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A B S T R A C T   

Porosity is an essential property of chondritic meteorites and is closely related to the genesis, thermal evolution, 
metamorphism, and thermal properties of the meteorite parent bodies. We study porosity, its texture, and shapes 
at sub-micron resolution in 3D and 2D within a 0.35 cm3 sample of the L/LL4 ordinary chondrite (OC) Bjurböle 
using two techniques, synchrotron radiation microtomography (SRμCT) and scanning electron microscopy 
(SEM). We employ automated segmentation tools that can be applied to both SRμCT and SEM data. Successful 
segmentation results can be achieved by combining visual qualitative examination and machine learning 
algorithms. 

We report novel measurement results of three-dimensional porosity properties of Bjurböle, such as aspect ratio 
and connectivity of void spaces, and compare the results of 2D and 3D porosity analysis. The Bjurböle sample in 
this study is a complex, highly porous, and friable medium and the dominant type of porosity is intergranular, 
continuous porosity, which contains almost all porosity volume. The shapes of the void volumes have an 
important effect on the connectivity of the porosity and thermal transport properties. Positive correlations be
tween void diameter and aspect ratio as well as void volume and connectivity are present in Bjurböle, which 
indicate that smaller voids have lower aspect ratios and lower connectivity. In Bjurböle, small, near-spherical 
voids with few connections have the highest relative frequency, whereas larger void spaces with higher aspect 
ratios and connectivity are significantly fewer. Completely isolated pores, i.e., voids surrounded by solid ma
terial, also have a high relative frequency, and they exist within the chondrules and the matrix. However, the 
volume percentage of these pores is negligible compared to that of the continuous porosity. 

Our results support the previously measured high porosities of Bjurböle. The volume percentage of inter
granular void spaces, in particular in the matrix, and the measured high porosities are not in line with the results 
of thermal evolution and sintering models of chondritic parent bodies regarding petrologic type 4, which implies 
that Bjurböle originates from a parent body with an initial onion shell structure that fragmented during or after 
its metamorphic peak and quickly reaccreted into a rubble pile.   

1. Introduction 

Meteorites have remarkable scientific value as they represent diverse 
types of solar system bodies and store a record of the early solar system 
and its chemical and physical conditions (Jones, 2003; Flynn et al., 
2018). Porosities of chondrite samples have direct implications for the 

evolution of the parent bodies, their thermal properties, and thermal 
evolution as well as for understanding the properties of asteroids, 
comets, and planetary satellites at present (e.g., Opeil et al., 2020; 
Ostrowski and Bryson, 2019; Opeil et al., 2012). Ordinary chondrite 
(OC) falls demonstrate high porosities averaging from 7 to 14 vol% 
(Flynn et al., 2018; Soini et al., 2020). OC finds have lower porosities on 
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average ranging from 2.8 to 5.8 vol% (Macke, 2010), which may be due 
to weathering products that occupy the pore space. 

We study the porosity properties of ordinary chondrite Bjurböle at 
sub-micron resolution. Bjurböle is a fall classified as L/LL4 OC of shock 
stage S1 and weathering index W0 (Grady, 2000; Maksimova et al., 
2021). Bjurböle is exceptional in its class. It is highly friable and not well 
consolidated with poorly attached chondrules (Ramsay and Borgström, 
1902) albeit being thermally metamorphosed and subjected to recrys
tallization at approximately 600–700 ◦C (Macke, 2010). Most of the 
recovered Bjurböle fragments have high porosities close to 20% (e.g., 
Kohout et al., 2017; Macke, 2010) but also samples that do not 
demonstrate as high porosities or friability have been reported (Andre 
et al., 2003). The physical properties and size range from grams to tens 
of kilograms of the recovered Bjurböle meteorites indicate that the 
Bjurböle meteoroid may have had a heterogeneous distribution of 
strength and porosity and it may consist of both weak zones and 
coherent areas (Kohout et al., 2017). Thermal evolution models (e.g., 
Henke et al., 2012; Harrison and Grimm, 2010; Hellmann et al., 2019; 
Edwards and Blackburn, 2020) suggest that OCs come from parent 
bodies of about 100–150 km in diameter. Paleomagnetic data of a 
Bjurböle meteorite (Bryson et al., 2019) imply the Bjurböle parent body 
had a radius of 150–200 km. 

Bulk porosity of a meteorite can be determined with a gas pycnom
eter or according to the Archimedes principle (e.g., Flynn et al., 1999; 
Consolmagno and Britt, 1998; Soini et al., 2020). Pore locations and 
structures can be mapped using scanning electron microscopy (SEM) (e. 
g., Strait, 2010) and X-ray microtomography (e.g., Friedrich et al., 2008; 
Lewis et al., 2018). X-ray microtomography is the only nondestructive 
technique that provides three-dimensional information about the 
porosity structure. Although the resolution of SEM exceeds that of X-ray 
microtomography, even a nanometer resolution can be achieved using 
high-resolution synchrotron radiation microtomography (SRμCT). 

SRμCT and lower resolution laboratory systems of X-ray micro
tomography have been used in meteoritics (e.g., Farbaniec et al., 2021; 
Rutherford et al., 2017; Friedrich and Rivers, 2013; Hezel et al., 2013) 
but mostly to study grain and chondrule size distributions (e.g., Frie
drich et al., 2021). Previous X-ray microtomography investigations of 
planetary materials have been reviewed in Ebel and Rivers (2007) and 
Hanna and Ketcham (2017). 

The chondrules, mineralogy, and isotope composition of Bjurböle 
have been studied extensively (e.g., Friedrich et al., 2008b; Rushmer 
et al., 2013; Florin et al., 2020; Maksimova et al., 2021). The few studies 
of its porosity have mostly utilized the Archimedes principle (Terho 
et al., 1993) and gas pycnometry (Wilkison et al., 2003; Kohout et al., 
2017). 

The aim of this study is to quantify porosity properties, such as aspect 
ratios of void spaces, of Bjurböle in 2D and 3D using SEM in back
scattered electron mode (BSE) and SRμCT at sub-micron resolution. To 
our knowledge, three-dimensional porosity properties of Bjurböle have 
not been reported in previous studies. We examine techniques for image 
post-processing that can be applied to both imaging techniques. We 
compare the 2D porosity results of the BSE mosaic of a polished section 
with the results obtained from the high-resolution SRμCT scanned vol
umes, at comparable resolution. In addition, we compare 2D porosity 
results of selected areas on the section surface obtained from the BSE 
image and the corresponding 2D SRμCT slice, at comparable resolution. 
Furthermore, we report the results of 3D porosity analysis obtained from 
the low-resolution SRμCT scanned bulk sample. 

We discuss the accretion and thermal evolution of Bjurböle using the 
porosity values and textures obtained in this study, theoretical models of 
thermal evolution of OC parent bodies (e.g., Yomogida and Matsui, 
1984; Henke et al., 2012; Lucas et al., 2020), and experimental results of 
friable and porous ordinary chondrites (Wilkison et al., 2003; Sasso 
et al., 2009; Kohout et al., 2017). We show that our porosity results 
support the rubble pile evolution model for Bjurböle. 

2. Materials and methodology 

Throughout this work, we refer to porosity as the total of all void 
spaces present within the sample, whereas pore space is the continuous 
and interconnected void space, and a pore is a void surrounded by the 
solid meteoritic material (Allaby, 2020). Thus, void spaces refer to all 
porosity types, such as pores, cracks, and gaps. 

2.1. Sample and bulk properties 

The 1.0 cm × 0.8 cm × 0.8 cm sample of Bjurböle was obtained from 
the meteorite collection of the Finnish Museum of Natural History, 
University of Helsinki. We measured the mass of the Bjurböle sample 
using an Ohaus Scout Pro scale with a resolution of 0.01 g. The grain 
volume, i.e., the volume of the mineral grains, was measured using a 
Quantachrome Ultrapyc 1200e gas pycnometer. The bulk volume that 
contains the volume of the mineral grains and the volume of the void 
spaces was determined by a NextEngine 3D Scanner Ultra HD model 
2020i laser scanner. The grain and bulk densities were calculated from 
the measured grain and bulk volumes and the sample mass. The porosity 
of the whole sample was then calculated from the obtained grain and 
bulk density. The measured values for mass, grain volume, and bulk 
volume are 0.95 g, 0.26 cm3, and 0.35cm3, respectively, and the 
calculated values for grain density and bulk density are 3.63 g/cm3 and 
2.84 g/cm3, respectively. The calculated bulk porosity of the sample is 
21.9 ± 0.6 vol%. All the above measurements as well as SRμCT were 
performed on the sample without any sample preparation. 

To study the sample using SEM, we prepared a polished section on 
which we also conducted elemental analyses using an energy dispersive 
spectrometer (EDS) attached to SEM. The entire section was imaged 
using SEM (Soini et al., 2022) (Fig. 1) and three subregions were crop
ped from the section to match the high-resolution SRμCT regions (Soini 
et al., 2023) to compare porosity results. In Fig. 1, high-density regions 
are shown as bright and low-density regions, such as air in the void 
space, as darker (Dubetz, 2016). The justification for selecting the areas/ 
volumes is that they appear to have different chondrule-matrix ratios 
and thus represent the heterogeneity within the bulk sample. These 
areas and their respective high-resolution SRμCT volumes are hereafter 
referred to as Area 1 and Volume 1, Area 2 and Volume 2, and Area 3 and 
Volume 3 (Fig. 1). The Areas 1–3 are ~1.9 mm2, the polished section is 
~23.5 mm2, and the Volumes 1–3 are ~2.6 mm3. 

The sample shows typical petrographic characteristics of Bjurböle 
chondrite. Olivine porphyritic, olivine-pyroxene porphyritic, pyroxene 
porphyritic, barred olivine, and radial pyroxene type chondrules and 
chondrule fragments are set in a matrix of olivine, pyroxene, troilite, 
Fe–Ni metal, minor chromite and apatite, and trace amounts of a Ti-rich 
phase. Based on visual inspection, chondrules occupy approximately 
45% of the section. The matrix is fine-grained with a typical grain size of 
~0.01–0.02 mm. The intact chondrules range from ~0.1 to ~1.5 mm in 
diameter with an average of ~0.45 mm. Relatively Al-, Na-, and Ca-rich 
parts (likely feldspar) indicate recrystallized glassy mesostasis in the 
chondrules. Area 1 is occupied predominantly by an elongated large 
(~1.5 mm) olivine-pyroxene porphyritic type chondrule (Chondrule 1) 
dominated by low-Ca pyroxene. The chondrule also contains large 
grains of troilite and Fe–Ni metal and a large void ~60 μm in diameter 
in the middle (Fig. 1). Area 2 is dominated by an elongated large (~1 
mm) radial pyroxene type chondrule (Chondrule 2) composed mainly of 
sub-parallel plates of low-Ca pyroxene. The chondrule is partially rim
med by troilite. Area 3 contains several relatively small chondrules. The 
largest of them is ~0.8 mm in diameter. It is a round, very fine-grained 
radial pyroxene type chondrule characterized by rims enriched with 
fine-grained troilite, whereas the others are olivine porphyritic type 
chondrules, many of which are partially broken. Visual inspection re
veals small cracks within the chondrules and the matrix. Intragrain 
cracks have varying widths generally <5 μm. The widths of the gaps 
surrounding the chondrules typically vary between 10 μm and 20 μm. In 
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places, the gap may even have a width of approximately 40 μm. The 
widths of the intergrain cracks are of the order of a few microns. 

2.2. Image acquisition 

2.2.1. SRμCT 
SRμCT was performed at the European Synchrotron Radiation Fa

cility (ESRF) using a microtomography setup installed on a 145 m long 
imaging beamline ID19. Two imaging configurations were used, one for 
low-resolution (LR) and another for high-resolution imaging (HR). A 
filtered pink beam, generated by a wiggler insertion device, was used to 
produce a polychromatic energy spectrum that illuminates the sample 
with a peak energy of ~65 keV (LR) or ~ 78 keV (HR) to have sufficient 
transmission through the sample. The beam is shaped by the first series 
of slits (~30 m from the source) and filtered with mandatory permanent 
optical elements (1 mm diamond window and series of thin carbon 
windows) together with 2.8 mm aluminum within the first series of at
tenuators to reduce the heat load contribution of the low energy spec
trum emitted by the insertion device. In addition, 0.7 mm copper and 
0.07 mm tungsten attenuators are used within the second series of at
tenuators to tune the spectrum to the above-mentioned peak energy 
with final beam size shaping by secondary slits (~135 m from the 
source). In the case of HR, additional focusing elements (38 CRL- 
compact refractive lenses) were used to focus the beam required by a 
relatively small field of view. The resulting photon density from the 
focusing elements required only marginal tuning of the insertion device 
gap, which allowed conducting the tomography scans at relatively 
similar peak energy and with a comparable spectrum at both imaging 
resolutions, i.e., the densities at LR and HR appear relatively similar. The 
X-ray detector was placed downstream from the sample (2.82 m for LR, 
0.1 m for HR) in order to form propagation-based phase contrast. This 
contrast mode enhances the edges (such as between the pore and the 
matrix) and gives access to quantitative density measurement. Indirect 
detector systems were used in both imaging cases consisting of a scin
tillator and a relay mirror optically coupled to pco.edge 5.5 camera. 
Single crystal LuAG:Ce scintillator was used to convert the transmitted 
spectrum into a luminescence image, which is relayed to the camera via 
a mirror, allowing the detector to be perpendicular to the X-ray propa
gation axis. The thickness of the used scintillator directly influences the 
spatial resolution of the imaging assembly and was, in the present case, 

500 μm for LR and 25 μm for HR. The optics used had either 1×
magnification (100:100 Hasselblad lens assembly) leading to 6.5 μm 
pixel size (LR) or 10× magnification (Mitutoyo M Plan APO NA = 0.28) 
leading to 0.65 μm pixel size (HR). Thus, the voxel edge lengths of LR 
and HR are 6.5 μm and 0.65 μm, respectively. For the tomography scans, 
the sample was rotated continuously over 360 degrees, and either 4000 
projections with 50 ms exposure time (LR) or 10,000 projections with 
100 ms exposure time were taken (HR). A phase retrieval algorithm 
(Paganin et al., 2002) was used to treat the projections before tomo
graphic reconstruction with filtered backprojection using the Nabu 
software (GitLab, 2022). The size of the cylindrical field of view in the 
3D images was 16 mm × 10 mm (diameter x height) for the LR scans and 
1.6 mm × 1.4 mm for the HR scans. The LR scans produced a 3D image 
that contains the whole sample, while the HR scans produced 3D images 
corresponding to Areas 1–3 (Soini et al., 2023). Fig. 2 shows a 3D 
rendering of the low-resolution SRμCT data of the whole sample (Plot A) 
and the chosen SRμCT slice that encloses Areas 1–3 (Plot B) visualized 
using Drishti software (Limaye, 2012). 

2.2.2. SEM 
After SRμCT, the sample was cut along such a plane that the SRμCT 

3D density models could be analyzed with SEM. The sample was 
mounted in epoxy to cut the section that contains all the regions imaged 
using HR SRμCT. We compared the virtual slices of the LR SRμCT data to 
the sample block-face and its outlines to identify the correct imaging 
plane. The section surface was polished until its outlines matched those 
of the SRμCT slice. Although the angle of the SRμCT slice relative to the 
sample was determined from the 3D model, the section surface was cut 
and polished manually, thus resulting in a slightly different angle and a 
slightly different field of view, i.e., different depth of the imaging frame, 
compared to the SRμCT slice. Computerized and automated cutting of 
the section using the precise angle would improve the results and lead to 
the same field of view than that of the SRμCT slice. The polished surface 
was then coated with a thin layer of carbon using Cressington 208carbon 
High Vacuum Carbon Coater. 

SEM was performed using The JEOL JSM-5900 LV SEM in back
scattered electron mode (BSE) with an accelerating voltage for the 
electrons of 15 kV and stage height of 10 mm. We collected 121 over
lapping images (Soini et al., 2022) to get a field of view of the whole 
sample surface. The images were stitched together using the pairwise 

Fig. 1. The polished section used in porosity analyses constructed of stitched BSE images. The boxes indicate the locations of the analyzed areas used in SEM analysis 
and corresponding volumes used in SRμCT analysis. 

A.-J. Soini et al.                                                                                                                                                                                                                                 



Physics of the Earth and Planetary Interiors 343 (2023) 107087

4

stitching plugin (Preibisch et al., 2009) in the image processing toolkit 
Fiji (Schindelin et al., 2012) to create a mosaic of the surface with a pixel 
size of 0.55 μm (Fig. 1). The BSE mosaic displays similar outlines as the 
chosen SRμCT slice in Fig. 2. 

The HR SRμCT slice corresponding to the BSE image was determined 
by visual inspection of the structures on the section surface and their 
locations in the SRμCT stack. When the search was narrowed down to 
only tens of slices and thus approximately 6.5 μm thick volume, we 
resolved the slice closest to the section surface by comparing their po
rosities. We estimate that an error of ±0.05 area% in porosity deter
mination may be introduced by not 100% matching the SRμCT image to 
the BSE image based on the average difference in porosity at 0.65 μm 
slice spacing in the 6.5 μm thick sub-volume within the SRμCT stack. 

2.3. Image segmentation 

Segmenting air-filled void spaces from the solid meteorite results in a 
binary map of the porosity structure in which voids and solid are rep
resented by only two intensity values. However, meteorites are intricate 
porous media and shallow, filled or partially filled void spaces, and 
unclear void boundaries possibly due to the microporosity below the 
imaging resolution (Dubetz, 2016) complicate the segmentation, which 
is the most crucial step in image processing directly affecting the pre
cision of the following analysis results (Song et al., 2019). Thus, we 
applied filters to denoise the SRμCT images, to enhance their contrast, 
and to accentuate their details. Ring artifacts in the SRμCT data possibly 
produced by the reconstruction or the irregular response of the detecting 
system were handled by combined wavelet–fast Fourier transform 
filtering (Münch et al., 2009). We used Transform 2D 3D and Stripes Filter 
tools in Xlib plugin (Münch et al., 2009) in Fiji to first convert the SRμCT 
stacks from cartesian coordinates to spherical coordinates and then to 
filter the vertical stripes. We used Daubechies wavelets of different size 
depending on the image stack and chose the values for the highest 
decomposition level and damping coefficients based on the spatial fre
quency spectrum of the stripes, which correlates with the width of the 
stripes (Münch et al., 2009). To avoid loss of valid information, these 
values were selected as small as possible (Münch et al., 2009). 

Hundreds of semiautomatic and automatic algorithms have been 
developed to find suitable thresholds (Arganda-Carreras et al., 2017) to 
binarize an image. Visual qualitative examination and quantitative 
comparison of image porosity govern the criteria for assessing a suitable 
algorithm (Song et al., 2019). In our study, the grayscale histogram was 
not a suitable means to accurately segment the SRμCT images because of 
the ring artifacts and the overlap of the attenuation peaks in the histo
grams generated during the imaging process. Additionally, SRμCT may 
result in partial volume averaging where a voxel characterizes more 
than one component (Ginat and Gupta, 2015). Thus, some of the his
tograms were not bimodal as expected for the grayscale distribution but 
multimodal or demonstrated a single peak with a widened base due to 
the noise (see also Dubetz, 2016). Even though the noise was reduced by 

filtering, the segmentation results were not satisfactory and user- 
dependent manual segmentation was required as well. Trainable Weka 
Segmentation (TWS) (Arganda-Carreras et al., 2017) and Labkit (Arzt 
et al., 2022) plugins in Fiji allow including this additional knowledge in 
the segmentation. We applied TWS to train a classifier to segment 2D 
BSE images and SRμCT slices. Using the same classifier for datasets 
obtained using different methods means that the segmentation is based 
on the same ground truth and the porosity results can be compared with 
each other. Labkit is especially designed for big image data, and there
fore we used it to train classifiers to segment the HR and LR 3D data. A 
description of the use of the plugins is given below in section 2.3.1. 

We used a threshold value of 100 to segment the BSE mosaic of the 
entire polished section. We estimate that our porosity determination 
using thresholding likely results in an error of ±1.0 area% since 
lowering/rising the threshold value by one results in approximately 
±0.3 area% change in porosity determination. 

Based on visual examination of the segmentation results, we applied 
morphological operators (opening and closing) for binarized images 
when appropriate to retrieve the segmented geometry as closely as 
possible. We estimate that these operations result in errors of ±0.5 area 
% and ± 1 vol% in porosity determination based on comparing the 
determined porosity values before and after applying the operators. 

2.3.1. Trainable WEKA Segmentation and Labkit 
TWS integrates Fiji and machine learning algorithms of the Waikato 

Environment for Knowledge Analysis (WEKA) toolkit (Hall et al., 2009). 
The efficiency of Labkit is based on processing image chunks in parallel 
using ImgLib2 (Pietzsch et al., 2012) to support chunked memory 
handling and BigDataViewer as well as the option of implementing 
OpenCL kernels that enable fast graphics processing units (GPU) com
putations (Haase et al., 2020) to build up additional runtime perfor
mance (Arzt et al., 2022). 

The foundation of both plugins is the random forest-based pixel 
classification algorithm. The pipeline for pixel classification consists of 
extracting the image features from the input image, defining a set of 
pixel samples representing ground truth classes, and deriving feature 
vectors of float values from the sample pixels (Arganda-Carreras et al., 
2017; Arzt et al., 2022). Each pixel in the image represents both in
tensity and the image features within its area (William et al., 2019). The 
feature vectors of all labeled pixels are combined with their respective 
classes, which establishes the training set used to create the random 
forest classifier which can be applied to automatically classify the rest of 
the input pixels or completely new data (Arganda-Carreras et al., 2017; 
Arzt et al., 2022). 

We trained the pixel level classifier on porosity, solid phase, and 
background where applicable. We added markers to the classes using the 
tools for line and region of interest (ROI) drawing in Fiji, i.e., selected 
pixels that were assigned to a relevant class. Processing images using 
filters before segmentation may increase noise, and therefore we applied 
several different noise reduction filters available in TWS and Labkit. In 

Fig. 2. 3D rendering of the low-resolution SRμCT image stack of the entire Bjurböle sample (A) and the chosen slice for porosity analyses (B) visualized using 
Drishti software. 
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TWS, we selected 172 image features computed by spherical filters with 
radii varying from 1 to 16 pixels to train the classifier including 1) Noise 
reduction filters: Gaussian blur, Kuwahara (Bartyzel, 2016), and Bilateral 
filters that have been reported to remove noise efficiently whilst pre
serving the edges (Francis and De Jager, 2005), 2) Edge detectors: 
Hessian matrix eigenvalues (Tankyevych et al., 2008), Sobel filter (Biswas 
and Ghoshal, 2016), Gabor filter (Chang and Morgan, 2014), and Dif
ference of Gaussians that indicate boundaries of objects in the image 
(Arganda-Carreras et al., 2017), 3) Texture filters: mean, median, mini
mum, maximum, variance, and entropy filters that extract texture infor
mation, and 4): Membrane projections that detect and localize objects. In 
Labkit, we also applied Gaussian gradient magnitude and Laplacian of 
Gaussian edge detectors. Each filter generates an output image, and one 
image is created for each feature (Arzt et al., 2022). We used the default 
classifier option in TWS, i.e., FastRandomForest. It is a reimplementa
tion of the Random Forest classifier for Java by Fran Supek initialized 
with 200 trees each constructed while considering two random features. 
Labkit uses the FastRF library (Supek, 2015) that consists of 100 decision 
trees. We corrected and added labels to the classifier output on-the-fly to 
optimize the training and to improve the probability of successful seg
mentation. Additionally, Labkit allows label curation and curation of 
segmentation results to resolve the remaining errors made by the clas
sifier to achieve a satisfactory segmentation result for analysis (Arzt 
et al., 2022). 

The out-of-bag error, which describes the prediction error of the 
random forest, for the TWS classifier was maintained under 5%. The 
results of the accuracy tests of fast-random-forest of Supek (2015) 
exceed 90% on average. Labkit obtained scores of 0.793 for segmenta
tion accuracy and 0.997 for detection accuracy in Cell Tracking Chal
lenge (CTC, 2021) (Arzt et al., 2022). 

To get an estimate of the segmentation accuracy, we compared 
manual and automatic segmentation on a subset of an image stack. At 
times, automatic segmentation resulted in errors that do not correspond 
to the original image. However, these errors can be corrected during the 
training or by manual curation of the segmentation result, which im
proves the average precision. Based on the comparison of the segmen
tation results and the prediction errors, we estimate that an error of 
±1.5–4 vol% in porosity determination may be introduced by the pixel 
classification method. 

2.4. Image analysis 

2.4.1. Representative elementary area and volume 
Representative elementary area (REA) and representative elemen

tary volume (REV) are defined as the minimal area and volume large 
enough to be statistically representative of the sample and contain all 
possible porosity types in the macroscopic sample (Song et al., 2019; 
Drugan and Willis, 1996; Galli et al., 2012). Since the field of view of 
BSE and SRμCT images may be small, it is important to determine 
whether the porosity results derived from these images are plausible and 
characterize the porosity and its structure of the entire sample (Song 
et al., 2019). 

We used box-counting and representative elementary volume (REV) 
functions of Porespy, which is a Python toolkit for quantitative analysis of 
porous media images (Gostick et al., 2019), to find out if REA or REV 
exist. Both the box-counting and REV functions can be applied to 2D and 
3D data, and they are based on binary images of voids and solid. Box 
counting function calculates the fractal dimension, i.e., the ratio of the 
change in detail to the change in scale, and REA or REV is resolved based 
on its variation (Zhang et al., 2018). Areas/volumes of large porosity 
have a higher ratio of matrix to chondrules as well as complex and 
irregular structures and thus high fractal dimension defined by both the 
porosity and its structure (Zou et al., 2020). REV function calculates the 
porosity of the image as a function of subdomain size (Gostick et al., 
2019). REA and REV are determined as a subdomain size or volume 
beyond which the porosity remains stable with negligible variation 

(Zhang et al., 2018). Both approaches gave a comparable REA of 
approximately 1.4 mm2. The calculated REV is approximately 1.9 mm3. 

2.4.2. Quantification of porosity properties 
Void diameter can be determined as Feret diameter, which measures 

the longest line segment that fits the void space, or as equivalent 
diameter, which demonstrates the largest inscribed sphere that fits 
within the void space (Dubetz, 2016). Although Feret diameter is 
computationally more expensive compared to the equivalent diameter, 
it is more accurate and capable of handling irregular shapes (Dubetz, 
2016) and thus the chosen method in this study. 

We used Dragonfly software version 2022.2 (Object Research Sys
tems (ORS) Inc., Montreal, Canada, 2020) to quantify the porosity 
properties. Before quantification, the region of interest was refined by 
removing pixels/voxels by count three to avoid quantization of the re
sults and to accurately analyze a discrete void space (Hanna and Ket
cham, 2017; Ketcham and Hildebrandt, 2014). We applied connected 
components analysis to group the void spaces into labeled components 
based on connectivity. We applied 6-connected connectivity, which 
leads to the maximum number of labeled components. It determines 
how a voxel relates to its neighbors by using the six faces adjacent to the 
voxel. We computed the minimum, mean, and maximum Feret di
ameters as well as the areas/volumes for each connected component, i. 
e., void space. Aspect ratio is the ratio of void size to void throat size and 
can be calculated as the ratio of maximum to minimum Feret diameter. 
Dragonfly calculates the maximum and minimum Feret diameters as the 
longest or shortest distance between any two parallel tangents along 
each component's convex hull, respectively. Mean Feret diameter is 
calculated as the mean value of the minimum and maximum Feret di
ameters of each component's boundary over a sufficient number of 
orientations. 

Pore network modeling in Dragonfly allows the investigation of the 
inter-relationship between connected components by employing the 
University of Waterloo's OpenPNM package (Gostick et al., 2016). 
OpenPNM treats a porous medium as a volume-averaged continuum and 
creates a model of the void space with spheres and lines representing the 
voids and their connections (Gostick et al., 2016). We modeled the void 
space of the entire sample (LR SRμCT) and Volumes 1–3 (HR SRμCT) and 
computed the number of connections the voids have with other void 
spaces from the created connectivity graphs. 

3. Results 

The results of the porosity analysis include all void spaces, i.e., 
detected absolute porosity, and thus all porosity types, such as pores, 
cracks, and gaps. 

3.1. 2D porosity results 

The segmentation result of the BSE mosaic of the entire section using 
a threshold value of 100 is shown in Fig. 3. The segmented void spaces 
are shown in black colour and the pixel size of the mosaic is 0.55 μm. 

HR SRμCT slices of Areas 1, 2, and 3 and corresponding BSE images 
along with respective binary images used in the porosity analyses are 
presented in Supplementary material (Supplementary Fig. 1). 

To compare the SRμCT results with the SEM results, we computed the 
following parameters: porosity, void area/volume, void diameter rep
resented by maximum Feret diameter, and aspect ratio of voids. Table 1 
shows the results of the 2D porosity analyses of the entire polished 
section and Areas 1–3. 

Area 1 is mostly occupied by a large chondrule separated from the 
matrix by a gap, and therefore its total porosity differs from those of 
Area 2 and Area 3, which contain a higher abundance of fine-grained, 
porous chondrite matrix. 

Fig. 4 shows the area (A) and maximum Feret diameter distribution 
(B) of the entire polished section. Note the logarithmic scale of relative 
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frequency, which allows the visibility of the large values in the range 
that have a very low frequency. Voids with diameters ≤26 μm represent 
98.4% of the void space and void areas ≤2800 μm2 represent 99.9% of 
the void space in the section. 

Fig. 5 shows the distribution of aspect ratios of voids (A) and the 
relationship between void diameter and aspect ratio of voids (B) in the 
polished section. The plot B in Fig. 5 is calculated from resampled data. 
We reduced the dataset using evenly spaced maximum Feret values and 
mean of the aspect ratio to visualize the ~156,000 datapoints. The 
computed Pearson's r in Plot B in Fig. 5 describes the value of the 

Pearson correlation coefficient, which is a measure of the linear trend. A 
weak positive correlation between void diameter and aspect ratio of 
voids is present in the polished section. 

Aspect ratios between 2 and 3 dominate the polished section with a 
relative frequency of 49.8%. Voids smaller than ~250 μm show a wide 
range of aspect ratios, whereas most voids larger than that have quite 
small aspect ratios. However, a weak linear trend of increasing aspect 
ratio with increasing void diameter is present. 

The plots of the 2D porosity results of Areas 1–3 of HR SRμCT and 
corresponding BSE images are provided in the Supplementary material. 
In all three Areas, void diameters ≤26 μm and void areas ≤2800 μm2 

represent most of the total porosity. In Area 1, the relative frequency of 
void diameters ≤26 μm is 87.2% in the SRμCT slice and 91.0% in the BSE 
image and the respective relative frequencies of void areas ≤2800 μm2 

are 99.7% and 99.7%. In Area 2, the relative frequency of void diameters 
≤26 μm is 90.4% in the SRμCT slice and 92.6% in the BSE image and the 
respective relative frequencies of void areas ≤2800 μm2 are 99.7% and 
99.6%. In Area 3, the relative frequency of void diameters ≤26 μm is 
91.5% in SRμCT slice and 92.3% in the BSE image, while the respective 
relative frequencies of void areas ≤2800 μm2 are 99.6% and 99.6%. In 
the SRμCT slices and BSE images of Areas 1–3, the preferred aspect ratios 
are 2–3 (42.5%) and 1–2 (42.5%), 2–3 (43.5%) and 1–2 (48.6%), and 
1–2 (70.1%) and 1–2 (66.8%), respectively. Similarly to the polished 
section, SRμCT slices of Areas 1–3 and BSE image of Area 3 show a weak 
trend of increasing aspect ratio with increasing void diameter. 

Fig. 3. The segmentation result of the entire section imaged using SEM. Void 
spaces segmented using a threshold value of 100 are shown in black colour. 

Table 1 
2D measurement results of pore properties of the polished section imaged using SEM and Areas 1–3 imaged using SRμCT and SEM at comparable resolution.   

Section SEM Area 1 SRμCT Area 1 SEM Area 2 SRμCT Area 2 SEM Area 3 SRμCT Area 3 SEM 

Porosity [%] 20.8 9.5 9.9 18.1 21.5 18.4 21.9 
Pixel size [μm] 0.55 0.65 0.55 0.65 0.55 0.65 0.55 
Number of analyzed pores 155,919 1438 1606 1812 1691 1874 3040 
Max pore area [μm2] 754,169 31,801 41,236 173,166 178,796 36,128 27,779 
Min pore area [μm2] 0.91 1.27 0.91 1.27 0.91 2.5 1.51 
Mean pore area [μm2] 5908 322 392 1472 1550 365 274 
SD of pore area [μm2] 2423 1160 1260 4034 4438 1254 709 
Max Feret diameter [μm] 4498 1077 1275 1658 1452 952 406 
Min Feret diameter [μm] 0.78 0.92 0.78 0.92 0.78 0.92 0.78 
Mean Feret diameter [μm] 36.4 18.6 16.6 19.5 17.5 15.6 11.3 
SD of Feret diameter [μm] 18.4 49.2 42.9 46.0 43.7 34.9 22.1 
Max aspect ratio 50 15 14 38 9 8.5 6.2 
Min aspect ratio 1.1 1.1 1.1 1.1 1.0 1.1 1.1 
Mean aspect ratio 2.5 2.6 2.3 2.5 2.1 1.9 1.8 
SD of aspect ratio 1.1 1.2 1.0 1.9 0.8 0.8 0.5  

Fig. 4. Void area (A) and maximum Feret diameter (B) distributions of the BSE mosaic of the entire polished section. Maximum Feret diameter represents the void 
diameter and the red line represents the cumulative frequency. See section 2.4.2 for detailed definition of maximum Feret diameter. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. 3D porosity results 

Fig. 6 shows the 3D porosity renderings of the entire sample (LR 
SRμCT) and Volumes 1–3 (HR SRμCT). 3D renderings of the void space 
show many of the chondrules in the Bjurböle sample are surrounded by 
gaps and thus 3D porosity renderings also reveal the varying shapes of 
these chondrules. Volume 3 in Fig. 6 shows a chondrule that appears to 
be an elongated prolate spheroid with polar radius greater than the 
equatorial radius. In the BSE image of Area 3 (Fig. 1), this chondrule 
appears to be circular. 

Measured 3D pore properties are compiled in Table 2. The plots of 
the 3D porosity results of the bulk sample imaged using LR SRμCT are 
provided in the Supplementary material. 

Fig. 7 shows the void volume distributions of Volumes 1–3. Plot A in 
Fig. 7 displays the entire range of void volumes and plot B shows the 
detailed distribution of the void volumes that have high relative 
frequency. 

In all the investigated 3D volumes, most of the total porosity volume 
resides in only one connected component, i.e., in the largest labeled void 
space, which comprises 95.2%, 96.1%, 98.4%, and 96,6% of the total 
porosity volume within the bulk sample, Volume 1, Volume 2, and 
Volume 3, respectively. The remaining porosity comprises tens of 
thousands of smaller void spaces that are shown in plot B in Fig. 7 and in 
Supplementary Fig. 6. Void volumes ≤5000 μm3 represent 99.7%, 
99.4%, and 99.7% of the void spaces in Volumes 1–3, respectively. In the 
bulk sample, void volumes ≤500,000 μm3 make up 99.7% of all the 
voids. 

Fig. 8 shows the maximum Feret diameter distribution of Volumes 
1–3. 

Within Volumes 1–3, 99.92%, 99.87%, and 99.95% of voids have 
diameters ≤100 μm. In the bulk sample, voids with diameters ≤100 μm 
represent 91.3% of the voids. 

Fig. 9 shows the aspect ratio distribution of Volumes 1–3. The 
preferred aspect ratios in all the volumes are between 2 and 3 and their 
relative frequencies are 50.9%, 43.3%, 44.0%, and 42.2% in the bulk 
sample, Volume 1, Volume 2, and Volume 3, respectively. 

Fig. 10 illustrates the connection between maximum Feret diameter 
and aspect ratio of voids in Volumes 1–3 and shows weakly or moder
ately positive correlations between void diameter and aspect ratio. 

The plots in Fig. 10 are calculated from resampled data. The datasets 
contain ~120,000–145,000 data points and thus we reduced the data 
into smaller size with evenly-spaced maximum Feret values. The sam
pling interval is 0.8 μm and the sampling method is mean of the aspect 
ratio. Fig. 11 shows the connectivity histogram and Fig. 12 shows the 
relationship between void volume and connectivity of Volumes 1–3. 
These data are calculated from image stacks that are downsampled by a 

factor of two to reduce the computational cost. Thus, the spacing is 
increased and the number of voxels is decreased. Although, the resolu
tion of the entire sample volume (LR SRμCT) and Volumes 1–3 (HR 
SRμCT) is reduced to 13 μm and 1.3 μm voxel edge length, respectively, 
the size of the original volume is maintained. 

The relative frequencies of voids with 1–10 connections are 72.3%, 
73.8%, 62.4%, and 61.8% in Volume 1, Volume 2, Volume 3, and the 
bulk sample, respectively. Voids with zero connections, i.e., isolated 
pores represent 18.3%, 13.8%, 28.0%, and 34.5% of the voids in Volume 
1, Volume 2, Volume 3, and the bulk sample. There is a very high pos
itive correlation between void volume and connectivity. 

4. Discussion 

4.1. Comparison of SRμCT and SEM 

The most notable differences between SEM and SRμCT are that 
SRμCT enables three-dimensional imaging that eliminates the stereo
logical concerns associated with SEM and direct measurement of spatial 
characteristics without sample preparation (Ramos Oliveira et al., 
2021). 3D investigation is particularly important considering material 
parameters, such as (hydraulic) permeability, void tortuosity, and 
porosity (Kuva et al., 2018) and thus SRμCT may be the most sensible 
technique to study them given a sufficient resolution. SEM reveals the 
fine pore structures and produces data of superior resolution. However, 
experimental conditions govern the resolution in SRμCT and even a 
nanometer-scale resolution can be attained. In addition, SRμCT allows 
virtual sectioning and thus targeting locations of ROIs, which enhances 
the efficiency of other studies, e.g., SEM studies (Marxen et al., 2008; 
Starborg et al., 2019). 

4.2. Segmentation methods for determining porosity 

We evaluated several different segmentation methods including 
automated algorithms in Fiji, such as Otsu, Huang, Yen, and MaxEntropy, 
which are widely accepted in different studies. All these algorithms 
overestimated the porosity and therefore were not suitable for our data 
and needs. Also, finding one single manually selected threshold value for 
both the SRμCT and BSE images was problematic, and no single value 
proved to be applicable in all the images. The peak width for the pore 
spaces of the SRμCT image was frequently larger than that of the BSE 
image, which results from the poorer contrast resolution of the SRμCT 
image (Tsuchiyama et al., 2005). A manually selected threshold value 
was applicable only to the BSE mosaic. Our search for a suitable seg
menting method led to TWS, which we applied to train an algorithm 
using SRμCT slices to automatically segment the SRμCT and SEM data of 

Fig. 5. Void aspect ratio distribution (A) and the relationship between maximum Feret diameter and aspect ratio of voids (B) of the BSE mosaic of the entire polished 
section. Maximum Feret diameter represents the void diameter. See section 2.4.2 for detailed definition of maximum Feret diameter. The red line represents the 
cumulative frequency, and the green line shows the linear correlation between maximum Feret diameter and aspect ratio. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Areas 1–3. Thus, TWS allowed segmenting data of similar pixel size 
regardless of the imaging technique, and because the characteristics of 
Bjurböle are extreme among chondrites, this method applies to chon
drites in general. Since computing feature vectors and random forest 
predictions from the feature vectors requires substantial computational 
resources, we turned to Labkit to segment the 3D datasets. Labkit is 
optimized for big image data and can process large datasets of several 
gigabytes (Arzt et al., 2022). 

4.3. Representativeness of the analyzed regions 

As the porosity in Bjurböle is heterogeneously distributed, small 
sample size may not be representative of the meteorite and image ana
lyses may produce uncharacteristic results. Porosity variations increase 

with decreasing image size, i.e., the field of view, which is a result of the 
uneven distribution of voids. The area of the studied 2D images and the 
volume of the 3D stacks exceed the calculated REA and REV of ~1.4 
mm2 and ~ 1.9 mm3, respectively, and the image analysis results are 
comparable to the 21.9 vol% porosity of the sample measured using a 
pycnometer. Thus, we conclude that the analyzed areas/volumes are 
representative of the sample on the macroscopic scale. Also, previously 
measured porosities of Bjurböle samples of approximately 20% (e.g., 
Kohout et al., 2017; Macke, 2010) agree with our results. 

4.4. Porosity types 

Bjurböle is an equilibrated and highly porous OC. The 2D and 3D 
results of the Bjurböle sample in this study show that most of the 

Fig. 6. 3D porosity renderings of Volume 1, Volume 2, and Volume 3 imaged using high-resolution SRμCT, and the bulk sample imaged using low-resolution SRμCT.  
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porosity resides in the intergranular pore space as interconnected 
network, whereas intragranular voids and cracks represent a negligible 
portion of the total porosity volume (Fig. 13). 

In Bjurböle, gaps often separate chondrules and large mineral grains 
from the matrix. Cracks are present within chondrules, metal and min
eral grains, as well as the matrix, and some of them are partially filled. 
Some chondrules and grains display chains and swarms of isolated 
pores. Few of the isolated pores in olivine and pyroxene grains are 
connected by intergrain cracks. Isolated tiny pores are present in metal 
grains as well, and they often appear more spherical and regular shaped. 
Some mineral laths are separated by gaps or low-density regions. In the 
following sections, we discuss the quantitative porosity properties. 

4.5. Void size distributions 

The ranges of void diameter and area show variations in the analyzed 
2D regions. Mean void areas show differences between Areas 1–3, but 
the mean void diameter appears to be quite similar. The differences in 
the results of SEM and SRμCT may reflect the finite resolution of im
aging, especially SRμCT, and the slightly different slice chosen. Areas 1 
and 2 show a broader range of void diameter, which may be explained 
by large chondrules in their field of view that are surrounded by gaps. 

The range of void diameter in Volumes 1–3 is similar. This range 
appears similar to the range of void diameters that represent nearly all 
the voids in the bulk sample and in the polished section. Both 2D and 3D 
results demonstrate that >90% of the voids are smaller in diameter than 
50 μm. The presence of a large chondrule may explain the broader range 
of void diameter in Volume 1 compared to Volumes 2 and 3. The range 
of void volumes is similar in Volumes 1–3. 

3D porosity results show most of the total void space volume resides 
in one continuous network of voids, i.e., pore space that includes gaps 
separating chondrules from the matrix and a complex structure in the 
matrix. The highest portion of the void spaces represents voids isolated 
from the largest pore space component and they are present within 
chondrules and matrix. Considering both 2D and 3D results of void 
diameter, area, and volume, small voids represent a higher percentage of 
all the void spaces. 

4.6. Aspect ratio of pores 

Ordinary chondrites demonstrate two types of porosity, that is, 
localized and continuous (e.g., Flynn et al., 1999; Friedrich et al., 2008). 
Continuous porosity blocks thermal paths but provides paths for shock 
propagation and thus influences the thermal properties and shock effects 
in meteorites and their parent bodies. In the investigated Bjurböle vol
umes, continuous porosity comprises over 95% of the total porosity 

(Fig. 13). Aspect ratio is linked to the interconnectivity and tortuosity of 
the void spaces, which in turn govern permeability and thus is an 
important parameter in the characterization of these properties (Soini 
et al., 2020). However, limited experimental data exist on aspect ratios 
of voids of meteorites. 

The dominant void shape is circular in all the 2D data. Although, the 
ranges of aspect ratios show differences in the 2D porosity results, they 
are all centered on a comparable aspect ratio. The polished section and 
the Areas 1–3 contain voids of which shapes range from almost spherical 
to crack-like and include all shapes in between. The range of aspect 
ratios is consistently larger in SRμCT slices than in the respective BSE 
images (Supplementary Fig. 4), which may be due to the pixel sizes and 
the related differences in the interpretation of connected void spaces 
during segmentation as well as bleeding due to the lower contrast in 
SRμCT images. 

The polished section contains the broadest range of aspect ratios of 
all the 2D and 3D analysis results. This may be explained by the ste
reological principle in SEM analysis assuming a model shape. 3D SRμCT 
estimation should be closer to the truth and produce more representa
tive results as the 3D analysis does not require such assumptions on the 
void shapes (Peyrin et al., 2007). 

Between the investigated volumes, the range of aspect ratio is 
broadest in Volume 3. The range is quite similar in the bulk sample 
volume and its subvolumes despite the voxel side length difference be
tween high- and low-resolution measurements. Spherical voids repre
sent the highest percentage of the void spaces in all the volumes. High 
aspect ratios represent a small fraction of the total porosity in all the 
investigated areas/volumes, but they may have a significant effect on, e. 
g., thermal properties. For example, Opeil et al. (2012) and Soini et al. 
(2020) reported differences in thermal conductivities of meteorites 
depending on the measurement direction, which exceed any measure
ment error. Elongated voids and cracks cause heterogeneity and struc
tural variation in thermal conductivity and thus possibly anisotropy. 
Fig. 14 shows a porosity model considering anisotropy of Volume 3 in 
Bjurböle. 

A weakly positive correlation between aspect ratio of voids and void 
diameter is present in SRμCT slices of Areas 1–3, BSE image of Area 3, 
and in the polished section. In Volumes 1–3 and the bulk sample, the 
linear relationship between aspect ratio of voids and void diameter is 
moderately positive. The positive correlation is stronger in the 3D re
sults, which is likely due to the stereological bias associated to SEM. 
Thus, larger voids tend to have higher aspect ratios. Note that the plots 
of the relationship between aspect ratio and void diameter of the 2D 
polished section and the 3D results are calculated from resampled data, 
where evenly spaced diameter values and mean of aspect ratio are used 
to visualize the large datasets with >100,000 data points. Feret 

Table 2 
3D measurement results of pore properties of the bulk sample imaged using low-resolution SRμCT and Volumes 1–3 imaged using high-resolution SRμCT. The bulk 
porosity of the sample measured using pycnometry is included in the Table.   

Bulk sample 
pycnometer 

Bulk sample 
LR SRμCT 

Volume 1 
HR SRμCT 

Volume 2 
HR SRμCT 

Volume 3 
HR SRμCT 

Porosity [%] 21.9 16.2 18.5 24.3 23.0 
Voxel side length [μm]  6.5 0.65 0.65 0.65 
Number of pores  100,429 144,525 127,772 119,743 
Max pore volume [μm3]  53,985,776,733 552,657,397 613,360,279 572,110,587 
Min pore volume [μm3]  824 0.82 0.82 0.82 
Mean pore volume [μm3]  564,706 3978 4881 4949 
SD of pore volume [μm3]  170,353,024 1,452,646 1,715,923 1,653,312 
Max Feret diameter [μm]  12,430 2533 2370 2376 
Min Feret diameter [μm]  15.9 1.6 1.6 1.6 
Mean Feret diameter [μm]  51.0 8.0 6.2 8.7 
SD of Feret diameter [μm]  61.0 11.3 9.8 11.8 
Max aspect ratio  16.6 15.3 16.1 18.6 
Min aspect ratio  1.2 1.2 1.2 1.2 
Mean aspect ratio  2.4 2.6 2.8 2.7 
SD of aspect ratio  0.8 1.0 1.0 1.1  
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Fig. 7. Void volume distribution of Volumes 1–3 imaged using high-resolution SRμCT. Plot A shows the entire range of void volumes and plot B shows the detailed 
distribution of the void volumes defined with the blue box that have high relative frequency. The red line represents the cumulative frequency. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Maximum Feret diameter distribution of Volumes 1–3 imaged using high-resolution SRμCT. Maximum Feret diameter represents the void diameter. See 
section 2.4.2 for detailed definition of maximum Feret diameter. Plot A shows the entire range of maximum Feret diameters and plot B shows the detailed distribution 
of the maximum Feret diameters defined with the blue box that have high relative frequency. The red line represents the cumulative frequency. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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diameters, i.e., void diameters, are to some degree quantized to the 
available pore pixel sizes and arrangements. In other words, the number 
of possible values of void diameter is restricted so that certain voids can 
assume only certain discrete values. For example, the smallest voids do 
not represent every possible diameter and image analysis will un
doubtedly lead to quantization where real-world values are estimated by 
digital representation, which unavoidably sets up limits on the precision 
and dimension of a value. 

4.7. Void connectivity 

Voids with fewer connections are more frequent than continuous 
void spaces that have tens or > 100 connections. Voids with 1–10 
connections represent the highest percentage and completely isolated 
pores represent the second highest percentage of all the void spaces in 
the bulk sample and Volumes 1–3. 

A very high positive correlation between void volume and connec
tivity in Volumes 1-3 is visible in Fig. 12 and large voids frequently have 
more connections to other void spaces compared to smaller voids. A 
strongly positive linear relationship is also present in the bulk sample 

Fig. 9. Void aspect ratio distributions of Volumes 1–3 imaged using high-resolution SRμCT. The red line represents the cumulative frequency. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. The relationship between maximum Feret diameter and aspect ratio of voids in Volumes 1–3 imaged using high-resolution SRμCT. Maximum Feret diameter 
represents the void diameter. See section 2.4.2 for detailed definition of maximum Feret diameter. The data are calculated from resampled data using evenly spaced 
maximum Feret values and mean of the aspect ratio. The green line shows the positive correlation between maximum Feret diameter and aspect ratio. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Void connectivity distributions of Volumes 1–3 imaged using high-resolution SRμCT. The connectivity value represents the number of connections of the 
voids to other void spaces. The red line represents the cumulative frequency. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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and thus in all the 3D data. Volume 2 and 3 contain a higher ratio of 
matrix to chondrules, which may explain the larger void connectivity 
compared to Volume 1 in which a large chondrule occupies much of the 
volume. Voids in the matrix form complex networks with large con
nectivity and volume but low relative frequency and they are often 
connected to the gaps surrounding the chondrules. Positive correlations 
between void diameter and aspect ratio as well as void volume and 
connectivity indicate larger voids have higher aspect ratio and higher 
connectivity. Isolated pores within the chondrules and matrix are small 
in volume but represent a high portion of all the void spaces. Intercon
nectedness can only reliably be seen in 3D and disguised in 2D, and the 
volume fraction and the number of the interconnected components are 
important for understanding porosity in general. 

4.8. Implications for the accretion and thermal evolution of Bjurböle 

The results of the present study provide means to speculate the ac
cretion and thermal evolution of Bjurböle. The small, isolated voids with 
small aspect ratio inside the chondrules in Areas 1–3 (Figs. 1, 3, and 
Supplementary Fig. 1) probably represent vesicles, i.e., primary porosity 
due to exsolution of gas from the chondrule melt during cooling (Lewis 
et al., 2018). Such voids are ubiquitously present within the chondrules, 
but they are also concentrated on the rims of the chondrules. Some of the 
intra-chondrule porosity, especially the linear chains of pores in Areas 1 
and 2 (Supplementary Fig. 1) can be attributed to leaching of chondrule 
mesostasis in low temperature aqueous alteration (Lewis et al., 2018). 
Further, the internal cracks of the chondrules that do not extend to the 
matrix indicate collisions during the chondrule formation in the solar 

nebula or during accretion or re-accretion. Some of the chondrules are 
also fragments of original spherules. Practically all chondrules are sur
rounded by gaps, which we interpret as contraction effects during 
cooling of the parent body, or they may be due to low temperature after 
final accretion insufficient for complete lithification. The well- 
connected, intergranular pore space in the matrix suggests the matrix 
was not efficiently recrystallized (sintered) after final accretion. 

Theoretical models of the thermal evolution of chondritic parent 
bodies including compaction (‘cold pressing’) and subsequent sintering 
at high temperatures suggest that porosity is strongly reduced in the 
process (Yomogida and Matsui, 1984; Henke et al., 2012). These models 
assume instantaneous accretion of the body a few Ma after the formation 
of the calcium‑aluminum inclusions (Miyamoto et al., 1981; Miyamoto, 
1991; Bennett III and McSween Jr., 1996; Yomogida and Matsui, 1984; 
Ghosh et al., 2003; Henke et al., 2012; Gail et al., 2015) and support an 
onion shell model for OC parent bodies. Thermal evolution models (e.g., 
Henke et al., 2012) suggest that the most rapid porosity change from 40 
to 15% occurs at temperatures slightly above the onset of sintering 
(330–340 ◦C), and porosity is modeled to further decrease with 
increasing temperatures to ~10% at 530 ◦C. In the model of Henke et al. 
(2012), decreasing pore space reduces the initial 100-km-radius to the 
final radius of 85 km, which corresponds to the final radius of the body 
after compaction and practically zero porosity at all depths, in only 0.8 
Ma after accretion. Porosities comparable to those measured in Bjurböle 
are present in onion-shell models only for a noticeably brief time after 
sintering begins. The petrologic type 4 of Bjurböle indicates peak 
metamorphic temperatures ranging from 600 to 700 ◦C, which should 
have led to a drastic reduction in porosity. Therefore, the observed high 

Fig. 12. The relationship between void volume and connectivity in Volumes 1–3 imaged using high-resolution SRμCT. The connectivity value represents the number 
of connections of the voids to other void spaces. The green line shows the positive correlation between void volume and connectivity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. Porosity components of Area 3 and respec
tive Volume 3 in the Bjurböle sample. The largest 
continuous porosity component comprises almost all 
the void space and is shown in gray colour. The rest of 
the porosity components comprise a negligible 
portion of the void space despite representing tens of 
thousands of smaller voids and are shown in yellow 
colour. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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porosity of Bjurböle cannot be interpreted with a simple onion shell 
model. Instead, it suggests Bjurböle represents a fragment of a body 
disintegrated during its metamorphic evolution. It remains an open 
question how Bjurböle demonstrates such high metamorphic tempera
tures. One option could be that the parent body was already substan
tially heated during accretion (Ghosh et al., 2003). Accretion time is a 
controlling factor of the peak temperature the body experiences and the 
accretion of the parent body of Bjurböle may have lasted a long time 
after which the body disintegrated. 

According to thermal models including compaction and sintering, 
the porosity of chondrites should decrease with increasing metamorphic 
grade. However, this is not observed in studies of Bjurböle or other 
chondrites (e.g., Wilkison et al., 2003; Sasso et al., 2009; Soini et al., 
2020). Several thermal, chronologic, and petrographic studies (e.g., 
Scott et al., 2014; Ganguly et al., 2013, 2016; Blackburn et al., 2017; 
Bischoff et al., 2018) support the fragmentation-reassembly model 
introduced among the first by Grimm (1985) and Taylor et al. (1987) to 
explain the thermal evolution of OC parent bodies. The thermal evolu
tion model of Lucas et al. (2020) incorporates fragmentation of an initial 
onion shell body at peak or near-peak temperatures and rapid reas
sembly into a thermally stable rubble pile. Metasomatism and aqueous 
alteration during thermal metamorphism affect the evolution of porosity 
in the OC parent body (Lewis et al., 2018). Rubble pile structures are 
further supported with evidence of low densities measured for S-type 
asteroids such as 25143 Itokawa (Carry, 2012) compared to meteorites 
(e.g., Consolmagno et al., 2008), which indicates high porosities for 
asteroid parent bodies relative to compact, unfractured rock (Lucas 
et al., 2020). 

Our results support the previous measurements of high-porosity 
chondrites and rubble pile structure suggested for their parent body 
(e.g., Sasso et al., 2009; Friedrich et al., 2008). The high porosity 
chondrites including Bjurböle may be attributed to impact-induced 
brecciation during or after metamorphism in a fragmentation- 
reassembly process (Lucas et al., 2020). Thus, Bjurböle may sample a 
parent body that was rapidly reaccreted after the fragmentation of the 

initial onion shell body (or bodies) at high temperatures. Chondrites 
have complex thermal histories in which porosity plays a vital role, and 
advances in modeling are required to survey the different possible sce
narios. For example, current thermal models have treated the aspect 
ratios of void spaces as unknown quantities, i.e., as free parameters due 
to the lack of measurement data (Gail and Trieloff, 2018). This study 
adds to the previous measurements by providing novel three- 
dimensional quantitative results of the geometry and connectivity of 
porosity that can be used to develop the thermal models of OC parent 
bodies. 

5. Conclusions 

We applied SRμCT and SEM at sub-micron resolution to characterize 
the porosity of L/LL4 ordinary chondrite Bjurböle in 2D and 3D. 
Trainable Weka Segmentation is a convenient tool to automatically 
segment data of comparable pixel size obtained using SRμCT and SEM. 
Labkit is efficient in automated segmentation of large SRμCT datasets. 
These tools combine visual qualitative examination and machine 
learning algorithms that can be applied to both SRμCT and SEM data to 
obtain satisfactory segmentation results for the porosity analyses. At 
similar resolution, SRμCT and SEM produce comparable 2D results. 
Although higher resolution can be reached with SEM, it causes stereo
logical bias. When comparing the 2D and 3D results, the effect of this 
bias was especially obvious in the results of the aspect ratios of voids. 3D 
SRμCT eliminates this concern and should produce an estimation that is 
closer to the truth. The comparison between SRμCT and SEM led to the 
conclusion that they are powerful as standalone tools as well as sup
plementary tools to add to other studies allowing more complete and 
detailed investigations of porosity. Because the characteristics of 
Bjurböle are exceptional among chondrites, these means can be applied 
to chondrites in general to achieve credible results of their porosity 
properties. 

The Bjurböle sample in this study is a complex, highly porous, and 
friable medium. Imaging reveals the heterogeneous distribution of 

Fig. 14. A 3D model of anisotropy of porosity in 
Volume 3 of Bjurböle constructed using Bone 
Analysis module in Dragonfly software. The box in 
light blue colour shows the outlines of the total 
volume. From 1 to 6, the portion of the visible 
volume increases revealing different cross sections 
of the volume; illustration 1 shows the back wall of 
the volume, while illustration 6 shows the whole 
volume. Anisotropy increases from blue (0) to red 
colour (1). The degree of anisotropy is 0 for an 
isotropic system and increases as the system be
comes more anisotropic. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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porosity, and its dominant type is intergranular continuous porosity. 
Almost all porosity volume resides in one connected component, which 
contains a complex network of void spaces within the matrix often 
connected to the gaps surrounding the chondrules. Continuous porosity 
has a significant effect on thermal properties, e.g., the effectiveness of 
thermal conduction, in meteorites and their parent bodies. Thus, the 
aspect ratios of voids, which are linked to the interconnectivity of voids, 
represent an important parameter in the characterization of thermal 
properties. 

2D and 3D results show weakly or moderately positive linear re
lationships between aspect ratio of voids and void diameter indicating 
smaller voids are more spherical. Additionally, 3D results reveal a very 
high positive correlation between connectivity and void volume indi
cating smaller voids have fewer connections to other void spaces. Thus, 
these relationships suggest smaller voids have lower aspect ratios and 
lower connectivity. In the Bjurböle sample of this study, small voids with 
1–10 connections have the highest relative frequency, whereas larger 
void spaces with higher aspect ratios and connectivity are significantly 
fewer. Completely isolated pores have the second highest relative fre
quency, and they exist within the chondrules and the matrix. However, 
the volume percentage of these pores is negligible compared to the 
continuous pore space. The volume percentage of intergranular void 
spaces and the low shock stage of Bjurböle suggest accretion with little 
compaction. This intergranular porosity in Bjurböle may describe some 
degree of intrinsic accretionary yet sintered and metamorphosed 
material. 

Our results show high porosity in Bjurböle and agree with the pre
vious measurements of high-porosity chondrites. We note that the high 
porosity and its heterogeneous distribution are not in line with the 
thermal evolution and sintering models of chondritic parent bodies 
regarding petrologic type 4. Therefore, Bjurböle may originate from a 
parent body with an initial onion shell structure that fragmented during 
or after its metamorphic peak and quickly reaccreted into a rubble pile. 

Porosity is an important parameter in the thermal models of ordinary 
chondrite parent bodies. The aspect ratios of void spaces have been 
treated as free parameters due to the lack of measurement results. This 
study adds to the previous studies of chondrite porosity by providing 
novel three-dimensional quantitative results of void geometry and 
connectivity that can be used to advance the thermal models of OC 
parent bodies. 
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