
1.  Introduction
The fabric of connected pores, that is, 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, Liu, 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, Liu, 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: (a) 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). (b) 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). (c) X-ray computed micro-tomography (XRCT) has emerged as a 3D technique 
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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 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.
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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, 2016). Zhan et al. (2009) 
and Zubair (2012) reported a good fit between numerical calculation and direct porosity and permeability meas-
urements 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; da Silva, 2018; 
Gelb et  al.,  2009; Landis & Keane,  2010; Zubair,  2012). Larger samples may be more representative of the 
investigated rock, but suffer from lower spatial resolution (Figure 1). Unresolved pores can result in up to 32% 
difference between modeled and measured data (Zhan et al., 2009).

Indirect methods characterize pore fabrics by measuring the anisotropy of specific physical properties influenced 
by pore fabrics, for example, permeability and seismic anisotropy and magnetic anisotropy of samples impreg-
nated 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, for 
example, lineation and foliation directions, in case that measured directions disagree with the principal perme-
ability 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 meas-
urements or symmetry assumptions. Analogously to permeability anisotropy, each directional velocity is gener-
ally 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; Louis et al., 2004; 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 

Figure 1.  Sample size (diameter of the cylindrical core) versus resolution for X-ray computed micro-tomography (XRCT) 
and magnetic pore fabric (MPF) methods (XRCT modified from Cnudde & Boone, 2013; Cnudde et al., 2011; Gelb 
et al., 2009; Zubair, 2012). The MPF resolution is 10–20 nm for sample sizes ranging from 6 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).
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throats down to 10–20 nm (Figure 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: (a) 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), (b) 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 (c) oblate or prolate MPFs 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 relation-
ships 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.

2.  Materials and Methods
2.1.  Sample Description

Samples with porosity of 10%–55% were chosen, molasse and calcarenite, applying for typical porosity of reser-
voir rocks varying between 5% and 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 2a) (Oryem et al., 2015). They possess high porosity (16%–60%) and a large proportion of intercon-
nected 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 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): (a) Rüeggisberg, BE, samples D1121Z, D1112Y, D1263Y2, 
D1234X, D1221X, D1261X, (b) Entlebuch, LU, samples C43Y, C334Y, BE42AY, (c) Düdingen, FR, Switzer-
land, sample 5256X, and (d) Tafers, FR, Switzerland, sample F31Z1 (Figure 2c). The molasse samples are char-
acterized by cross and parallel bedding (Figure 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 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 
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measurements by comparing 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).

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 
S1 in Supporting Information S1). 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 are given as Core1/Core2, where XRCT 
data were obtained on the first core, and MPF on the second, for example, MI-3-X15/MI-3-X11. Where possi-
ble, XRCT data were obtained on Core1, and MPF data were obtained on both sister samples, allowing to test 
between-sample heter ogeneity, for example, MI-2-Y8/MI-2-Y10 and D1234X/D1221X. Sample MI-2-Y3 was 

Figure 2.  (a) Location of calcarenite samples, (b) Backscattered electron 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).
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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 S1 in Supporting Informa-
tion S1). Different settings resulted in different contrast and artifacts, 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 artifacts. 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 S1 in Supporting Information S1). Reconstructions were performed 
using NRecon, and images were compensated for misalignment, corrected for ring artifacts and beam hardening 
artifacts (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). Because the determination of a threshold value is user-dependent and affects the segmenta-
tion 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 S1 
in Supporting Information S1).

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 × 100 × 100 
voxels (0.9 × 0.9 × 0.9 mm 3) to 500 × 500 × 500 voxels. For small volumes, XRCT-derived parameters vary 
largely with increasing volume, reaching a plateau as cube size increases above a critical threshold. This thresh-
old volume is the REV, that is, 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 × 100 × 100 voxels (cf. 
Figure 3), while for pore size distributions, the REV is 300 × 300 × 300 voxels (Figures 4a and 4b). To further 
estimate the uncertainty associated with sample heterogeneity, calculated porosities from five 5 × 5 × 5 mm 3 
cubes located at different positions within the sample were compared to calculate a mean porosity with deviation 
(Table 1). Then, one cube was chosen arbitrarily for pore shape analysis (Figure 3).

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. Indi-
vidual 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 and Text S1 in Supporting Infor-
mation S1) (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 
artifacts arising from small pores whose geometry remained unresolved. A series of filters was applied to remove 
pores smaller than 4 × 4 × 4 voxels up to 16 × 16 × 16 voxels, to investigate related changes in the ODFs. Addi-
tional 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: (a) The calculation was adapted from averaging normal-
ized second-order tensors to compute a mean anisotropy of a group of samples (Jelínek & Kropáček, 1978). 
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Figure 3.  Workflow for X-ray computed micro-tomography image processing and magnetic pore fabric (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 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 S1 in Supporting Information S1) (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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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 artifacts compared to ODFs; (b) the orientation distribution, pore shape distribution, 
and distribution of aspect ratios are integrated in one single measure; and (c) 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 579–14,913 pores for different samples and resolu-
tions (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 param-
eters 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, ∞), 

Figure 4.  Results of pore size distribution for all X-ray computed micro-tomography 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 
representative elementary volume 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 × 4 × 4 voxels (EqDiameter = 27 μm for voxel size of 5.5 3 μm 3, or 45 μm for voxel size of 9 3 μm 3, or 74 μm for 15 3 μm 3 
voxel size).
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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 
and ≤100 μm in sample MI-3-X15 were compared.

2.3.  Magnetic Pore Fabric Measurements

The AMS of the dry samples was measured using a 15 directions measurement scheme to determine the aniso-
tropy 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, ∼16, 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, 
∼4, ∼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 instru-
mental 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 

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

Note. Uncertainty was estimated by calculating the standard deviation of five cube volumes (5 × 5 × 5 mm 3) in five positions 
(XRCT—X-ray computed micro-tomography) 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.

Table 1 
Porosity Comparison of Numerical Calculations Based on XRCT Data, Laboratory Measurements by He Pycnometry and 
Estimation From MPF
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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 hr 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 hr 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 S2 in Supporting Information S1). Any 
resin-ferrofluid mixture on the surface of the sample was cleaned before solidification to avoid artifacts. Unfor-
tunately, the elimination was not thorough for samples MI-2-Y8, MI-5-X22, MI-5-Z21, D1263Y2, D1261X and 
C334Y, resulting in artifacts 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 depend-
ence (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  , 16 and 
512 kHz on the SM150. Samples MI-3-X11, D1121Z, D1234X and C43Y were measured at 1 kHz, 4 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, 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 lower than 
that of the impregnated samples, and a factor of 4–10 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.

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 × 4 × 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 in Supporting 
Information S1. Note that the MPF P-value depends on the intrinsic susceptibility of the fluid used for impreg-
nation 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.
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3.  Results
3.1.  XRCT Results

3.1.1.  3D Reconstructions and Porosity

The calcarenites present 31%–43% XRCT-derived porosities and 51.2%–55.2% He porosities, and molasse sand-
stones have 0.6%–16.4% XRCT-derived porosities and 11.13%–30.78% He porosities (Table 1). There is no clear 
and uniquely defined limit in gray-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 S1 in Support-
ing Information S1). 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.

3.1.2.  Pore Size Distributions

The REV of pore size distribution was presented above (Figures 4a and 4b). Note that additional pores smaller 
than the voxel resolution (5.5 3 μm 3, 9 3 μm 3 or 15 3 μm 3) may be presented. The different resolutions cause differ-
ent 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 × 4 × 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 distri-
bution, 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 4).

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 artifacts are reduced when 
increasing the lower threshold of analyzed pore sizes from 4 × 4 × 4 voxels to 16 × 16 × 16 voxels at the expense 
of diminishing the number of included pores. The total shape ellipsoids appear unaffected by these artifacts, 
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 5a).

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 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 distribu-
tions of V1s-total and V2s-total, is dominantly controlled by the V1s-individual distribution (Figure 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 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 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 5d).
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Figure 5.
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Samples MI-5-Z21 and MI-5-X22 were drilled from a second block, and their orientations are mutually perpen-
dicular, 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 (Figures 5e and 5f).

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 S2 in Supporting Information S1). 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.

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 5g). Sample D1112Y was measured at both resolutions, 15- 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 5h), and may be 
a result of resolution artifacts, 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 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 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 5k). Sample C334Y displays largely different ODFs for data obtained with 
15 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, that is, 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 5l). This observation highlights the impor-
tance 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 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, espe-
cially in the V2-V3 plane (Figure 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 direc-
tions for V3s-individual and V3s-total group at ∼20° from z in the yz-plane (Figure 5o).

Figure 5.  Comparison of point distribution and orientation density functions (ODFs) of pore axes, bootstrapped total shape ellipsoids, and magnetic pore fabrics 
(MPFs) for calcarenites and molasses. ODFs include pores larger than 4 × 4 × 4 voxels to reduce resolution artifacts. 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, that is, 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.
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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 2,826). 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 6).

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 S4 in Supporting Information S1). 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 

Figure 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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(Table 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 S4 in Supporting Information S1).

3.2.1.  Magnetic Fabric Orientation

Not all calcarenites display well-defined MPFs; MI-1-Z3 shows no significant anisotropy (Figure 5a). Samples 
MI-2-Y3 (measured at 512 kHz) and MI-2-Y10 (1 kHz) display significant anisotropy, but their principal direc-
tions are poorly defined (Figures 5b and 5c). Samples MI-2-Y8, MI-3-X11, MI-5-Z21 and MI-5-X22 show signif-
icant anisotropy, and well-defined directions (Figures 5c–5f, and Table S4 in Supporting Information S1). 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 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 5d). For 
sample MI-5-Z21, the V1m-MPF deviates 24° from the x-axis, and V3m-MPF is oriented along z-axis (Figure 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 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 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 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 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 (Figures 5i and 5j). 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 (Figures 5j and 5m). 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 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 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 5o).

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 7).

3.3.  Comparison of XRCT and MPF Data

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 1).

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 
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Figure 7.  (a) and (b) Anisotropy degree and shape of the magnetic fabric. Sample MI-2-Y3 was measured at 4, 16, and 
512 kHz on the SM150. MI-3-X11, D1121Z, D1234X, C43Y, and BE42AY were measured at 1 kHz, 4 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 X-ray 
computed micro-tomography and impregnated by oil-based ferrofluid (EMG 909), using different concentrations.
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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 5).

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 corre-
lations 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 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 8). Comparing higher and lower resolution XRCT data suggests that both D1112Y and C334Y show 
similar anisotropy degree and shape at both resolutions (Figures 8g and 8k).

Figure 8.  Comparison of anisotropy degree and shape derived from X-ray computed micro-tomography (total shape 
ellipsoid) and magnetic pore fabric datasets. Samples MI-1-Z3, MI-2-Y3 and MI-3-X15 were measured at 4 kHz, 16 and 
512 kHz on the SM150. MI-3-X11, D1121Z, D1234X, C43Y, and BE42AY were measured at 1 kHz, 4 and 16 kHz on the 
MFK1-FA. Remaining samples were measured at 1 kHz on the MFK1-FA.
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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; da Silva, 2018; Landis 
& Keane, 2010; Zeng et al., 2017). However, due to limited resolution and related artifacts, 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 μm 3 (4 × 4 × 4 voxels) for charac-
terizing pore fabrics. Selecting 4 × 4 × 4 voxels as filter was a compromise between keeping as many pores as 
possible and reducing resolution-related artifacts that affect the ODFs of the major and minor pore axes at the 
expense of losing 1%–22% of XRCT-derived pores (Table 1), decreasing the representativeness. Fabric orien-
tations in different pore size windows show sub-parallel axes and different confidence angles, because window 
of smaller pores includes more unresolved micropores (Figure 5d). The comparisons of different resolutions 
(9 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 (Figures 5h and 5l), indicating that different pore sizes display different pore 
fabrics. Conversely, anisotropy degrees and shapes appear independent of resolution (Figures 6h, 6l, and 8g, 8k). 
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 artifacts without excluding small 
pores, providing a more stable measurement of pore fabric. In addition to reducing artifacts, the total shape ellip-
soid can also derive an average pore fabric from a poorly defined and noisy ODF, and it allows a direct compari-
son 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 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 ellipsoi-
dal 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 discrep-
ancy between this study and Biedermann et  al.  (2021), for example, time dependence. If changing corrected 
coefficient, all derived quantities, for example, 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 S4 in Supporting Information S1). 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 (Figures 2b and 2d). 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 differ-
ent 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 prop-
erties. 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, for example, calcarenite. The additional three samples show 

 15252027, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010403 by U

niversität B
ern, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

ZHOU ET AL.

10.1029/2022GC010403

18 of 22

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 artifacts with either method, for example, incomplete or inhomogeneous impregnation may affect MPF data, 
and resolution artifacts 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 artifacts 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 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 direc-
tion 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 corre-
lation 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.

5.  Conclusions
The main goals of the study were (a) to establish quantitative relationships between XRCT-derived pore fabric 
data and MPFs, and (b) 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 
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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 reser-
voir evaluation and hydrocarbon exploitation.

Generally, a good agreement was observed between the total shape ellipsoid and MPFs in terms of fabric orien-
tation, and partly in terms of anisotropy shape. This confirms and expands previous empirical relationships 
between average pore shape or preferred pore orientation with MPFs. 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-artifacts 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.

Data Availability Statement
XRCT particle analyses and MPF data obtained in this study can be obtained from https://doi.org/10.5281/
zenodo.6782552.
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