploitation and 

hydrocarbons. 
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Plain Language Summary 

Hot water but also hydrocarbons, among other fluid resources, are significant energy resources. 

These fluids mainly move and collect in the pores of underground rocks. Thus, understanding the 

direction these pores extend and how fluids flow is essential. However, many natural rocks have 

significant internal differences, making effective comparative studies difficult. To overcome this 

challenge, using high-temperature and high-pressure conditions can simulate natural formation 

and synthetic rocks can be created using common minerals like calcite and muscovite. These 

synthetic samples have evenly distributed characteristics and show differences between lateral and 

axial directions. Thin-section microscopy and X-ray scanning allow to observe the rock's pore 

structure. Fluid flow rates in various directions can be directly measured and simulated. Magnetic 

fluids are injected into the pores to measure changes in magnetic properties in different directions 

for pore structure analysis. Ultimately, a good match can be found between magnetic fluid 

measurements and the optimal direction of fluid flow in rocks. Therefore, this method can 

effectively improve the assessment of how fluid resources move underground. 

 

5.1. Introduction 

The complex pore fabrics in rocks affect fluid flow patterns. Permeability anisotropy 

measurements can directly indicate the preferred flow orientation. Therefore, accurately 

characterizing pore geometry and permeability anisotropy in reservoir rocks is critical for 

geothermal energy and hydrocarbon exploration, and underground water management (Aliyu & 

Chen, 2018; Frosch et al., 2000; Gao & Hu, 2018; Kibria et al., 2018; Wagner et al., 2005; Yang 

et al., 2017, 2018; Zhang et al., 2020).  

 

Thin-section analysis has been used for studying pore fabrics, usually integrated with fluorescent 

microscopy. However, this technique has its limitations that restrict their scope and accuracy due 

to its two-dimensional nature (Anselmetti et al., 1998; Chen et al., 2000; Nishiyama & Kusuda, 

1994, 1996; Přikryl, 2015). X-ray computed micro-tomography (XRCT) is another method that 

has been increasingly popular for three-dimensional characterization of pore structures. XRCT 

datasets can help to build digitized models of rocks that can subsequently be utilized for analyzing 

pore fabrics, and even calculating permeability anisotropy and MPF (Andrä et al., 2013b; 

Biedermann, 2020; Holzer et al., 2011; Madadi & Varslot, 2009; Pini & Madonna, 2016). 

However, higher resolutions are required for micropore detection, but this leads to a reduction in 

sample size, thus necessitating a trade-off between sample size and resolution (Chen et al., 2020; 

Cnudde & Boone, 2013; Lai et al., 2018; Landis & Keane, 2010; da Silva, 2018). Permeability 

anisotropy measurements offer a direct way to evaluate preferred fluid migration directions. A 

priori information on the fabric orientation, such as paleo-flow directions, bedding or faults, is 

required to predict the approximate preferred flow direction, thereby aiding in the selection of the 

permeability measurement direction to calculate anisotropy (Adams et al., 2013, 2016; Armitage 

et al., 2011; Baas et al., 2007; Mokhtari et al., 2013; Okazaki et al., 2013; Zhang & Wang, 2018). 

Otherwise, measurements in at least six directions are the minimum conditions for calculating a 

full tensor of permeability anisotropy (Clavaud et al., 2008; Coulson & Nye, 1958; Pfleiderer & 

Halls, 1994; Rasolofosaon & Zinszner, 2002). The investigation of magnetic pore fabrics (MPFs) 

using ferrofluid-impregnated samples offers an indirect method for assessing pore fabrics and 

permeability anisotropy. This approach is based on the empirical relationships among MPFs, pore 

fabrics, and permeability anisotropy, which demonstrate that the principal directions of MPFs, 

pore fabrics, and permeability are aligned (Benson et al., 2003; Louis et al., 2005; Pfleiderer & 

Halls, 1990, 1994). Since the sample can be rotated in a magnetic field to measure the full-tensor 

anisotropy, the extensive information about fabric orientation is not required upfront, making this 

methodology quick and adaptive. Theoretically, the magnetic particles with 10-20 nm size indicate 

the potential of MPF method to assess micropores with similar size (Robion et al., 2014). However, 

factors, such as complex fabric, fracture network in rocks, ferrofluid susceptibility and 
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measurement frequency, will affect the correlations between MPFs, pore fabrics and permeability 

anisotropy. For instance, localized fracture development or significant tortuosity in flow paths may 

lead to notable changes in flow direction and permeability, but their impact on pore fabrics and 

MPFs is not substantial. The susceptibility of ferrofluid and measurement frequency can affect the 

measurement of MPFs, but they do not influence pore fabrics or permeability anisotropy (Baas et 

al., 2007; Benson et al., 2003; Biedermann, 2019; Biedermann et al., 2021; Jones et al., 2006; 

Louis et al., 2005; Nabawy et al., 2009; Pfleiderer & Halls, 1990, 1994).     

 

Sedimentary rocks in nature exhibit heterogeneities in composition, texture, and pore structure. 

This intrinsic variability poses significant challenges for developing fundamental understandings 

of rock properties related to composition and microstructure. Synthetic rock samples produced 

through hot isostatic pressing (HIP) allow researchers to control the sample composition, grain 

size distribution, and fabric to obtain relatively homogeneous and anisotropy samples for studying 

rock properties. Homogeneity reduces the differences between different samples during sampling, 

while significant anisotropy forms the basis for comparing the thin section data, XRCT data, 

permeability anisotropy, and MPF in this study, as they all exhibit anisotropic features. If the 

samples do not have significant anisotropy, these methods would not be effective for comparison. 

Meanwhile, this methodology simulates the high-temperature and high-pressure environment of 

natural rock formation. Heilbronner & Bruhn (1998) and Misra & Burg (2012) utilized some 

common mineral components, such as hemihydrate and calcite, or muscovite with quartz and 

feldspar, in the preparation of HIP samples, but the porosity was not reported. Some studies 

presented remarkably small porosities (< 2%) (Post & Tullis, 1999; Rutter & Brodie, 2004b, 2004a; 

Rybacki & Dresen, 2000; Rybacki et al., 2008, 2010). Other studies have presented significant 

porosities, such as ~10% (Caristan et al., 1981) and up to 19.5% (Bernabe et al., 1982), but the 

correlation between the experimental conditions and the sample porosity has not been elucidated. 

Although Pec & Al Nasser (2021) produced HIP samples made of quartz and feldspar with 

porosity as high as 14%, the porosity was influenced by a significant amount of cracks generated 

during the load experiment. Zhang et al. (1994) used calcite powder obtained by crushing and 

sieving Wombeyan marble to manufacture HIP samples with a maximum porosity of 16.7%. 

Schmidt et al. (2008) utilized mixtures of calcite and muscovite powders to produce HIP samples 

with porosities up to 25.2% (Table 5.1). Given the necessity for sufficient porosity to conduct pore 

structure investigations, attention must be paid to grain growth as a primary factor reducing 

porosity during the HIPing process. Typically, grain growth can be suppressed by shortening the 

HIPing duration and preparing samples with porosities exceeding 20% (Olgaard & Evans, 1988; 

Schmidt et al., 2008). For samples containing calcite components, the addition of Al2O3 or 

muscovite can also effectively inhibit calcite growth (Berger & Herwegh, 2004; Olgaard & Evans, 

1986; Schmidt et al., 2008).  

 

The aim of this study is to prepare relatively homogeneous artificial rock samples by using 

common rock mineral components through the HIP method simulating formation processes 

occurring in natural rocks. Meanwhile, the samples need to have a high porosity and varying 

anisotropy to facilitate the relevant experiments on pore structure and permeability. The research 

question lies in utilizing artificial rocks to retain the relatively complex and diverse fabrics of 

natural rocks while reducing their significant heterogeneity. Based on these samples, various pore 

fabric determination methods were conducted, including three-dimensional pore structure 

characterization established by three perpendicular thin sections and XRCT data, as well as 

permeability anisotropy measurements and MPF. The quantitative relationship between pore 

fabrics, permeability anisotropy and MPF was further elucidated, promoting MPF as a priori 

method for rapid and effective detection of pore structure and fluid flow direction, thereby 

facilitating the exploration and development of subsurface flow resources. 
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Table 5.1. Public studies using synthetic samples prepared by the hot isostatic pressing method, including the used raw materials, experimental parameters and 

the achieved sample properties. 

Study 

Raw material details Experiment parameters Achieved sample properties 

Comments 
Composition 

Grain 

size 
Pretreatment 

Cold 

pressing 

pressure 

Hot 

pressing 

temperature 

Hot 

pressing 

pressure 

Hot 

pressing 

time 

Grain 

size 
Porosity Pore size 

Heilbron

ner & 

Bruhn, 

1998 

Mixed 

hemihydrate and 

calcite powders 

(reagent grade) 

Not 

specif

ied 

500 °C for 24 

h 

Not 

specified 
550 °C 200 MPa 4 h 

2.3 μm 

for 

anhydrit

e, 2.6 

and 3.1 

μm for 

calcite 

Not 

specifie

d 

Not 

specified 

The porosities 

were not 

specified 

Misra & 

Burg, 

2012 

Muscovite with 

quartz and 

feldspar crystals 

(8–10 vol.%) 

30–60 

μm 
Not specified 

200±4 

MPa 
590 °C  170 MPa 30 h 

Not 

specified 

Not 

specifie

d 

Not 

specified 

The porosities 

were not 

specified 

Post & 

Tullis, 

1999 

Fine-grained 

albitic feldspar 

1–10 

μm 
Not specified 

Not 

specified 
900 ºC 1500 MPa 10 h 

Not 

specified 
< 1 % 

Not 

specified 

Remarkably 

small 

porosities 

Rybacki 

& 

Dresen, 

2000 

Anorthite 

aggregates 

fabricated from 

crushed 

CaAl2Si2O8 

glass 

< 60 

µm 

800 °C in air 

for 60 h and 

then 120 °C 

for several 

days 

 300 MPa 

900 °C for 1 

h, and then 

1050 °C for 

2 h, and 

finally 

1200 °C for 

2 h 

300 MPa 5 h 
Not 

specified 

~30 % 

after 

cold 

pressing 

but 

<1 % 

after 

HIP 

Not 

specified 

Remarkably 

small 

porosities 

Rutter & 

Brodie, 

2004a 

Clear Brazilian 

quartz crystals 

0.4, 

1.3 

and 

4.5 

μm 

Not specified 
Not 

specified 

1000-

1200 °C  
300 MPa 23-27 h 

Not 

specified 
< 2 % 

Not 

specified 

Remarkably 

small 

porosities 
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Rutter & 

Brodie, 

2004b 

Clear Brazilian 

quartz crystals 

0.4 

μm 
Not specified 

Not 

specified 

1000-

1200 °C  
300 MPa 27 h 

Not 

specified 
< 2 % 

Not 

specified 

Remarkably 

small 

porosities 

Rybacki 

et al., 

2008 

>97% Fine-

grained 

anorthite glass 

powder  

Not 

specif

ied 

Not specified 
Not 

specified 
1100 °C 300 MPa 24 h 

3.7±0.7 

µm, 

aspect 

ratio 

~2.5  

~1 %  
Not 

specified 

Remarkably 

small 

porosities 

Rybacki 

et al., 

2010 

>99% Fine‐

grained 

anorthite glass 

powder   

< 11 

µm 

(1) First 

group, dried 

for 60 h at 

800°C in air 

(2) Second 

group, dried 

for 60 h at 

800°C in 

argon  

170 MPa  

(1) 880 °C 

for 0.5 h 

and 

subsequentl

y 1100 °C 

for 24 h. (2) 

900 °C for 2 

h, followed 

by 20 h at 

1150 °C 

300 MPa 

(1) 24.5 

h (2) 22 

h 

3.7±0.7 

µm, 

aspect 

ratio 

~2.5 

~1 % 
Not 

specified 

Remarkably 

small 

porosities 

Caristan 

et al., 

1981 

Quartz powder 

from 

commercially 

available 

crushed quartz 

sand, and  

calcite powder 

from reagent-

grade chemical 

~5 μm 

for 

quartz

, and 

3-4 

μm 

for 

calcite 

Not specified 160 MPa  

980 or 

1250 °C for 

quartz, and 

200-770 °C 

for calcite 

208-500 

MPa for 

quartz, and 

500 MPa 

for calcite 

0.08-4.0 

h for 

quartz, 

and 0.5, 

2 and 3 

h for 

calcite 

Not 

specified 
~10 % 

Not 

specified 

The factors 

leading to the 

high porosity 

(~10 %) were 

not specified  

Bernabe 

et al., 

1982 

Calcite powder 
2-20 

μm 
Not specified 160 MPa  200-770 °C  500 MPa 0.5-3 h  

Not 

specified 

1.6-

19.5 % 

(permea

bility 

0.052-

70*10-

18m2) 

Not 

specified 

The factors 

leading to the 

high porosity 

(19.5 %) were 

not specified  
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Zhang et 

al., 1994 

Calcite powder 

by crushing and 

sieving 

Wombeyan 

marble, 

containing 96 % 

CaCO3, 2.5 % 

MgCO3, and 

less than 0.2 % 

SiO2  

38-53 

μm 

(>80 

%) 

100 °C for at 

least 1 day 
300 MPa 360-560 °C 

200-300 

MPa 

1.5-37.5 

h 
1-30 μm 

3.7-

16.7 % 

19-224 

nm 

The 

compositions 

leading to 

high porosity 

(16.7 %) 

could be 

useful for our 

purposes 

Schmidt 

et al., 

2008 

Mixed calcite 

and muscovite 

powders  

<100 

μm 

120 °C for 24 

h 

<5, 

20,40,100,

200,400 

MPa 

670 °C 
150-170 

MPa 
3 h 

2.1-7.8 

μm for 

calcite 

10.1-

69.4 % 

after 

cold 

pressing 

but 3.0-

25.2 % 

after hot 

pressing 

Not 

specified 

The 

compositions 

leading to 

high porosity 

(25.2 %) 

could be 

useful for our 

purposes 

Pec & Al 

Nasser, 

2021 

Quartz and 

potassium 

feldspar 

powders mixed 

in a 7:3, 1:1, or 

3:7 ratio by 

weight 

10–20 

μm 
Not specified 

Not 

specified 
750 °C 

750-900 

MPa 
4.6-20 h 

Not 

specified 
2-14 % 

Not 

specified 

The load 

experiments 

created a lot 

of cracks, 

affecting the 

porosities 
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5.2. Materials and Methods 

5.2.1 Sample description  

For the HIP sample preparation, the primary requirement for manufacturing artificial rock samples 

is to ensure sufficient porosity as this study aims to investigate pore fabrics using these samples. 

Following a review of public literature (Table 5.1), samples with unspecified porosity were 

excluded, due to limited resources and uncertainty regarding whether the experimental materials 

and conditions used can yield the high porosity required. Additionally, samples with excessively 

low porosity (<2%) were also disregarded. While some studies have produced samples with high 

porosity, the reasons for this high porosity are either not clearly stated or the porosity 

measurements are influenced by subsequent experiments. Finally, the studies of Zhang et al. (1994) 

and Schmidt et al. (2008) were identified as the most suitable options. Zhang et al. (1994) only 

employed calcite powder as the raw material, with more stringent grain size requirements (38-53 

μm), whereas Schmidt et al. (2008) utilized various mixtures of calcite and muscovite to prepare 

samples, with experimental requirements that are easier to operate.  

 

This study adopted the preparation method of Schmidt et al. (2008) to fabricate HIP rock samples. 

The calcite powder, provided by Alberto Luisoni AG with the name of calcite M 60/10, was 

crushed from a metamorphic marble from Carrara with high chemical purity. Its chemical 

composition mainly consists of 98.50 wt% CaCO3, 1.20 wt% MgCO3, 0.08 wt% SiO2, 0.06 wt% 

Al2O3, and 0.02 wt% Fe2O3 by mass percentage. The particle size is less than 100 μm (>99.8%). 

The muscovite powder was sourced from mica MU 101 by Alberto Luisoni AG. By mass 

percentage, its typical properties include 51 wt% SiO2, 32 wt% Al2O3, and 8.5 wt% K2O. Only 

0.07 % of its particle size is larger than 100 μm. The above data was provided by the supplier 

Alberto Luisoni AG. This experiment mainly considers the influence of grain sizes, component 

ratios, and magnetic properties. Both calcite and muscovite powders were further sieved into two 

grain size ranges, <50 μm and 50-100 μm. The two components were mixed in three ratios: 3:7, 

5:5, and 7:3. Additionally, samples with mixtures of 3:7 and 7:3 were prepared with both particle 

size ranges (<50 μm and 50-100 μm), while mixtures of 5:5 only have grain size with 50-100 μm. 

For all groups of samples, 1 % magnetite or 1 % Al2O3 was added to the samples with same other 

properties, assessing the influence of magnetic properties on the subsequent MPF experiments. 

Furthermore, the addition of Al2O3 and muscovite can prevent growth of calcite (Berger & 

Herwegh, 2004; Olgaard & Evans, 1986; Schmidt et al., 2008). Due to limited resources, ten 

samples were prepared with the mixed powders in different ratios, grain sizes, and magnetic 

properties for mutual comparison (Table 5.2). 

 

All mixed powders were dried in an oven at 120 °C for over 24 hours. The dried powders were 

placed into stainless steel cylindrical jackets for cold pressing. The jackets were lined with nickel 

foils to isolate the samples from the magnetic properties of iron materials. The jackets are 20.4 cm 

high with an inner diameter of 5.1 cm. The powders were filled into the jackets in small batches 

and compacted manually to ensure homogeneity. The manual cold pressing pressure is 

approximately 20 MPa. The powders were filled to about 1 cm below the jacket's opening, 

resulting in an original sample volume of approximately 400 cm3. The top of the powders was 

wrapped with nickel foils and covered with a stainless-steel lid. All ten jackets were transported 

to the Rock Physics and Mechanics Laboratory (RPMLab) at ETH Zurich for subsequent 

procedures. After welding and sealing the samples, they were hot isostatically pressed for 3 hours 

at 670 °C under a pressure of 160 MPa. 

 

The prepared HIP samples were removed from the jackets for structure observations. To avoid 

contamination from the containers and nickel foils, the outer edges of the samples were trimmed. 

Firstly, cylindrical samples were cut to prepare thin sections and cores, and their longitudinal (xz) 

and transverse (xy) cut surfaces were photographed using an iPhone 13 pro max. The z-direction 
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corresponds to the compaction direction. Due to the influence of compaction, the elongation 

direction of grains and pores was expected to align along the xy-direction. In Figure 5.1, the pore 

fabrics and grain fabrics at the microscopic scale were presented through thin section and XRCT 

images (methods introduced later) and compared with the macroscopic fabrics of the sample as 

observed in photographs. Through simple visual inspection of the images, an initial attempt was 

made to empirically validate the directional relationship between the microscopic pore fabrics, 

grain fabrics and the macroscopic sample fabrics. The macroscopic fabrics from iPhone 

photographs and microscopic pore fabrics and grain fabrics from XRCT image of cores reveal that 

all HIP samples exhibit highly homogeneous fabrics due to uniform powder mixing and high-

pressure compaction. At the same time, pores are very small in both iPhone photographs and 

XRCT image. 

 

Table 5.2. Sample list. 

Sample 

name 
Calcite Muscovite Magnetite 

Uniaxial 

cold-

pressing 

Hot 

isostatic 

pressing 

Temperature Duration 

H1370 

30 %, 

50<100 

μm 

70 %, 

50<100 

μm 

none 

(replace by 

Al2O3 1 %) 

20 MPa 
160 

MPa 
670 °C 3 h 

H1371 

30 %, 

50<100 

μm 

70 %, 

50<100 

μm 

1 % 20 MPa 
160 

MPa 
670 °C 3 h 

H5370 
30 %, 

<50 μm 

70 %, <50 

μm 

none 

(replace by 

Al2O3 1 %) 

20 MPa 
160 

MPa 
670 °C 3 h 

H5371 
30 %, 

<50 μm 

70 %, <50 

μm 
1 % 20 MPa 

160 

MPa 
670 °C 3 h 

H1550 

50 %, 

50<100 

μm 

50 %, 

50<100 

μm 

none 

(replace by 

Al2O3 1 %) 

20 MPa 
160 

MPa 
670 °C 3 h 

H1551 

50 %, 

50<100 

μm 

50 %, 

50<100 

μm 

1 % 20 MPa 
160 

MPa 
670 °C 3 h 

H1730 

70 %, 

50<100 

μm 

30 %, 

50<100 

μm 

none 

(replace by 

Al2O3 1 %) 

20 MPa 
160 

MPa 
670 °C 3 h 

H1731 

70 %, 

50<100 

μm 

30 %, 

50<100 

μm 

1 % 20 MPa 
160 

MPa 
670 °C 3 h 

H5730 
70 %, 

<50 μm 

30 %, <50 

μm 

none 

(replace by 

Al2O3 1 %) 

20 MPa 
160 

MPa 
670 °C 3 h 

H5731 
70 %, 

<50 μm 

30 %, <50 

μm 
1 % 20 MPa 

160 

MPa 
670 °C 3 h 
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Figure 5.1. (a-j) Macroscope fabrics of the sample blocks on the three mutually perpendicular 

surfaces (xy, yz, xz) examined from photographs (see text), structure features on XRCT images of 

cores and thin sections in three orthogonal orientations (xy, yz, xz). The first column displays the 

macroscope fabrics of the three perpendicular surfaces (xy, yz, xz) of each sample block, as directly 

photographed using an iPhone 13 Pro Max camera. All blocks are very homogeneous without any 

clear structures. The second column presents the structural characteristics from the XRCT images 

of cores in three orthogonal directions (xy, yz, xz). Columns three to six sequentially exhibit the 

structural and mineral characteristics on the thin sections in the three orthogonal directions (xy, yz, 

xz) that have been infused with fluorescent resin. These include images under parallel-polarized 

light, cross-polarized light, green UV light, and pore fabrics (shown in white) extracted using the 

ImageJ software. Some thin sections have a weak fluorescence due to a sparse application of 

fluorescent resin on the minerals. Therefore, only the brightest luminescent parts were extracted 

for pore fabrics analysis. (k) Magnified thin-section images in yz plane. All images are under 

plane-polarized light, with pore areas injected by yellow resin. The primary pore type is 

intergranular pores. However, the samples are highly compacted and possess small grains with 

tight grain-to-grain contact, resulting in very small pores. Significant anisotropic features can be 

observed due to the strip-like distribution of muscovite grains along the lateral direction. However, 

this anisotropy gradually weakens as the muscovite content decreases or as the grain size becomes 

smaller. 

 

 
Figure 5.2. Sketch for directional cores of HIP sample and permeability anisotropy.  

 

Three thin sections in mutually perpendicular directions (xy, yz, and xz) were prepared and 

impregnated by fluorescent resin for subsequent pore structure observation. Mineral analysis using 

parallel polarized light and crossed polarized light microscopy reveals that the vertical thin 

sections (yz and xz) exhibit grain distribution along transverse direction (xy). Muscovite grains, 

due to their laminar nature, appear as fine stripes distributed transversely on the vertical thin 

sections, while calcite grains, which have irregular shapes, exhibit uncertain distributions. On the 

transverse thin sections (xy), calcite and muscovite grains present random distribution. Certainly, 

the anisotropy characteristic tends to decrease as the proportion of muscovite components 

decreases. The predominant porosity consists of intergranular pores. The pore structure 

constrained by grain boundaries are expected to exhibit lateral distribution in vertical thin sections 
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and random distribution in the transverse thin sections (Figure 5.1). However, due to the extremely 

small pore sizes, it is difficult to identify a large number of pore fabrics through visual observation 

in thin sections. However, the following sections will introduce using image processing software 

to segment the pores (the brightest parts) from fluorescence images, enabling a quantitative 

analysis of pore fabrics, and hence establishing a quantitative relationship between the 

macroscopic fabrics and the microscopic pore fabrics. 

 

The remaining samples were cut into cores with a height of 22 mm and a diameter of 25 mm. Each 

sample was cut into cores in the X, Y, and Z directions, with two cores in each direction, for a total 

of six (X1, X2, Y1, Y2, Z1, Z2) (Figure 5.2). Because HIP samples were formed by uniaxially 

pressing uniformly mixed mineral powder at high temperatures, they exhibited strong 

homogeneity for whole sample and anisotropy between the lateral and axial directions. The lateral 

characteristics could be approximated as uniform (X = Y), so measurements in at least two 

directions (transverse and longitudinal) are needed to calculate any tensor properties, such as 

permeability anisotropy. Additional core measurements in more directions could be used to assess 

errors and reliability. All cores were dried in an oven at 100 °C for 48 hours, and then porosity 

measurements were performed using a Micromeritics AccuPyc 1340 Automatic Gas (He) 

Pycnometer system in the Petrophysics Laboratory at the University of Bern. 

 

5.2.2 Direct and indirect pore fabric determination 

5.2.2.1 Thin section analysis 

Thin section analysis were performed using conventional microscopic observations under parallel-

polarized and cross-polarized light. The fabric of the main mineral components, calcite and 

muscovite, were qualitatively observed and interpreted. Due to the prior injection of fluorescent 

resin into the pores during preparation, the pore fabrics under UV light irradiation could be 

highlighted for later segmentation and analysis. It should be noted that, as the fluorescent resin 

was injected into the thin section without further meticulous polishing and subsequently covered 

with a coverslip, some resin may have overflowed onto the surface of mineral particles, resulting 

in a weak fluorescence signal. Therefore, during the pore structure analysis, only regions 

exhibiting significant fluorescence emission were identified as pores. 

 

For the fluorescent two-dimensional images of the thin sections, ImageJ software was utilized for 

pore analysis to obtain the area of each pore, as well as the two principal directions and lengths of 

its best fit ellipse. The size of each pore was represented by the circular diameter of its equivalent 

area. The tensor sum of each pore shape yielded a total shape ellipse to represent the overall pore 

shape (Zhou et al., 2022). Each sample was prepared with three thin sections in mutually 

perpendicular directions (xy, yz, xz), and the combination of the total shape ellipses from the three 

thin sections provided the total shape ellipsoid, i.e., the three-dimensional pore structure of the 

sample (Shimamoto & Ikeda, 1976). The lengths of the three principal axes (a, b, c) of the total 

shape ellipsoid could be used to calculate the anisotropy degree (P = a/c, [1, ∞]) and shape (U = 

(2*b-a-c)/(a-c), [-1,1]) of the pore shape (Jelinek, 1981). 

 

To improve efficiency and conserve resources, the minimum area that maintains the representative 

properties of the study, known as the Representative Elementary Area (REA), was selected for 

further research. By calculating the function relationship between the variables of interest (in this 

study, porosity and pore size) and the area of the study region, a REA that maintains the relatively 

stable variation of the research variables could be obtained (Zhou et al., 2022). For this study, the 

REA was 5×5 mm² (10 times magnification). Pores smaller than 4×4 pixels (2.3×2.3 µm²) were 

excluded from the shape analysis as they could not provide effective shape characteristics (Zhou 

et al., 2022). 
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5.2.2.2 XRCT data acquisition and processing 

The Y2 core of each HIP sample (Figure 5.2) was scanned for its three-dimensional structure using 

a Bruker SkyScan 1273 at the University of Bern. The scanning parameters were set to 5.5 μm 

pixel size, with 1 mm Al+0.038 mm Cu filter, 100 kV voltage, 80 μA current, and 275 ms exposure 

time. Subsequently, NRecon was employed to reconstruct and correct the images (Skyscan, 2011). 

Post-processing was conducted using Avizo (version 2021.2), beginning with noise reduction 

(utilizing the Unsharp masking filter) and pore segmentation (employing the watershed algorithm) 

(Bieniek & Moga, 2000; Polesel et al., 2000; Strobel, 1996). Following these preprocessing steps, 

digital pore fabrics of the samples were obtained. For subsequent pore structure analysis, the 

representative elementary volume (REV) was selected as 600×600×600 voxels (3.3×3.3×3.3 mm3), 

and pores smaller than 4×4×4 voxels (22×22×22 µm3) were excluded (Zhou et al., 2022). For pore 

fabric analysis, the total shape ellipsoids of the samples were computed, and the anisotropy 

orientation, degree, and shape of the pores were determined. Additionally, the bootstrap method 

was employed to generate more ellipsoids for computing 95% confidence ellipses to assess data 

quality (Constable & Tauxe, 1990; Hext, 1963; Jelínek & Kropáček, 1978; Owens, 2000; Tauxe 

et al., 1998; Zhou et al., 2022). Based on the digital pore fabrics, the full tensor of permeability 

anisotropy was simulated using the built-in toolkit in Avizo. The default standard settings of the 

software Avizo were a pressure of 0.13 MPa and a fluid viscosity of 0.001 Pa•s. Increasing the 

pressure and fluid viscosity significantly increased the simulation computation time but did not 

notably alter the simulated permeability anisotropy orientation, degree, or shape—the parameters 

of primary interest in this study. Therefore, the default settings were used to reduce simulation 

computation time. The simulated permeability anisotropy was further analyzed for anisotropy 

orientation, degree, and shape. Similarly, utilizing the pore network derived from XRCT, MPF 

was simulated using the FinIrrSDA software (Biedermann, 2020). 

 

5.2.2.3 Permeability anisotropy measurements 

The X2, Y1, Z1, and Z2 cores were sent to CoreLab in the UK for gas permeability measurements, 

with a confining pressure of 800 psig (≈5.52 MPa). Additional cores can be used to compute more 

tensors for comparison or to calculate 95% confidence ellipses to assess sample heterogeneity. 

The results obtained from two directional cores (X2, Z1 or X2, Z2 or Y1, Z1 or Y1, Z2), three 

directional cores (X2, Y1, Z1, or X2, Y1, Z2), and four directional cores (all) were compared to 

illustrate the impact of the number of directional cores used for calculating the permeability 

anisotropy (Figure 5.2). Permeability anisotropy can be characterized by computing its anisotropy 

orientation, degree, and shape through its three principal axes. The calculation method remains 

consistent with the formulas in the thin section to use three principal axes (a, b, c) to calculate the 

anisotropy degree (P = a/c, [1, ∞]) and shape (U = (2*b-a-c)/(a-c), [-1,1]). 

 

5.2.2.4 Magnetic pore fabric measurements 

The measurements of magnetic anisotropy in cores are divided into two parts: the anisotropic 

magnetic susceptibility (AMS) of the original rock samples and the magnetic susceptibility of the 

samples after the injection of ferrofluid (i.e., MPF). Both methods involve measuring the samples 

in 15 directions to calculate their magnetic anisotropy (Jelinek, 1996). The measurements were 

conducted using an MFK1-FA susceptibility bridge (AGICO, Czech Republic) in the Laboratory 

of Natural Magnetism (LNM) at ETH Zurich. Measurements were performed at a frequency of 

approximately 1 kHz and a magnetic field of 200 A/m. For each sample, X1 and Y2 cores were 

selected. Initially, AMS measurements were conducted, followed by complete immersion of the 

samples in ferrofluid and then subjected to a 24-hour impregnation experiment under a vacuum of 

100 kPa. Subsequently, the samples were dried at room temperature for 24 hours before MPF 

measurements. 

 

Regarding the selection of ferrofluid, the physical properties of the magnetic particles and mineral 
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grains need to be considered to enhance the impregnation efficiency and ensure proper wetting of 

muscovite and calcite during the injection process. Muscovite grains exhibit a distinct negative 

charge on their surfaces and possess some hydrophilicity (Liu & Buckley, 1999), while calcite 

grains exhibit either positive or negative charges and generally tend to be more oleophilic (Hassan 

et al., 2019; Taheriotaghsara et al., 2021). Therefore, a water-based magnetic fluid EMG 705 

(FerroTec), containing anionic surfactants, was chosen for the study to ensure smooth wetting of 

muscovite grains during impregnation and to allow the magnetic particles to flow freely in the 

pores without being adsorbed by the muscovite grains. Additionally, EMG 705 has a high intrinsic 

magnetic susceptibility of 4.04 SI and low viscosity, less than 5 mPa•s. The magnetic fluid was 

diluted with distilled water at a volume ratio of 1:10 before injection. 

 

The impregnation efficiency based on susceptibility (I.E.susc) and porosity derived by MPF (𝜑𝑀𝑃𝐹) 

were calculated using the following formulas (Pugnetti et al., 2022): 

𝐼. 𝐸.𝑠𝑢𝑠𝑐 =
∆𝑘𝑚𝑒𝑎𝑛

𝜑𝑘𝑓𝑙𝑢𝑖𝑑
∗ 100% 

𝜑𝑀𝑃𝐹 =
∆𝑘𝑚𝑒𝑎𝑛

𝑘𝑓𝑙𝑢𝑖𝑑
∗ 100% 

Where ∆𝑘𝑚𝑒𝑎𝑛 is the difference in mean magnetic susceptibility of the sample before and after 

injection, 𝜑 is the porosity measured by the Pycnometer system, and 𝑘𝑓𝑙𝑢𝑖𝑑 is the susceptibility of 

the ferrofluid. 

 

Due to the frequency-dependent (Biedermann et al., 2021) and self-demagnetization (Clark, 2014; 

Osborn, 1945; Sato & Ishii, 1989; Stoner, 1945) issues, the susceptibility of the ferrofluid needs 

to be measured under experimental conditions, and corrected using the following formula: 

𝑘𝑖𝑛𝑡 =
𝑘𝑚

1 − 𝑁𝑘𝑚
 

Where 𝑘𝑖𝑛𝑡 is the true intrinsic susceptibility of the ferrofluid, 𝑘𝑚 is the measured susceptibility, 

and 𝑁 is the self-demagnetization factor, which depends on the shape of the measured object. For 

the ferrofluid measured here, which is a cylinder with a height of 0.95 cm and a diameter of 1.63 

cm, 𝑁 is 0.43 (Clark, 2014; Osborn, 1945; Sato & Ishii, 1989; Stoner, 1945). The final corrected 

ferrofluid susceptibility is 0.17 SI. 

 

The significance of magnetic anisotropy directionality was assessed by calculating confidence 

angles E13 (=E31), E12 (=E21) and E23 (=E32) (Hext, 1963; Jelinek, 1977, 1981). Anisotropy 

degree and shape were determined using the same method above based on susceptibilities along 

the three principal axes (Jelinek, 1981). The mean susceptibility of impregnated samples was 

compared with anisotropy degree, anisotropy shape, and susceptibility-based impregnation 

efficiency to observe their correlation. 

 

5.2.3 Correlation of thin section, XRCT, permeability anisotropy and MPF data 

First, the porosity directly measured by a Helium pycnometer was compared with that obtained 

through thin section and XRCT image analysis, as well as MPF-derived porosity. Then, the pore 

size distribution from thin section analysis was compared with that from XRCT digital rock 

analysis. Porosity was compared with permeability, including both measured and XRCT-derived 

values. Anisotropy orientation, degree, and shape data from the analysis of thin section-derived 

pore structures, XRCT-derived pore fabrics (i.e., Total shape ellipsoid), XRCT data-simulated 

permeability anisotropy and MPF, along with measured permeability anisotropy, AMS of original 

samples, and MPF of impregnated samples were compared. Anisotropy degree was additionally 

integrated into a single figure to compare permeability anisotropy with other forms of anisotropy. 
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5.3. Results 

The porosity measured directly by Helium pycnometer ranges from 12.16 % to 26.79 % across all 

HIP samples. Samples with smaller grain sizes and higher muscovite content tend to exhibit greater 

porosity, with H5370 showing the highest porosity at 24.35 % ± 2.44 % and H1730 exhibiting the 

lowest at 16.26 % ± 4.10 %. The impact of magnetite inclusion on porosity is inconclusive. For 

groups H5370 and H5371, as well as H5730 and H5731, the average porosity tends to decrease 

after magnetite inclusion, while the difference is less significant for other control groups. However, 

it's worth noting that the variation in porosity among different cores within each sample is 

significant. Porosity obtained through other methods shows relatively small differences within 

each sample. The trends in porosity variation among samples obtained from other methods are 

similar to those measured by Helium, though porosity derived from thin section and MPF analysis 

is smaller, ranging from 2.1 % to 6.2 % and 1.51 % to 2.75 %, respectively. The relatively low 

impregnation efficiency of the ferrofluid (7.03 % to 12.3 %) contributes to this. Porosity derived 

from XRCT data closely approximates that measured by pycnometer, ranging from 12 % to 22 %. 

The three samples (H1370, H1550, H1730) prepared under the reference (Schmidt et al., 2008) 

experimental conditions show Helium porosities consistent with those reported in the literature 

(Figure 5.3 and Table 5.3). 

 

Table 5.3. Porosity comparison of laboratory measurements by He pycnometry, numerical 

calculations based on thin sections and XRCT data, and estimation from MPF. I.E.susc was also 

presented. 

Sample 

Porosity (He 

pycnometry, 

AccuPyc 

1340) (%) 

Porosity (thin 

sections / 

magnification: 

10x) (%) 

(threshold, (solid-

void) 0-255) 

Porosity (Skyscan 

1273 / resolution: 

5.5 μm) (%) 

(threshold, (void-

solid) 0-255) 

Porosity 

(MPF) 

(%) 

I.E.susc (%) 

H1370 20.98±2.52 4.6±1.3 (65) 18±1 (43) 1.6±0.1 7.0±0.1 

H1371 21.03±3.11 3.6±0.9 (68) 15±1 (57) 1.8±0.1 9.1±0.1 

H5370 24.35±2.44 4.9±0.6 (61) 21±1 (55) 2.6±0.1 11.4±0.5 

H5371 22.29±1.57 4.7±1.5 (55) 20±1(53) 2.6±0.2 11.6±0.7 

H1550 18.03±2.46 3.8±0.5 (73) 16±1 (53) 1.8±0.2 10.2±1.0 

H1551 18.08±0.85 3.7±0.8 (65) 15±1 (51) 2.0±0.1 11.1±0.5 

H1730 16.26±4.10 3.7±0.4 (71) 15±1 (57) 1.7±0.1 10.5±0.6 

H1731 16.56±3.20 3.5±0.6 (73) 13±1 (57) 1.7±0.1 10.4±0.6 

H5730 18.79±2.79 2.7±0.6 (64) 15±1 (50) 1.9±0.1 9.3±0.9 

H5731 17.85±0.42 2.4±0.3 (68) 17±1 (56) 1.9±0.1 10.4±0.2 

 

Regarding pore size distribution, there is high overlap in distribution characteristics among 

different orientation thin sections (xy, yz, xz), all exhibiting a linear decreasing trend where larger 

pores constitute a smaller proportion, ranging from 3 to 200 µm. In contrast, pore size distribution 

obtained from XRCT analysis for most samples shows a linear decrease within the 25-100 µm 

range. However, samples H1370, H5370, and H5371 exhibit a bimodal distribution with peaks 

around 25-60 µm and 150-400 µm, with peaks approximately at 30 µm and 280 µm, respectively. 

Although H5730 also shows pore size in the 200-400 µm range, it accounts for a minimal 

proportion (approximately 0.01 %), and its overall distribution trend aligns with other samples 

(Figure 5.4).  
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Figure 5.3. Porosity for different samples from Helium pycnometer, thin section, XRCT, MPF-

derived data, and Helium pycnometer (literatures). For the lower panel, the symbols of the same 

shape (regardless of color differences) correspond to the same sample, so they share the same 

value on the x-axis, all representing He porosity measured in this study. However, their different 

colors correspond to porosity from other methods or literature, showing their values on the y-axis. 

Gray represents thin section-derived porosity, black represents XRCT-derived porosity, blue 

represents MPF-derived porosity, and purple represents He porosity sourced from Schmidt et al. 

(2008). Note that since Schmidt et al. (2008) used the same method to produce samples, their 

Helium porosity can be compared directly with the porosity in our study (lower panel). In contrast, 

other studies used different methods and materials to create HIP samples, so their Helium 

porosities are only used for reference (upper panel). 
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Figure 5.4. Pore size distribution analysis from three perpendicular thin sections and XRCT data 

for all samples. Pore size is presented by EqDiameter which is the diameter of a circle or sphere 

with the same area or volume as a single pore. The distribution is presented by percent of pores, 

comparing the number of pores in each size with the total number of pores. Due to differences in 

resolution, XRCT did not detect some small grains between pores, causing these pores to merge 

into larger ones. As a result, XRCT data exhibits a steeper and even multimodal pore size 

distribution compared to thin section data. 
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Figure 5.5. Anisotropy degree (P) and shape (U) of all samples from pore fabrics of thin section 

analysis, XRCT-derived data (total shape ellipsoids, simulated permeability anisotropy, and MPF 

model), measured permeability anisotropy, AMS and MPF.  
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Figure 5.6. Comparison of orientation of pore fabrics from thin section analysis, XRCT-derived 

data (orientation density functions of pore axes, bootstrapped total shape ellipsoids, simulated 

permeability anisotropy, and MPF model), measured permeability anisotropy (2, 3, 4 cores), AMS 

and MPF. In the last column, the block fabric was added. Due to the vertical compaction, the 

maximum axis of the block fabric is considered to be along the xy-direction, while the minimum 

axis is along the z-direction, i.e., the compaction direction. 
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5.3.1 Thin section 

For the pore structure analyzed from thin sections, sample H1370 exhibits the highest anisotropy 

degree P, ranging from 1.30 to 1.41, while sample H5731 shows the lowest anisotropy degree, 

ranging from 1.04 to 1.07. The influence of adding magnetite and varying component proportions 

on the anisotropy degree is not significant. However, samples with smaller grains (<50 µm) tend 

to have lower anisotropy degrees. Regarding anisotropy shape U, sample H1550 has the highest 

value, ranging from 0.82 to 0.91, while H5731 has the lowest value, ranging from -0.28 to 0.45. 

Except for H5731, which lacks consistent anisotropy shape, the rest of the samples exhibit an 

oblate ellipsoid shape, i.e., U > 0 (Figure 5.5). The anisotropy orientations of all samples show 

that the minimum principal axes V3 align along the z-axis direction, while the intermediate and 

maximum principal axes, i.e., V2 and V1, are distributed in the xy plane. Sample H5731 exhibits 

slight differences again, with V3 showing an angle of approximately 10° with the z-axis, and V2 

and V1 showing an angle of approximately 10° with the xy plane (Figure 5.6). 

 

5.3.2 XRCT data 

For XRCT-derived pore fabrics, sample H1730 exhibits both the highest and lowest anisotropy 

degree values (ranging from 1.15 to 2.29). Sample H1551 has the maximum anisotropy shape 

value of 0.99, while sample H1550 has the minimum value of -0.94. Samples H5370, H5371, and 

H5730 display an oblate ellipsoid shape, while the remaining samples show inconsistent 

anisotropy shapes. Simulated permeability anisotropy results indicate that sample H1551 has the 

highest anisotropy degree of 1.89, whereas H1731 has the lowest at 1.49. All samples exhibit an 

oblate anisotropy shape, with sample H1731 having the maximum U value of 0.87 and sample 

H1550 having the minimum at 0.12. The simulated MPF model reveals that among all samples, 

H5730 exhibits the maximum anisotropy degree at 3.82, while sample H5371 has the minimum at 

1.02. Samples H1730 and H1731 show prolate anisotropy shapes, while H5370 and H5731 exhibit 

oblate anisotropy shapes, and the remaining samples do not demonstrate consistent anisotropy 

shape. Sample H5371 has the maximum U value at 0.90, whereas sample H1731 has the minimum 

at -0.91. There is no significant influence from component proportion, magnetite, grain size on the 

anisotropy degree and shape of the samples (Figure 5.5). 

 

The orientation density functions (ODF) projection images for the maximum and minimum 

principal axes of each pore shape in the samples, as well as the three-axis directional projection 

images of the total shape ellipsoid, are analyzed. Only H1370, H1371, H1551, H1731, and H5731 

show the characteristic distribution of V3 parallel to the z-axis, with V1 and V2 distributed along 

the xy plane. For samples H5370, H5371, H1550, and H5730, there is an angle between V3 and 

the z-axis, resulting in an angle between V1, V2, and the xy plane, with deviation angles of 

approximately 50°, 18°, 80°, and 60°, respectively. For sample H1730, its ODF image shows the 

minima near the x-axis direction, while the maxima were distributed along a plane approximately 

30° from the yz plane. However, its total shape ellipsoid image shows insignificant V2 and V3 

directions, both appearing as bands distributed along the xz plane, with V1 parallel to the y-axis 

direction. Using the same software, Avizo, the permeability anisotropy simulation based on the 

same digital pore structure also approximately matches the direction distributions of the total shape 

ellipsoids for all samples. The results of MPF simulated using FinIrrSDA software show that, 

compared to the total shape ellipsoid, samples H1370, H1371, H1551, H1731, and H5731 have 

larger angles between V3 and the z-axis, as well as between V2, V1, and the xy plane, with deviation 

angles of approximately 10°, 15°, 32°, 61°, and 24°, respectively. The remaining samples show 

similar characteristics to the total shape ellipsoid and simulated permeability anisotropy (Figure 

5.6). 

 

5.3.3 Measured permeability anisotropy 

The measured permeability data indicate that the X directional core of sample H5371 exhibits the 



 

100 

 

highest permeability of 0.49 mD, whereas the Z directional core of sample H1370 demonstrates 

the lowest permeability of 0.04 mD. Due to the anisotropic structure induced by axial compaction, 

the transverse (X, Y core) permeability of all samples is higher than their axial (Z core) permeability. 

For samples with a 5:5 ratio of calcite to muscovite (H1550, H1551), the addition of magnetite 

(H1551) results in lower permeability. For samples with other component ratios, those with added 

magnetite exhibit higher permeability. There is no clear relationship between component ratio and 

sample permeability, as well as between grain size and sample permeability (Figure 5.7). 

 

Although the permeabilities of HIP samples are very low, their anisotropy degrees are high. They 

reach as high as 3.81 (H1370), and as low as 1.66 (H5731). The proportion of mineral components 

significantly influences the degree of permeability anisotropy. A higher proportion of muscovite 

leads to a higher P-value in the samples. However, the effects of grain size and magnetite on the 

anisotropy degree are not significant. Except for sample H5730, which exhibits weak prolate 

anisotropy shape (U = -0.08), all other samples show significant oblate anisotropy shape, with U 

values reaching up to 0.98 (H1371) (Figure 5.5). 

 

Using two directional cores (X2, Z1 or X2, Z2 or Y1, Z1 or Y1, Z2) to calculate permeability 

anisotropy, all samples exhibit V3 aligned along the z-axis, with the other principal axes parallel 

to the xy plane. Two tensors with 95% confidence ellipses can be calculated using three cores (X2, 

Y1, Z1, or X2, Y1, Z2). Samples H1371, H5371, H1550, and H1551 all show significant anisotropy 

directional characteristics, with the minimum permeability direction V3 parallel to the z-axis, and 

V1 and V2 parallel to the xy plane. Samples H1370, H5370, H1730, H5730, and H5731 exhibit 

one tensor with similar directional characteristics to the aforementioned samples, while another 

tensor shows nonsignificant directions for the three principal axes of permeability anisotropy. Both 

tensors for sample H1731 show nonsignificant principal axes directions. Permeability anisotropy 

calculated using four cores (X2, Y1, Z1, Z2) demonstrates significant anisotropy directions for all 

samples except H5730 and H5731, with V3 aligned along the z-axis and V1, V2 distributed on the 

xy plane (Figure 5.6). 

 

   
Figure 5.7. Permeability of different directional cores from each sample. Data from publication 

has also been added, specifically from Bernabe et al., 1982, using calcite powder, with 

permeability ranging from 0.050 to 70 × 10⁻³ mD. 
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5.3.4 AMS and MPF 

The anisotropy degree of the AMS of original samples ranges from 1.07 to 1.45. Sample H5371 

exhibits the highest P-value, while sample H1730 displays the lowest. Sample H1370 presents the 

maximum U value for AMS at 1.00, whereas sample H1731 records the minimum at 0.64. All 

samples exhibit an oblate anisotropy shape in their AMS. Introducing magnetite, higher 

proportions of muscovite, and smaller grain sizes correspond to higher anisotropy degrees of AMS. 

The inclusion of magnetite in the samples leads to a reduction in their U values (Figure 5.5).  

 

The kmean of MPF in the injected samples ranges from 2.58×10-3 to 4.70×10-3 SI, with sample 

H5371 having the highest value and H1731 having the lowest. It's noteworthy that the kmean of 

MPF refers to ∆kmean, indicating the change in mean magnetic susceptibility of the samples before 

and after ferrofluid injection. The maximum impregnation efficiency I.E.susc for the samples is 

12.34 % (H5371), while the minimum is 7.04 % (H1370) (Table 5.3). Grain size, magnetite content, 

and composition ratio of the samples show no significant influence on kmean and I.E.susc (Figure 

5.8c). The anisotropy degree of MPF in the samples ranges from 1.01 to 1.41, with sample H1730 

exhibiting the smallest P value, while H1371 shows the largest P value. Regarding anisotropy 

shape, sample H5730 has the maximum value of 0.97, whereas sample H5370 has the minimum 

value of 0.73. All samples demonstrate significant oblate anisotropy shape. The inclusion of 

magnetite, higher proportions of muscovite, and larger grain sizes result in a larger anisotropy 

degree, but they do not significantly affect the anisotropy shape (Figure 5.5). There is no 

significant correlation between kmean and anisotropy degree, as well as between kmean and 

anisotropy shape of the MPF (Figure 5.8a, 5.8b). As for both AMS and MPF anisotropy 

orientations, all samples exhibit significant anisotropic characteristics, with the minimum principal 

axes V3 aligning parallel to the z-axis, and the V1 and V3 principal axes distributing along to the 

xy plane (Figure 5.6). 

 

5.3.5 Comparison  

The aforementioned comparisons have been made regarding the porosity and pore size calculated 

using different methods. Contrasting the relationship between porosity and permeability from 

direct measurements and XRCT digital rock calculation reveals that the simulation results from 

XRCT demonstrate higher permeability and lower porosity comparing to direct measurements. 

The positive correlation between porosity and permeability is significant in the XRCT data, but 

the directly measured porosity and permeability do not exhibit a clear linear relationship. For the 

direct measurement date, regardless of whether porosity increases or decreases, the sample 

permeability remains relatively low (Figure 5.8d). For anisotropy degree, measured permeability 

consistently exhibits the highest P-values. The AMS and MPF show a significant correlation with 

measured permeability, with all three demonstrating anisotropy degree increasing as the 

proportion of muscovite component in the sample increases (Figure 5.8e). Comparative images of 

anisotropy orientations also reveal significant similarities among thin-sections-derived pore 

fabrics, AMS, MPF, and measured permeability anisotropy, all showing the characteristic of the 

minimum principal axes V3 aligning along the z-axis and the maximum principal axes V1 aligning 

along the xy plane. However, pore fabrics derived from XRCT digital rock, simulated permeability 

anisotropy, and simulated MPF model exhibit significant differences from the aforementioned four 

data sources (thin section, measured permeability, AMS, MPF) in some samples, including 

samples H5370, H1550, H1730, and H5730. Additionally, the simulated MPF model shows 

directional differences from other data in samples H1371, H1551, H1731, and H5731 (Figure 5.6). 
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Figure 5.8. (a) Anisotropy degree of MPF (P) vs mean susceptibility of MPF (kmean), (b) 

Anisotropy shape of MPF (U) vs mean susceptibility of MPF (kmean), and (c) susceptibility-based 

impregnation efficiency (I.E.susc) vs mean susceptibility of MPF (kmean). (d) Porosity VS 

permeability from laboratory measurements and simulation from XRCT data. (e) Comparison of 

anisotropy degree of measured permeability with pore fabrics derived by thin section, XRCT-

derived data (total shape ellipsoids, simulated permeability, and MPF model), AMS and MPF. 

 

5.4. Discussion 

Significant differences were observed in the measured porosity of different sampling cores for 

each sample (Figure 5.3). This may be due to the heterogeneous nature of the samples caused by 

uneven mixing of mineral powders with different grain sizes and shapes during the mixing process. 

It is also possible that cores taken near the ends of the cylinder sample (Z1, Z2 cores) are more 
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affected by high temperature and high pressure from the boundary, resulting in differences in 

porosity. To avoid boundary effects and large variations in porosity, cores for thin section, XRCT, 

and MPF analysis were taken near the central region of each sample. 

 

It is observed that smaller grain sizes result in higher porosity (Figure 5.3). Microscopic 

observation of thin sections reveals that smaller grains exhibit greater roundness and smaller size 

variations, leading to more pore space between grains. In samples with larger grains, the presence 

of more irregular grains and greater size variations, along with tight contact and interstitial filling 

between grains, reduces the pore space (Figure 5.1). Additionally, higher muscovite content results 

in higher porosity because muscovite has a flaky grain shape, enlarging the interconnected pore 

space. XRCT-derived porosity approximates the measured porosity and porosity provided in 

literature for samples prepared using the same method (Schmidt et al., 2008), while porosities 

derived from thin sections and MPF are significantly smaller (Figure 5.3). This is primarily 

because the former uses air measurement, while the latter ones use more viscous fluids such as 

resin or ferrofluid for sample injection, making it more difficult for the fluid to penetrate into 

smaller pores, naturally resulting in the non-detection of a large number of micropores. 

 

In the analysis of pore size distribution, XRCT data exhibits a narrower and steeper range 

compared to thin section data, primarily due to differences in resolution. Consequently, XRCT 

fails to detect numerous smaller pores. Moreover, whereas the majority of samples demonstrate 

linear distribution characteristics, samples H1370, H5370, and H5371 exhibit bimodal features. 

This occurrence is possibly attributed to some pores not resolved by XRCT resolution. 

 

Simulated permeability exceeds measured permeability, which may be attributed to the limited 

ability of XRCT digital rock structures to fully replicate the physical properties of real rocks. For 

instance, the completely smooth surfaces of digital rock grains and the resolution limitations 

leading to only detection of numerous large pores rather than micro-pores and throats can 

collectively result in an overestimation of the simulated permeability. Moreover, compared to the 

conditions used for measuring permeability, the simulation used lower pressure and higher fluid 

viscosity, which would typically result in lower permeability values. Therefore, the difference in 

settings is not the primary reason for the simulated permeability being higher than the measured 

ones. Furthermore, the lack of a significant relationship between measured porosity and 

permeability may stem from the fact that, unlike porosity which is primarily influenced by pore 

space size, permeability is influenced by various factors including pore geometry, connectivity, 

distribution, and even pressure sensitivity (Bernabe et al., 2003; Hu et al., 2020; Šperl & Trčková, 

2008; H. Wang et al., 2019; Wenlian et al., 2016; Worthington, 2008; Zheng et al., 2015; Zhong 

et al., 2020). Therefore, there isn't a universally applicable relationship between porosity and 

permeability. 

 

The linear growth relationship between the mean susceptibility (kmean) of injected samples and 

their impregnation efficiency (I.E.susc) primarily arises from the increased injection of ferrofluid, 

naturally resulting in greater magnetic susceptibility of the samples. However, the anisotropy 

degree and shape of the MPF are significantly influenced by pore fabrics, thereby rendering their 

relationship with kmean less significant. 

 

When comparing the anisotropy of various datasets, only the AMS and MPF of the samples are 

affected by the addition of magnetite. The strong magnetism of magnetite affects the measurement 

of the magnetic anisotropy. Therefore, the AMS and MPF of samples with added magnetite exhibit 

a higher anisotropy degree and slightly weakened oblate anisotropy shape (reduced U value).  

 

Regarding mineral composition, muscovite with its sheet-like structure is more prone to forming 
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preferred direction of fluid flow along maximum direction of muscovite grain shape, compared to 

the irregularly shaped calcite particles (Figure 5.1). Consequently, measured permeability and 

MPF, obtained by injecting samples with argon or water-based ferrofluid, show a significant 

increase in anisotropy degree with increasing muscovite content. However, thin section analysis 

using more viscous resin and simulated permeability based on digital rock both present 

insignificant changes with varying muscovite content, probably due to the limitation by the 

viscosity of the injected fluid or the XRCT image resolution. Therefore, thin section and XRCT 

images can only capture relatively larger pores. When changes in the proportion of muscovite lead 

to variations in micro-pores, these changes are not reflected in the thin section and XRCT images. 

Nevertheless, all four datasets related to fluid flow characteristics exhibit a pronounced oblate 

anisotropy shape. XRCT-derived pore fabrics and MPF model solely based on XRCT-derived pore 

fabrics are not significantly affected by muscovite and do not exhibit consistent anisotropy shape. 

Meanwhile, the AMS of original sample shows a slight increase in anisotropy degree with 

increasing muscovite content, maintaining a consistent oblate anisotropy shape. This may be due 

to the presence of a small amount of magnetic impurities with muscovite, possibly like hematite. 

However, the magnetic susceptibility of the original sample is much smaller than those of the 

samples impregnated with ferrofluid, so magnetic impurities do not affect the MPF results. As the 

amount of sheet-like muscovite increases, the anisotropy degree of the grain fabrics and pore 

fabrics increases. Both the measured permeability and MPF significantly follow this trend for 

anisotropy degree because they can detect more micropores, whereas thin section and XRCT 

cannot due to fluid viscosity or resolution limitations.  

 

Measured permeability exhibits the highest anisotropy degree, followed by simulated permeability, 

while the anisotropy degree of MPF model, AMS, and MPF are significantly lower than that of 

measured permeability (Figure 5.5e). This discrepancy may stem from the fact that magnetic 

anisotropy measurement and calculation are influenced by various factors such as the magnetic 

susceptibility of the ferrofluid used, pore shape, size, etc. (Biedermann, 2019, 2020; Biedermann 

et al., 2021; Jones et al., 2006).  

 

Regarding anisotropy orientations, thin-section-derived pore fabrics, measured permeability 

anisotropy, MPF and block show significant directional consistency. This demonstrates that the 

fabric orientation is consistent across both macroscopic and microscopic scales. However, in four 

out of ten samples, XRCT-based pore fabrics, simulated permeability anisotropy, and MPF model 

are inconsistent with the former. This is because the preferred direction of connected pore fabrics 

does not always represent the optimal direction of fluid flow. Factors, such as pore tortuosity, pore 

and throat size distribution, can affect fluid flow direction (Cai et al., 2019; Geffen et al., 1951; 

Zhang, 2013). Also, resolution limitation for XRCT data may be another reason, resulting in 

undetected micropores. Therefore, thin section analysis, measured permeability, and MPF using 

fluid (i.e., resin, argon, ferrofluid) impregnation methods will produce relatively consistent 

anisotropy orientation, differing from digital pore fabrics and related simulation data. As grain 

size decreases and the proportion of muscovite decreases, more irregular calcite particles are 

present in the samples, leading to a significant reduction in the directional significance of 

permeability anisotropy. However, thin section analysis and MPF still exhibit significant 

anisotropic characteristics. This indicates that compared to gas (argon), which has lower viscosity 

and better flowability to access more micropores, more viscous resin and water will preferentially 

choose the dominant flow direction in large pores during sample injection, hence still displaying 

strong anisotropic features. The anisotropy orientation characteristics of AMS are similar to thin 

section analysis, measured permeability, and MPF, but AMS is mainly influenced by the magnetic 

susceptibility of grains, resulting in significant anisotropy orientation due to the oriented 

arrangement of mineral grains. 
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5.5. Conclusions 

The study uses hot isostatic pressing (HIP) to simulate the high-temperature, high-pressure 

conditions encountered during natural rock formation. Samples comprise common mineral 

components, calcite and muscovite. Irregular calcite grains exhibit insignificant anisotropy, 

whereas muscovite, with its sheet morphology, display anisotropy. Various proportions and grain 

sizes of muscovite and calcite were mixed to prepare rock samples with different anisotropic pore 

fabrics. The samples achieve a maximum connected porosity of 26.79 %, with porosity increasing 

as the proportion of muscovite increased. Addition of 1% magnetite to the samples significantly 

influences their AMS and MPF, resulting in increased anisotropy degree. However, magnetite has 

no effect on other pore fabric data and permeability anisotropy. The presence of sheet-like 

muscovite inhibits fluid flow perpendicular to its planes, creating enhanced anisotropic flow paths. 

Increasing muscovite ratio, anisotropy degree also increases notably in experiments involving 

measured permeability and MPF with low-viscosity fluids. Results from experiments injecting 

fluids, specifically thin-section-derived pore fabrics, measured permeability and MPF, show 

similar directional characteristics, with the minimum principal axes aligning along the sample 

compression axis and the maximum principal axes perpendicular to the sample compression axis. 

However, pore fabrics, simulated permeability, and MPF models based on XRCT digital rock 

show directional disparities in anisotropy among certain samples. Consequently, mineral grain 

shape and orientation, as well as stress direction, significantly influence the anisotropy of fluid 

flow in sample pores, while their impacts on pore structure anisotropy are not always consistent. 

Pore structure anisotropy does not always correlate with permeability anisotropy. Notably, there 

are significant quantitative correlations between sample MPF and permeability anisotropy in terms 

of anisotropy degree and orientation, consistently influenced by grain shape and stress direction. 

MPF effectively reflects anisotropy orientations and anisotropy degree changes of the sample 

fabrics. Therefore, MPF serves as a prerequisite experiment for measuring permeability anisotropy, 

allowing preliminary assessment of the fabric anisotropy and preferred flow direction, reducing 

the time and effort required for actual measurements, and enhancing experimental efficiency. 
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6. Conclusion and outlook 

This thesis investigated anisotropy in porous media by cross-comparing thin section-derived pore 

fabrics, X-ray computed tomography (XRCT)-derived pore fabrics, simulated permeability and 

magnetic pore fabrics (MPF) based on XRCT data, permeability anisotropy, anisotropy of 

magnetic susceptibility (AMS), and MPF across a variety of sandstone, carbonate, and artificial 

samples. The study established quantitative relationships among these methods, utilizing six 

typical sandstones (Berea, Berea Spider, Bentheimer, Castlegate, Molasse, Salt Wash North), two 

carbonates (Calcarenite and Indiana Limestone), one artificial quartz sandstone bonded with liquid 

glass and manually compacted, and ten hot isostatic pressing (HIP) artificial rocks composed of 

irregular calcite and sheet-like muscovite mixtures. These HIP samples enabled testing the 

influence of mineral composition, grain size, and magnetism on anisotropy. 

 

Key findings include consistent anisotropy orientations across most methods—Thin section-

derived pore fabrics, XRCT-derived pore fabrics, simulated permeability and MPF based on 

XRCT data, permeability anisotropy, MPF and block fabrics—demonstrating unified anisotropy 

from macroscopic to microscopic scales. The maximum axes of these properties are perpendicular 

to the compaction direction, while the minimum axes align parallel to it. Exceptions occurs in 

samples with the resolution limitations of XRCT or overly complex pore fabrics, leading to 

inconsistencies in XRCT-based data. However, MPF and permeability anisotropy maintain 

robustness, with MPF proving effective in predicting optimal fluid flow directions. Adding 

strongly magnetic minerals (e.g., 1% magnetite) increases the anisotropy degree of AMS and MPF 

without affecting other properties, while higher proportions of minerals with significantly 

anisotropic grain shapes (e.g., sheet-like muscovite) enhance the anisotropy degree of permeability 

and MPF. The degree of anisotropy typically follows the order: measured permeability > simulated 

permeability > XRCT-derived total shape ellipsoids > thin-section-derived total shape ellipsoids > 

AMS > MPF > MPF model. Anisotropy shapes show discrepancies between different 

determination methods. 

 

This research provides a comprehensive framework for studying anisotropy in porous media, 

integrating multiple methods to enhance understanding of pore fabrics and fluid flow behavior. 

This framework is particularly valuable for applications in petroleum reservoir evaluation, 

geothermal system development, and groundwater management, where accurate anisotropy 

assessment can optimize resource extraction and management strategies. The MPF method stands 

out as a simple, efficient tool for rapidly assessing pore fabrics and optimal fluid flow directions, 

offering practical benefits in industrial settings by reducing measurement time and costs compared 

to traditional full-tensor permeability analyses. Additionally, the study’s cross-comparison 

approach establishes a reference for future rock physics research, providing a methodological 

foundation that can be adapted to diverse geological contexts beyond the sandstones and 

carbonates tested here. 

 

Despite its contributions, the study has several limitations and unresolved issues: 

 

⚫ Thin Section Analysis: Limited resolution may fail to detect micro-pores, and converting 2D 

data to 3D introduces potential errors, affecting the accuracy of pore fabric representation. 

⚫ XRCT Analysis: The trade-off between resolution and sample size restricts its ability to 

capture overall sample characteristics fully. Uncertainties in image segmentation, often due 

to manually selected thresholds, may further skew pore fabric and permeability predictions. 

⚫ MPF Method: Its effectiveness depends on ferrofluid selection (e.g., compatibility with rock 

wettability and mineral charge properties), which can influence impregnation efficiency. The 

impact of minerals with varying wettability and charge properties on ferrofluid behavior 

remains underexplored. 
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⚫ Cross-Calibration: Discrepancies in anisotropy degree across methods may arise from 

inherent methodological limitations or sample heterogeneity, complicating direct 

comparisons. 

 

The study’s focus on relatively homogeneous, anisotropic sandstones and carbonates limits its 

generalizability. The applicability of MPF to rocks with low permeability (e.g., shales, tight 

carbonates), vesicular textures (e.g., volcanic rocks), or minimal anisotropy remains untested.  

 

To address these limitations, future research should focus on the following: 

 

⚫ Expanding Rock Types: Test MPF’s effectiveness across a broader range of rocks, including 

volcanic rocks, shales, tight carbonates, and samples with diverse mineral wettability and 

charge properties, to assess its versatility. 

⚫ Improving XRCT Analysis: Investigate the effects of resolution and segmentation 

uncertainties on total shape ellipsoids, potentially integrating advanced imaging techniques to 

enhance accuracy. 

⚫ Leveraging AI Technology: Utilize AI-based image processing to improve the recognition, 

segmentation and classification for pores and minerals in geological images, reducing manual 

errors and refining pore fabric characterization. 

 

A recommended best-practice workflow for future anisotropy studies is as follows: 

 

⚫ Initial MPF Assessment: Use MPF to quickly evaluate pore fabrics and identify optimal fluid 

flow directions, leveraging its simplicity and efficiency. 

⚫ Targeted Permeability Measurement: Measure permeability along the identified optimal flow 

direction and its perpendicular direction to calculate accurate permeability anisotropy, 

minimizing the need for full-tensor measurements in six directions. 

 

This workflow reduces time and cost compared to comprehensive permeability tensor analyses 

while providing more precise fabric information than visual observations on hand-sample or 

outcrop scale, mitigating risks of under- or overestimating anisotropy. By combining MPF’s rapid 

assessment with selective permeability measurements, researchers can streamline anisotropy 

studies while maintaining accuracy, offering a practical approach for both academic and industrial 

applications. 
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7. Supplementary material 

Supplementary material for Article Ⅰ: Quantitative comparison of 3D pore space properties 

with magnetic pore fabrics—testing the ability of magnetic methods to predict pore fabrics 

in rocks 

 

Contents of this file  

Text S3.1 

Figures S3.1 to S3.2 

Tables S3.1 to S3.4  

 

Additional Supporting Information (Files uploaded separately) 

Captions for Tables S3.4 

 

Introduction  

The supporting information is about mathematic description for calculating pore shape (Text S3.1), 

an example for segmentation of pore and solid fraction by watershed algorithm (Figure S3.1), 

comparisons of XRCT-derived pore fabrics in three perpendicular samples from the same block 

(Figure S3.2), initial settings for XRCT and MPF measurements (Table S3.1, S3.2), definition of 

subscripts (Table S3.3), and initial data for MPF (Table S3.4). They are mainly about principles 

and settings for experiments and data analysis to supply the manuscript. 

In table S4, sample D1121Z has anomalies with >100% impregnation efficiency and higher MPF-

derived porosity than He-porosity, probably because the magnetic fluid on the sample surface was 

not entirely eliminated. This anomaly may also result from inhomogeneous fluid, and the 

uncertainty in the determination of fluid susceptibility/frequency dependence, because of the time-

dependent nature of fluid properties. 

 

Text S3.1. 

All texts below are modified from Avizo 2020.1 user’s guide. 

The first order moments define the centroid or center of mass.  

 

𝑀1𝑥 =
1

𝐴(𝑋)
∫ 𝑥𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋
 , 𝑀1𝑦 =

1

𝐴(𝑋)
∫ 𝑦𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋
 and 𝑀1𝑧 =

1

𝐴(𝑋)
∫ 𝑧𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋
 

 

𝐴(𝑋) is the area and (𝑥, 𝑦, 𝑧) is a point in the object. 

The second order moments are defined as: 

 

𝑀2𝑥 =
1

𝐴(𝑋)
∫ (𝑥 − 𝑀1𝑥)2𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋

 

𝑀2𝑦 =
1

𝐴(𝑋)
∫ (𝑦 − 𝑀1𝑦)

2
𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋

 

𝑀2𝑧 =
1

𝐴(𝑋)
∫ (𝑧 − 𝑀1𝑧)2𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋

 

𝑀2𝑥𝑦 =
1

𝐴(𝑋)
∫ (𝑥 − 𝑀1𝑥)(𝑦 − 𝑀1𝑦)𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋

 

𝑀2𝑥𝑧 =
1

𝐴(𝑋)
∫ (𝑥 − 𝑀1𝑥)(𝑧 − 𝑀1𝑧)𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋

 

𝑀2𝑦𝑧 =
1

𝐴(𝑋)
∫ (𝑦 − 𝑀1𝑦)(𝑧 − 𝑀1𝑧)𝑑𝑥𝑑𝑦𝑑𝑧

0

𝑋
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The orientations are given as the eigenvectors of the inertia matrix: 

 

𝑀 = [

𝑀2𝑥 𝑀2𝑥𝑦 𝑀2𝑥𝑧

𝑀2𝑥𝑦 𝑀2𝑦 𝑀2𝑦𝑧

𝑀2𝑥𝑧 𝑀2𝑦𝑧 𝑀2𝑧

] 

 

 
Figure S3.1. (a) Single thresholding-related variability of XRCT-derived porosity of sample MI-

2-Y3. The bule curve is a cumulative curve for porosity. (b) Segmentation of pores versus solid 

fraction based on XRCT data of sample MI-2-Y3. 0-73 of the intensity greyscale value is clearly 

identified as pores and 85-255 is clearly identified as solid fraction. The remaining part (73-85) is 

undefined and was assigned to a fraction based on hierarchical watershed segmentation. 
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Figure S3.2. Comparison of total shape ellipsoids calculated from perpendicularly drilled 

calcarenite samples, MI-1-Z3, MI-2-Y3, MI-2-Y8 and MI-3-X15. All datasets were rotated to a 

common coordinate system. 

 

Table S3.1. Analytical settings for XRCT scans of all samples. Scans with 15 μm pixel size were 

conducted with the Bruker Skyscan 2211, those with 9 μm or 5.5 μm pixel size with the Bruker 

Skyscan 1273. 

Sample 
Pixel size 

(μm) 
Filter 

Voltage 

(kV) 

Current 

(μA) 

Exposure 

time (ms) 

Calcarenite      

MI-1-Z3 15 0.5 mm Al 80 230 220 

MI-2-Y3 15 0.5 mm Al 80 230 220 

MI-2-Y8 9 1 mm Al+0.038 mm Cu 100 80 275 

MI-3-X15 15 0.5 mm Al 80 230 220 

MI-5-Z21 9 1 mm Al+0.038 mm Cu 100 80 275 

MI-5-X22 9 1 mm Al+0.038 mm Cu 100 80 275 

Molasse (Rüeggisberg)     

D1121Z 15 0.5mm Ti 100 445 100 

D1112Y 15 0.5mm Ti 100 445 100 

D1112Y 9 1 mm Al+0.038 mm Cu 100 80 275 

D1263Y2 9 1 mm Al+0.038 mm Cu 100 80 275 

D1234X 15 0.5mm Mo 110 220 300 

Molasse (Entlebuch)      

C43Y 15 0.5mm Cu 150 245 125 

C334Y 15 0.5mm Cu 156 200 127 

C334Y 9 1 mm Al+0.038 mm Cu 100 80 275 

BE42AY 15 0.5mm Cu 156 210 130 

Molasse (Düdingen)      

5256X 9 1 mm Al+0.038 mm Cu 100 80 275 

Molasse (Tafers)      

F31Z1 5.5 1 mm Al+0.038 mm Cu 100 80 275 

 

 

Table S3.2. Ferrofluid and MPF measurement settings. All samples were impregnated with 

EMG909 oil-based ferrofluid.   
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Sample 
Volume ratio of ferrofluid and 

dilution 

Impregnation 

method 
Frequency (kHz) 

Field 

(A/m) 

Calcarenite     

MI-1-Z3 1:25 with oil 
100 kPa vacuum 

for 24 hours 
~4, ~16, ~512 80 

MI-2-Y3 1:25 with oil 
100 kPa vacuum 

for 24 hours 
~4, ~16, ~512 80 

MI-2-Y8 1:30 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

MI-2-Y10 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

MI-3-X15 1:25 with oil 
100 kPa vacuum 

for 24 hours 
Sample broken 

MI-3-X11 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1, ~4, ~16 200 

Mi-5-Z21 1:30 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

MI-5-X22 1:30 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

Molasse 

(Rüeggisberg)     

D1121Z 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1, ~4, ~16 200 

D1112Y 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

D1263Y2 1:30 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

D1234X 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1, ~4, ~16 200 

D1221X 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

D1261X 1:30 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

Molasse 

(Entlebuch)     

C43Y 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1, ~4, ~16 200 

C334Y 1:30 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 

BE42AY 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1, ~4, ~16 200 

Molasse 

(Düdingen)     

5256X 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
Sample broken 

Molasse 

(Tafers) 
   

F31Z1 1:50 with hardener and resin 
100 kPa vacuum 

for 1 hour 
~1 200 
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Table S3.3. Definition of subscripts used in text and figures. 

Subscript  Definition 

s variable describing pore shape 

s-individual variable describing individual pore shape  

s-total variable describing total shape ellipsoid 

m variable describing magnetic data 

m-MPF variable describing magnetic pore fabric 

susc variable describing magnetic susceptibility 

 

Additional Supporting Information (Files uploaded separately) 

Table S3.4. MPF data for all samples measured in different frequency. There are the mean 

magnetic susceptibility (kmean), the susceptibility of three principle directions (k1, k2, k3) with 

their declinations and inclinations (D1, I1, D2, I2, D3, I3), confidence angle (E13, E12, E23), 

anisotropy degree and shape (P,U), and He porosity for each sample. For calculating 

susceptibility-based impregnation efficiency (I.E.susc) and MPF-derived porosity by comparing 

susceptibilities between samples and ferrofluid (Parés et al., 2016), the ferrofluid type, dilution 

ratio and effective susceptibility of diluted ferrofluid (kfluid) are added to the table. Due to 

frequency dependence, there is a correction coefficient used to correct magnetic susceptibility 

measured in different frequency. The frequency-dependence correction coefficient is cited from 

Biedermann et al. (2021).   

 

Table is in the separate file Table S3.4.xls. Check https://doi.org/10.5281/zenodo.12750089. 
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Appendix 

Appendix for Article Ⅰ: Quantitative comparison of 3D pore space properties with magnetic 

pore fabrics—testing the ability of magnetic methods to predict pore fabrics in rocks 

XRCT particle analyses and MPF data obtained in this article can be obtained from 

https://doi.org/10.5281/zenodo.6782552. 

Appendix for Article Ⅱ: Quantitative assessment of direct and indirect measures of 3D pore 

fabrics and permeability anisotropy in sedimentary rocks 

Thin section analyses, XRCT analyses including pore fabrics, simulated permeability and MPF 

model, measured permeability anisotropy, AMS and MPF data in this article can be obtained from 

https://doi.org/10.5281/zenodo.11216307. 

Appendix for Article Ⅲ: Comparing thin-section-derived and X-ray tomography-derived 

pore fabrics, permeability anisotropy and magnetic pore fabrics in hot isostatically pressed 

calcite-muscovite rocks 

Thin section analyses, XRCT analyses including pore fabrics, simulated permeability and MPF 

model, measured permeability anisotropy, AMS and MPF data in this article can be obtained from 

https://doi.org/10.5281/zenodo.11216342. 


