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Abstract

Over the past decade, there has been growing interest in the sedimentological
community to use micro X-ray computed tomography to analyse microfacies
in sediment cores. However, little attention has been paid to the application of
micro-computed tomography in lithified deposits, even though this can allow
their texture to be characterised in three dimensions, providing key information
about sedimentary structures. A novel application of micro-computed tomogra-
phy in lithified sediment-gravity flow deposits is presented with the objective of
characterising their internal 3D sedimentary structures. This technique is ap-
plied to three deep-marine sandstones showing different compositional prop-
erties: Cretaceous Gosau Group (Austria), Eocene Hecho Group (Spain) and
the Oligocene Annot Formation (France). From micro-computed tomography
data the size of particles and their distribution throughout the sample is recon-
structed in 3D permitting a better visualisation of sedimentary textures. Particle
distributions computed from micro-computed tomography are similar to those
computed from thin section image analysis, corroborating the reliability of the
micro-computed tomography to evaluate grain-size trends. Micro-computed
tomography is complemented with micro-X-ray fluorescence and thin section
petrographic analyses. In cases where mineral composition or grain size are ho-
mogeneous or matrix and grains have similar mineral composition, sedimentary
structures do not appear visible from micro-X-ray fluorescence or thin section
analyses. By separating particles based on their computed tomography density,
it is possible to isolate the coarsest fraction, highlighting the sedimentary struc-
tures. This study demonstrates (i) the potential of micro-computed tomography
in analyses of sedimentary structures from outcrop data and (ii) the importance
of the mineralogical composition and degree of grain sorting in assessing the
origin of structureless deposits. Considering the importance of visualising sedi-
mentary structures when interpreting depositional processes, micro-computed
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1 | INTRODUCTION

Over the past several decades, medical X-ray computed to-
mography (CT) has been widely used in the Earth Sciences
for imaging geological samples (Ketcham & Carlson, 2001).
It has gained acceptance as a routine core analysis tool
highlighting surface as well as internal features, including
bedding, sedimentary structures, fractures or cement dis-
tribution (Orsi et al., 1994; Baraka-Lokmane et al., 2009;
Nelson et al., 2009; Penkrot et al., 2018). Although medical
CT scanners have significantly improved in terms of image
quality and imaging speed, the spatial resolution remains
limited due to the size of the sample and the diameter of
the gantry (e.g., fitting a human body). Over the last decade
a new research domain, termed micro-CT, has developed in
high-resolution X-ray tomography (Cnudde & Boone, 2013).
Although micro-CT can only be applied to small samples
(geological samples varying from 1 mm to 10cm), the resolu-
tion is much higher than medical-CT, down to 2.5 pm. Since
then, micro-CT techniques have been widely applied in Earth
Sciences, especially in (i) 3D pore characterisation (McCoy
et al., 2006; Polacci et al., 2010) for reservoir characterisation
(Coenen et al., 2004; Sok et al., 2010; Tiwari et al., 2013; Kim
etal., 2016; Schmittet al., 2016; Lei et al., 2019; Su et al., 2022)
and soil analysis (Sleutel et al., 2008; Munkholm et al., 2012;
Singh et al., 2021); (ii) 3D grain analysis (Carlson, 2006;
Jerram et al., 2009; Cnudde et al., 2011) particularly for min-
erals with metallurgical significance (Kyle & Ketcham, 2015;
Ghorbani et al., 2011; Evans et al., 2015); (iii) structural pro-
cesses (Otani et al., 2010; Siddiqui et al., 2010; Wildenschild
& Sheppard, 2013), especially in fracture analysis (Bertels
et al., 2001; Kumari et al., 2018; Yang et al., 2020). The clastic
sedimentology community also shows a growing interest in
using micro-CT, particularly to highlight microfacies in sed-
iment cores (Bendle et al., 2015; Van Daele et al., 2016; Wils
et al., 2021; Sabatier et al., 2022; Vermassen et al., 2023).
Despite this increased attention, few studies have tested the
potential of micro-CT to analyse internal primary sedimen-
tary structures in lithified rocks.

Primary sedimentary structures in sediment-gravity
flow (SGF) deposits are produced by physical processes
during sediment transport and deposition (Middleton, 1965;
Allen, 1970; Hiscott & Middleton, 1980; Arnott & Hand, 1989;
Komar, 1989; Baas, 2004; Sumner et al., 2008; Talling, 2013)
and are key to interpreting parts of the ancient sedimentary
record. In the depositional record, primary sedimentary
structures are rendered visible by variations in grain size

tomography is a new and reliable tool to assess the physical properties of sand-
stones and to analyse their internal 3D sedimentary structures.

micro-CT, sandstones, sedimentary structures, turbidites

(e.g., grading, sorting) and/or mineral composition (e.g.,
higher concentration of clay, micas or organic matter) within
the lamination set (Kuenen, 1966; Campbell, 1967; Paola
etal., 1989; Cheel, 1990; Best & Bridge, 1992). Although inter-
nal sedimentary structures of lithified SGF deposits are well
recognised in the rock record (Kiminami & Kontani, 1979;
Stow & Piper, 1984; Stevenson et al., 2020) and reproduced
in flume-tank experiments (Arnott & Hand, 1989; Leclair &
Arnott, 2005; Sumner et al., 2008; Cartigny et al., 2013) and
by numerical modelling (Jiang, 1995; Legros, 2002), there is
alack of characterisation of these structures in three dimen-
sions (3D) and at the micro-scale.

This study aims to discuss the potential of micro-CT to
characterise the texture of lithified SGF deposits to better
assess their internal primary sedimentary structures. It is
also important to take into account the mineral composi-
tion and the post-depositional processes (i.e., diagenesis)
into the visualisation of sedimentary structures. However
micro-CT is unable to determine mineral phases, and
therefore is complemented with micro X-ray fluorescence
(micro-XRF) and thin section petrographic analyses. To
better assess textural characteristics at the origin of sed-
imentary structures, particle size is directly computed
from micro-CT data. This multi-technique approach is
applied on SGF deposits with contrasting mineral compo-
sition cropping out in ancient deep-marine strata: Upper
Cretaceous Gosau Group (Austria), Middle Eocene Hecho
Group (Spain) and the Upper Eocene-Lower Oligocene
Annot Formation (France). The objective of this paper is
to show that the micro-CT technique (and related com-
puted particle size) in conjunction with chemical analy-
ses provide an innovative and accurate method to analyse
primary sedimentary structures in 3D in lithified SGF
deposits.

2 | METHODS

2.1 | Fieldwork

Samples were collected in three study areas with varying
mineral composition: the Upper Cretaceous Gosau Group
(Austria) that is rich in dolomite, the Middle Eocene
Hecho Group (Spain) with a high calcite content, and the
Oligocene Annot Formation with a low carbonate con-
tent. Samples were collected from turbidites with different
kinds of internal sedimentary structures.
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The Upper-Cretaceous Gosau Group is a synorogenic,
siliciclastic sedimentary system that was deposited in the
Muttekopf Basin (Western Austria) and crops out in the
Northern Calcareous Alps of the Eastern European Alps
(Figure 1A). The Gosau Group in the Muttekopf Basin oc-
curs in a syncline in the hanging wall of the Inntal Nappe,
composed of the Hauptdolomite Triassic carbonate shelf
(Wagreich & Faupl, 1994). The Gosau sample was col-
lected from Megasequence 2 (Ortner, 2001; Figure 1B).

The Hecho Group is an ca 4km succession of Middle
Eocene deep-marine siliciclastic sediments infilling the
South Pyrenean foreland Ainsa and Jaca basins (Mutti

et al., 1977) (Figure 1C). The sample (referred to as the
Hecho sample in this study) was collected from the Ainsa
Basin, and more precisely from the Ainsa System cropping
out in the Ainsa Quarry (Figure 1D).

The Tertiary Gres d'Annot Formation of south-east
France is a Late Eocene-Early Oligocene sand-rich deep-
marine system deposited in a wedge-top basin as part of a
foreland system developed in front of the Alpine Orogen
(Pickering & Hilton, 1998). The Grés d’Annot Formation
is preserved in isolated areas termed “sub-basins”. The
Annot sample was collected from the Annot sub-basin
(Figure 1E,F).
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FIGURE 1 (A)Simplified geological map of the Upper Cretaceous Gosau Group in the Muttekopf Basin (modified from Ortner et al., 2016).
Red square indicates the sample location. (B) Turbidite from the Upper-Cretaceous Gosau Group in which sample was taken. Geographical
coordinates: N47.264204°, E10.663339°. Red line indicates the coring location. (C) Simplified geological map of the South Pyrenean foreland
basin, including the Ainsa and Jaca basins filled with the deposits of the Middle Eocene Hecho Group (modified from Verges et al., 2002). Red
square indicates the sample location. (D) Turbidite from the Hecho Group (Ainsa Quarry) in which sample was taken. Geographical coordinates:
N42.403912°, E0.148392°. Red line indicates the coring location. (E) Simplified geological map of the Grés d’Annot Formation of South-East
France (modified from Pickering & Hilton, 1998). Red square indicates the sample location. (F) Turbidite from the Grés d’Annot Formation

(Annot sub-basin) in which sample was taken. Geographical coordinates: N43.960498°, E6.681391°. Red line indicates the coring location.
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Palaeoflow was interpreted in the field based on flute
casts or the orientation of ripple cross-lamination.

2.2 | Sample preparation and workflow
Samples collected in the field (Figure 2—step 1) were
drilled with a 12mm diameter drill bit (Figure 2—step 2).
The coring technique was chosen as rounded samples are
more suitable for micro-CT analyses compared to samples
with sharp edges that produce significant artefacts. In the
micro-CT scanner, samples were consistently oriented in
the plane parallel to the palaeoflow direction. Micro-CT
data are used (i) to evaluate the internal 3D structures of
the samples based on the CT density contrast between the
different minerals and, (ii) to compute the size and distri-
bution of particles in 3D.

Once micro-CT data were collected, core samples
were cut in half and analysed by micro-XRF on the plane
surface (Figure 2—step 3). Because grains are usually
oriented in specific directions with respect to the palae-
oflow (Hiscott & Middleton, 1980; Arnott & Hand, 1989),
samples were cut parallel to the palaeoflow direction in
order to capture as much information as possible about

\ B

flow characteristics. Cut surfaces were gently polished
with 120 grit sand-paper to increase the quality of micro-
XRF maps. However, the amount of polishing was limited
to minimise disruption of the primary grain fabric, and
therefore misalign the micro-CT data with micro-XRF
maps and images of thin sections. Micro-XRF analysis
provides the chemical element distribution on the sample
surface (see Section 2.5). To properly align (register) the
micro-XRF plane with the micro-CT scan, a second scan
was performed on the half-core samples. The second scan
was aligned with the original scanned volume resulting
in a transformation matrix that now orients the original
volume with the cutting plane of the micro-XRF and thin
section. After aligning the micro-CT and micro-XRF im-
ages and by combining chemical elements together in the
micro-XRF maps, it is possible to assign the observed den-
sities in the micro-CT to specific minerals and determine
their distribution throughout the sample and within sedi-
mentary structures (see Section 2.4.1 for more details).

Thin sections were cut on the surface plane of the half
core to compare micro-XRF data with mineral data from
thin sections (Figure 2—step 4). High-resolution photo-
micrographs were then analysed to determine the size and
distribution of grains (see Section 2.7).

Second micro-CT sean on half core
to register (align) the micro-XRF plane
ith micro-CT
Palaeofiow with micro-CT scan

direction

E
o
Tp]
@ ‘ @ 3 =—
Sampling Core O Core cut @ Thin section
in the field 7 drilling in half ) preparation
e Petrography
scanning
3D visualisation of Particle-size]  [Overview of chemical Charfact_erisaltion analerg":::-s'if:age
internal structures trend element distribution SllES PEL R
content analysis

FIGURE 2 Workflow of the methodology used in this study.
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2.3 | Micro-CT acquisition

Micro CT imaging was performed using a vivaCT 40
(Scanco Medical AG, Briithisellen CH) at the Medical
University of Innsbruck. The vivaCT 40 is based on the
cone beam geometry developed by Feldkamp et al. (1989).
Being a quantitative CT, the vivaCT 40 does not represent
image greyscales using the Hounsfield unit scale (HU) as
medical CT does, but uses the density of hydroxyapatite
Ca;((PO,4)e (OH),, referred to as HA in this study, result-
ing in greyscales following a scale of mgHA/cm®. This
scale was introduced in bone quality assessments to di-
rectly interpret the mineral content of a bone volume. An
advantage of using such a scale is that in comparison to
HU the scale has no negative values. Calibration phantom
provided by the manufacturer and containing five defined
volumes of increasing mineral density is used to achieve
HA scaling. Calibration phantom is routinely used to check
calibration. The scanning parameters were set to optimise
resolution and image quality (signal to noise ratio (SNR)
and minimise image artefacts). Scanner settings were
a voltage of 70kV, a 114 pA current, an integration time
(time of X-ray exposure per projection) of 600ms, a field
of view (FOV) of 21.5mm and a hardware binning of 2.

These settings create a 1024 X 1024 image matrix with an
iso voxel size of 21 pm. Assuming the general rule that a
minimum 3-pixel diameter is needed to distinguish a sin-
gle object, the minimum resolvable object size is ca 63 pm.
Therefore, grains smaller than very-fine sand are not re-
solvable. For reconstruction, the automated process pro-
vided by the manufacturer was minimally adapted (ring
artefact suppression set to maximum).

2.4 | Image processing of micro-CT

Image post-processing and visualisation were performed
using the Scanco Medical software suite for micro-CTs
in combination with Image Processing Language (IPL;
Institute for Biomedical Engineering ETHZ, University of
Ziirich; Riiegsegger, et al., 1996). For evaluating particle
size, a standardised procedure was developed, including
multiple thresholding (segmentation), textural evalu-
ation and textural resolution along the Z-axis (Figure 3;
Sections 2.4.1 to 2.4.3). Due to the batch operational struc-
ture of IPL, all the steps for image processing, except the
threshold selection, are fully automated on the Scanco
Medical Platform. Computation time varies depending on

B Raw CT data
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FIGURE 3 (A)Micro-CT native image with two layers marked in green and red. (B) Axial view of the red and green layers marked

in (A) with the defined contour for the evaluation; additionally, noise reduction was applied. (C, D) Segmentation and false colour codes
imaging of (C) low-density particle distribution and (D) high-density particle distribution in the two layers.
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FIGURE 4 Comparison between micro-CT, micro-XRF and thin section images from the Gosau sample. (A) Micro-CT image with
optimised image contrast (dark colours: low-density particles; light colours: high-density particle). (B) Micro-XRF image (Green: Silica; Blue:

Aluminum; Orange: Calcium). (C) Thin section image.

the analysed volume of the sample (e.g., two days for the
Gosau sample).

For a proper volumetric evaluation of the whole sam-
ple, pore space with the same density as the surrounding
medium (air) has to be taken into consideration for de-
fining the outer contour of the sample. For example, pore
structures could be connected to the surface of the object
and channels (e.g., interconnected pores) could propagate
through the sample and alter the calculation of the total
volume of the sample. A new contouring algorithm was
developed including pores and solids into a single outer
contour (see Supplemental Material S1 for details). For
this study, the new contouring algorithm was applied to
the Gosau sample but not the larger Annot and Hecho
samples due to memory overflow, instead a rectangular
volume of interest (VOI) was analysed.

2.4.1 | Image smoothing and threshold
estimations

For further smoothing and increasing the SNR, a Gaussian
filter is convolved with the image space (settings Gauss:2
Sigma:1.3; Supplemental Material S2).

Guided by Boone et al. (2011) and Bam et al. (2020) that
the linear attenuation of X-rays correlates with elemental
atomic number and the mass density of the analysed ma-
terial, assumptions for greyscale domains being correlated
to specific mineral compositions must be seen as valid.
Combining this assumption with the elemental data from
micro-XRF analysis, an estimate of the linear attenuation in
CTforidentifying mineralsisindirectly possible. Aligning the

micro-CT images with the micro-XRF data (see Section 2.2),
allows the visual differentiation of silicate-dominated from
carbonate-dominated lamination (Figure 4).

For the three sandstones in this study, relevant struc-
tures have densities between 400 and 2400 mgHA/cm®.
Higher values are not considered as they correlate with
high-density minerals (e.g., pyrite). These high-density
minerals have the disadvantage of producing artefacts
(starburst artefact; Ketcham & Carlson, 2001) around
their borders and, therefore, are not accurately distin-
guished. Based on these observations and the knowledge
that these samples are sandstones, three greyscale do-
mains were selected representing low-density, middle-
density and high-density particles. These domains were
selected as they best describe the chemical and mineral
information gained from micro-XRF and thin section
analyses, and the greyscale phases seen in the micro-CT
images. Based on the mineral information and their re-
lated X-ray attenuation, the following starting settings for
greyscale domains are suggested: a low threshold win-
dow of 400 to 1100 mgHA/cm3; a middle threshold win-
dow of 1100 to 1500 mgHA/cm?; and a high window of
1500 to 2400 mgHA /cm®. However, due to the occurrence
of partial volume effects (Peyrin et al., 1998), combined
with differences in mineral composition (depending on
different volume fractions between silicates, carbonates
and their respective grain sizes), these suggested thresh-
old windows have to be adapted for each sample. These
thresholds are adapted subjectively based on the visible
greyscale differences and borders of particles to optimally
fit the micro-CT images. For example, for the silicate-rich
Annot sample dominated by low CT density, threshold
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windows were lowered compared to suggested thresh-
olds. On the other hand, thresholds for the Gosau sam-
ple were shifted towards higher CT density due to the
presence of the calcite-filled fracture (see Supplemental
Material S3).

2.4.2 | Calculation of textural parameters
Each threshold is fed separately into the calculation
pipeline where stepwise volumetric density and textural
parameters are evaluated (Figure 3). The following pa-
rameters are evaluated for each slice of each sample and
as a measure for the whole volume:

« Volumetric parameters: total volume, volume of the
segmented material, and volume fraction of the seg-
mented material to the whole volume.

+ Density parameters: mean density of the material is cal-
culated and represented in mgHA/cm®

« Particle size: under the assumption that areas with the
same densitywindow are composed of the same material,
the particle size is calculated using the bubble-growing
algorithm of Hildebrand and Riieggsegger (1997).

2.4.3 | Particle size

Particle size is calculated using the algorithm of
Hildebrand and Riieggsegger (1997), which originally
was developed to determine the mean thickness of bone
trabecular structures. The algorithm assumes growing
virtual bubbles within a segmented volume. Starting
from randomly selected voxels within the object, bubbles
grow by integrating neighbouring voxels of the same ob-
ject (Figure 5A). As soon as the bubble encounters two
edges, a potential short axis is found and labelled to each
voxel belonging to the bubble (Figure 5B). This step is to
be repeated until all voxels inside the analysed sample are
labelled by at least one bubble object. In the next step, the
labels of each voxel are sorted by size and only the larg-
est label defines the bubble diameter (Figure 5C). In the
next step, the diameter of each voxel gets read out and
the mean value is calculated, resulting in the mean size of
the particle (Figure 5D). For a better estimation of grain
diameter and structure, the mean value is selected here
as grains are potentially asymmetric. Using IPL, it is pos-
sible to project the results of the global 3D analysis along
the Z-axis (depth) for each slice enabling visualisation and
quantification of features along the sample.

Segmented
volume

FIGURE 5 Detailed steps of the bubble growing algorithm used to compute particle sizes from micro-CT data. (A) Bubbles grow from
randomly selected voxels and integrate neighbouring voxels until it hits two edges of the object (= potential short axis). (B) Each voxel
belonging to the bubble is labelled by the potential short axis. This step is repeated until all voxels inside the analysed object are labelled by
at least one bubble object. (C) For voxel with several labels, the largest is selected. The particle size is calculated from the mean value of each
voxel. (D) Result of a slicewise extraction for the diameter of a particle. Colour code represents the highest value of each voxel contributing

to the final measured diameter of a particle.
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2.5 | Micro-XRF

Non-destructive micro-XRF analyses were carried out
using a Bruker M4 Tornado at the Institute of Mineralogy
and Petrography of the University of Innsbruck. The
Bruker M4 Tornado uses a single rhodium target X-ray
tube with up to 50kV and 600 pA power and is equipped
with a Be window. It focusses the beam with polycapillary
optics down to a spot size of ca 25 pm. However, because
of the large sample size and limited computer memory,
the spot-size was fixed at 50 pm for the Gosau and Hecho
samples and 70 pm for the Annot sample. This microana-
lytical instrument provides element mapping of the en-
tire sample via the x-y moving stage. Maps of chemical
element distribution are visualised using the function of
“area analysis mapping” of the Brucker M4 Tornado soft-
ware. By layering chemical elements together it is possible
to interpret mineral phases and mineral distribution in the
sample. This was later confirmed by mineral identifica-
tion in thin section.

2.6 | Thin section

Thin sections cut on the surface plane where micro-XRF
was measured have a standard thickness of 30 pum and
were soaked in an epoxy resin. The Gosau turbidite sam-
ple could be accommodated on a single thin section, how-
ever, the Hecho and Annot samples were too long and
each were made into two thin sections. The main mineral
phases, matrix composition and cement type were charac-
terised using a standard petrographic microscope.

2.7 | Grain-size analysis by thin section
image analysis

Images of thin sections were acquired using the Zeiss
Axio Imager Alm microscope and high-resolution
IMAGINGSOURCE DFK33UX264 camera providing a
resolution of 3616 dpi, and thus a resolution of ca 7pm.
Pictures were acquired automatically using the Petrog
5.0.3.5 software (PETROG System, Conwy Valley System
Ltd, U.K.) along with a moving stage. To avoid problems
during photograph stitching, a 10% overlap was chosen
between each picture. Pictures were stitched together
using Fiji (Fiji Is Just ImagelJ; version 1.53q) software
(Schindelin et al., 2012). Image processing procedures
were implemented using Fiji and Matlab to separate the
grains from the matrix (segmentation) and to evaluate
the two-dimensional (2D) grain distribution throughout
the sample, respectively. Details of thin section image
processing are given in Supplemental Material S4. To be

consistent with the evaluation of particle size computed
from micro-CT data, the grain size computed from image
analysis in thin section is based on the short-axis of a grain.

Before any processing, sample images were cropped
to avoid artefacts from the background image of the thin
section. For the preprocessing step, each stitched image of
a thin section was converted to a greyscale (8-bit image).
Noise was reduced by enhancing contrast (images are
enhanced when the command Equalize histogram is
checked) and by applying filters such as “Median” that re-
places each pixel with the neighbourhood median.

For the segmentation step, different thresholds were
later applied to produce a binary image. For each thin
section image, two binary images were produced. A first
image to which the darkest grains were isolated (e.g.,
clay or some feldspar) by choosing a range of relatively
low grey-level values that were manually selected using
the threshold sliders. A second binary image was pro-
duced where the lightest grains (e.g., quartz, carbonate
and feldspar) were isolated by selecting a range of rela-
tively high grey-level values with the threshold sliders.
Attempts were made to visually cover the maximum
number of grains and avoid the matrix for each range of
threshold. Threshold values are different for each sample
because of different mineral composition and settings
during image acquisition (e.g., brightness) and thus dif-
ferent grey-level values. Using the plugin MorpholibJ in
Image], a distance transform watershed map (Distances:
Quasi-Euclidean (1,1.41); output Type: 32 bits; Dynamic:
2.00; Connectivity: 4) was created, to separate the touch-
ing grains in the best possible way. Grain discretisation
was improved by multiplying the original binary image
by the distance transform watershed map. The resulting
map was labelled using the MorpholibJ plugin (“Set label
map”), so that each pixel corresponds to the integer index
of the particle it belongs to. From the resulting map, the
value of the short-axis of each grain along with its co-
ordinates were exported using the MorpholibJ plugin in
Image]. The grain-size data measured with ImageJ was
analysed using the Matlab grainmap code from Falvard
and Paris (2017) giving a grain-size map of the sample.
Because values differed from those in the original Matlab
code, the grain size (ranging from very-fine to coarse
sand in this study) and colour bar scale were modified
to best fit the dataset. This permits a 2D visualisation of
the size and distribution of grains and structures along
the sample.

3 | TERMINOLOGY

Sedimentary texture and structures—Sedimentary texture
refers to the small-scale character of a rock such as the
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shape, size, sorting and 3D arrangement of the compo-
nent grains. Variations in textural characteristics are the
product of physical (sediment transport), chemical (e.g.,
chemical reactions between particles and/or pore fluids)
and biological processes (animal or plant life modifying
sediments) (Collinson, 2019 and references therein). Only
primary physical sedimentary structures were considered
in this study. If physical conditions or sediment supply
vary during transport, laminations of different charac-
ter are often the result (Campbell, 1967), and it is these
compositional and textural differences that make the sedi-
mentary structure visible to the naked eye. Examples of
common primary sedimentary structures in deep-marine
sandstones are graded bedding, plane-parallel and cross
lamination.

Grains versus particles—“Grains” are referred to here
as the coarsest components of sandstones (> clay size).
This includes detrital grains such as quartz, feldspar, cal-
cite or dolomite. “Particles” are seen as volumes formed
by homogeneous CT density distribution. The term “par-
ticle” is only used in the analysis of CT data. Grains with
touching borders, a size below the CT- object resolution
(< very-fine sand) and showing a homogeneous density
distribution are seen as a single interconnected particle.
In this case, and especially for the matrix component,
the measured particle size is coarser than the true grain
size.

Matrix—The fine-grained component (< very fine
sand) filling the spaces between the detrital grains is
referred to the matrix. Matrix is commonly composed
of clay-sized and silt-sized calcite, dolomite, quartz
or feldspar. In this paper, the cement is considered
“matrix”, as it cannot be distinguished with micro-CT
techniques.

4 | RESULTS

4.1 | Upper-Cretaceous Gosau sample

4.1.1 | Observed micro-CT characteristics

The micro-CT image of the sample from the Gosau
Formation (Figure 6A) shows a progressive decrease in the
distribution of low-density particles (dark particles) from
the base to the top of the sample (Figure 6B). The first cen-
timetre at the base, composed mainly of low-density par-
ticles, shows no particular organisation. The remainder of
the sample is composed mostly of alternating low-density
and high-density particles forming millimetre-scale lami-
nae (up to 5mm thick) throughout the sample. The micro-
CT image clearly shows a decrease in laminae thickness
from the base to the top of the sample.

4.1.2 | Computed size and distribution
of particles

Three density thresholds are defined (Figure 6C through
F; Supplemental Material S3). The highest-density win-
dow ranges from 1605 to 2378 mgHA/cm’. It shows a
volume fraction of 0.025 and a mean particle size of
0.4725mm (Table 1). High-density particles partially
highlight the sedimentary structures; however, it is in a
minor proportion. High-density particles fill most of the
fracture that cross-cuts the sample (Figure 6D)—the sig-
nificant increase in high-density particle size in the lower
and middle part of Figure 6C is related to the presence
of the fracture fill. Large computed particle size is due to
limitations of the algorithm to calculate particle dimen-
sion lower than very-fine sand (see Section 5.4).

The middle-density window, ranging from 1189 to
1604mgHA/cm’, has a mean particle size of 0.3221 mm
and a volume fraction of 0.7489 (Table 1). Middle-density
particles are most likely related to the matrix (Figure 6E).
In some cases where the matrix is composed mostly of
silt-size particles below the resolvable object resolution of
ca 63um (see Section5.4) and with the same CT density,
the algorithm cannot identify particle edges (intercon-
nected particles) and computes a coarse particle size. This
is mainly confined to the sample edges (Figure 6E). This
is considered an artefact and should not be considered in
the analysis of particle distribution. It also results in a rel-
atively large particle size as observed in Figure 6C.

The low-density window, ranging from 423 to 1188
mgHA/cm?, shows a volume fraction of 0.1796 with a
mean particle size of 0.136mm (Table 1). Low-density
particles demarcate the plane-parallel lamination (indi-
cated by arrows in Figure 6F) with a decreasing laminae
thickness and particle size towards the top of the sample.
Sedimentary structures are visualised by the variation in
particle size and volume fraction of the low-density parti-
cles as observed in Figure 6C.

4.1.3 | Micro-XRF

Two chemical-element assemblages are observed. The
first one, marking out the lamination throughout the
sample (light pink and yellow lamination in Figure 6G),
consists of silica (pink) and potassium (yellow in
Figure 6G). By combining these chemical elements,
these laminations are likely composed of quartz (pink),
K-feldspar (yellow) and clay (orange interpreted from
the combination of silica (pink) and magnesium (brown)
or silica and potassium (yellow)). In contrast, thicker
laminae show a high content of magnesium, silica and
calcium and are interpreted to be composed mainly of
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FIGURE 6 (A)Turbidite sampled from the Upper Cretaceous Gosau Group showing a structureless base overlain by plane-parallel

lamination, that could be visually interpreted as T, and T, divisions of the Bouma sequence (Bouma, 1962), respectively. (B) Native micro-CT

image. (C) Graphs showing computed particle size and volume fraction for each CT density window. Note that, in some places the mean size of

high-density particles is >0.6 mm and coincides with the homogeneous density of the fracture fill crossing the sample, which is computed as large

interconnected particles. (D) 3D distribution of high-density computed particle size and in a vertical cut oriented parallel to palaeoflow direction.

(E) 3D distribution of middle-density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. (F) 3D distribution

of low-density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. Arrows indicate parallel laminations. (G)

Micro-XRF map. (H) Thin section image (PPL=plane-polarised light). (I) Grain-size map computed from thin section image analysis.

dolomite (brown) and clay (orange), which is most likely
related to the matrix composition. This is confirmed by
other chemical elements in Supplemental Material S5
and thin section analysis.

Combining the micro-CT and micro-XRF data sug-
gests that the low-density particles correspond to the
silicate fraction (e.g., quartz and feldspar) whereas the
middle-density particles are related to the mixture of
silicate and carbonate fractions that mainly form the
matrix. The high-density particles correspond to the
carbonate fraction and especially to calcite as shown by
the fracture fill.

4.1.4 | Petrography and grain size

The Gosau sample is a poorly sorted arenite dominated
by quartz with significant alkali feldspar (Figure 7). Micas
and plagioclase are common and carbonate minerals
are rare. Clay flocs are common and increase in abun-
dance upward. Grains are sub-angular to sub-rounded. A

fine-grained micritic carbonate matrix fills the space be-
tween larger detrital grains and some quartz and feldspar
grains are surrounded by a calcite cement (Figure 7).

Grain-size analysis by image analysis of thin sections
gives a grain size up to 0.50mm (grain short axis). Mean
grain size calculated for the light-coloured grain fraction
is 0.0450mm. Mean grain size computed for the dark-
coloured grain fraction is 0.0476 mm (Table 1). A general
fining upward trend is observed whereas individual lami-
nae are demarcated by distinct and sharp changes in grain
size (Figure 61).

4.2 | Middle-Eocene Hecho sample

4.2.1 | Observed micro-CT characteristics

Micro-CT data of the Hecho sample (Figure 8A) shows
a general mixture of high-density and low-density parti-
cles, although a progressive upward decrease in the pro-
portion of high-density particles is noted (Figure 8B). No
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TABLE 1 Summary table highlighting the detailed results of micro-CT, computed particle size from micro-CT for each density window,
micro-XRF, optical petrography and computed grain size from thin section analysis for each sample.

Naked-eye observed
sedimentary
structures

Observed micro-CT
characteristics

Gosau Group Sample, Poorly
sorted arenite

Structureless and plane-parallel
lamination

Decrease in low-density particles
from base to top

Internal structures highlighted by
low-density particles

Density thresholds (mgHA/cm®)

High density (HD)
Middle density (MD)

Low density (LD)

Computed particle-size
from micro-CT

Micro-XRF and
chemical elements

Petrography and
computed grain-size
from thin-section
image analysis

1605-2378 }Bulk
1189-1604
423-1188 :IL Internal structures

HD: Mean particle
size =0.4725mm
Volume fraction =0.025
Fracture infill
MD: Mean particle
size=0.3221 mm
Volume fraction=0.7489
No trend (matrix)
LD: Mean particle size=0.136 mm
Volume fraction=0.1796
Lamination

Bulk (matrix)=Mg, Ca, Si
Sedimentary structures=Si, K

Qz, Al-Feld dominant; micritic
carbonate (dolomite) matrix,
calcite cement

Grain size up to 0.5 mm

Mean light-grain size =0.0450 mm

Mean dark-grain size =0.0476 mm

Hecho Group sample, Well to
poorly sorted arenite

None/Structureless

Decrease in high-density particles
from base to top

Internal structures highlighted by
low-density particles

1453-2378
1151-1452 [ Bulk
432-1150 } Internal structures

HD: Mean particle size =0.1392mm
Volume fraction=0.2194
Fining upward

MD: Mean particle

size =0.1928 mm
Volume fraction =0.7399
No trend (matrix)
LD: Mean particle size=0.1151 mm
Volume fraction =0.0399
Lamination

Bulk (matrix)=Ca, Si, K, Mg

Qz, Feld, calcite dominant; micritic
carbonate matrix, calcite cement

Grain size up to 1 mm

Mean light-grain size =0.0491 mm

Mean dark-grain size =0.0490 mm

Annot Formation sample,
Moderately well sorted arenite

Plane-parallel, convolute and
ripple-cross lamination

Dominated by low-density
particles

Internal structures highlighted by
high-density particles

1381-2378 }— Internal structures

}Bulk

HD: Mean particle
size =0.0867 mm
Volume fraction=0.0186
Lamination
MD: Mean particle
size=0.1281 mm
Volume fraction =0.5467
No trend
LD: Mean particle size=0.11 mm
Volume fraction =0.2738
No trend

Bulk (matrix)=Si, K, Ca
Sedimentary structures =K, Mg,
Al

1071-1380
423-1070

Qz, Feld, mica dominant; calcite
minor; poor proportion of fine-
grained matrix

Grain size up to 0.75 mm

Mean light-grain size =0.0473 mm

Mean dark-grain size =0.0552 mm

internal sedimentary structure is observed. The patch of
low-density particles in the middle of the sample is most
likely related to bioturbation.

4.2.2 | Computed size and distribution
of particles

Three density thresholds are identified (Figure 8C;
Supplemental Material S3). The category of high-density
particles ranges from 1453 to 2378 mgHA/cm® with a
mean particle size of 0.1392mm and a total volume frac-
tion of 0.2194 (Table 1). Particle size observed in the high-
density category shows a progressive upward decrease
(Figure 8C), but no obvious internal structure is observed
(Figure 8D).

The middle-density particles range from 1151 to 1452
mgHA/cm® with a mean particle size of 0.1928 mm and a
volume fraction of 0.7399 (Table 1). The upward increase
in particle size (Figure 8C,E) is related to the limits of the
algorithm to compute particle size below very-fine sand
(see Section 5.4). No internal structure is observed in this
particle-size category (Figure 8E).

The low-density window ranges from 423 to 1150
mgHA/cm®. It shows a mean particle size of 0.1151 mm and
a total volume fraction of 0.0399 (Table 1). As observed in
the graph of low-density particle size variation (Figure 8C)
as well as in the 3D distribution of particles (Figure 8F),
low-density particles show internal structures such as
millimetre-thick plane-parallel lamination in the lower half
of the sample and downflow-cross lamination in the upper
half of the sample (as highlighted by arrows in Figure 8F).
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Thin section overview with main minerals

Details on cement and matrix types (composition)

Upper Cretaceous Gosau|y:
Muttekopf Formation
(Austria)

Fi
dolomitic matrix

Eocene Hecho Group
(Spanish Pyrenees)

m'egramea']

calcite matrix

Oligocene Annot
Formation
(SE France)

calcite matrix

i Fine-grained
Carbonate cement matrix

FIGURE 7 Chart of photomicrographs summarising the different mineral phases observed in thin sections from the three study areas.

Qz = Quartz; Kf=Potassium feldspar; Mi=Mica; Ca= Calcite; PPL = plane-polarised light; XPL = Crossed-polarised light.

A progressive decrease in low-density particle size is ob-
served from the base to the top of the sample (Figure 8C).

4.2.3 | Micro-XRF

The sample of the Eocene Hecho Group shows abundant
calcium (attributed to calcite from thin section analysis)
that decreases upward. Silica (=quartz) is also present
throughout the sample (Figure 8G). No obvious internal
sedimentary structure, as revealed by mineral segrega-
tion, is observed in the sample.

After alignment and comparison between micro-CT
and micro-XRF data, it is inferred that calcite grains are
related to the highest-density particles in the micro-CT.
The middle-density particles representing the highest vol-
ume fraction, are related to the carbonate matrix. Finally,
the lowest-density particles are related to the silicate frac-
tion made up of quartz and feldspar grains.

4.2.4 | Petrography and grain size

The sandstone sample from the Eocene Hecho Group is
classified as an arenite. Although, not a well-sorted arenite,
the sorting is better than in the Gosau sample. The main

mineral phases consist of quartz, feldspar (alkali feldspar
and plagioclase) and carbonate minerals (e.g., calcite and
dolomite) (Figure 7), the latter showing a decrease in abun-
dance towards the top of the sample. Mica and clay flocks
are abundant towards the top of the sample. Grains are sub-
angular to sub-rounded. Like in the Gosau sample, a fine-
grained micritic carbonate matrix fills the space between
grains. Carbonate cement is common surrounding quartz
and feldspar grains. Nummulites are also observed.

Based on thin section image analysis (Figure 8I), a
progressive upward decrease in grain size is observed
and the mean size of light-coloured (0.0491mm) and
dark-coloured (0.0490mm) grains is virtually identical
(Table 1).

4.3 | Oligocene Annot Formation sample

4.3.1 | Observed micro-CT characteristics

The micro-CT image of the Annot Formation sample
(Figure 9A) shows the highest content of low-density par-
ticles throughout the sample (Figure 9C; Supplemental
Material S3) compared to the Gosau and Hecho samples.
The upper 2cm of the sample, which represents the mud cap
of the turbidite, consists mostly of middle-density particles.
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FIGURE 8 (A) Structureless turbidite from the Eocene Hecho Group, that could be visually interpreted as the T, division of the Bouma
sequence (Bouma, 1962). (B) Native micro-CT image. (C) Graphs showing computed particle size and volume fraction for each CT density
window. (D) 3D distribution of high-density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. (E) 3D
distribution of middle-density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. (F) 3D distribution
of low-density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. Red arrows indicate plane-parallel
lamination. Green arrows indicate downflow-cross lamination (G) Micro-XRF map. (H) Thin section image (PPL = plane-polarised light).

(I) Grain-size map computed from thin section image analysis.

432 |
particles

Computed size and distribution of

The high-density particles range between 1381 to
2378 mgHA/cm® (Figure 9C). The high-density win-
dow shows the lowest volume fraction (0.0186) and the
smallest mean particle size (0.0867 mm) (Table 1). The
coarsest fraction of the high-density particles underlies
the internal structures in the sample (Figure 9D), with
mean particle size above 0.1 mm within the lamination
at the base of the sample (Figure 9C). An increase in
the mean particle size (>0.1 mm) is observed at the top
of the sample, however, this is induced by the presence
of clay (mud cap) and the limit of the algorithm com-
puting particle size in this fine-grained material (see
Section 5.4). Similar trends are exhibited by the middle-
density and low-density particles.

The middle-density window (from 1071 to 1380 mgHA/
cm®) has the highest mean volume fraction in the sample
(0.5467) and the largest mean particle size (0.1281 mm)
(Table 1). Although they are not well resolved in the 3D re-
construction in Figure 9E, internal structures are character-
ised by a decrease or an increase in the volume fraction of
the middle-density particles (Figure 9C). The middle density
particle size progressively decreases upwards (Figure 9C).
The marked decrease in the volume fraction at the top of
the sample is related to the computing method as particles
were analysed on a square rather than a delimited (with de-
fined boundaries) sample due to time constraints (at least
two additional days of computing). As for the high-density
window, there is a significant increase in the mean parti-
cle size at the top of the sample (Figure 9E) due to the lim-
its of the algorithm to compute very-fine particle size (see
Section 5.4). Based on comparison with the micro-XRF
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FIGURE 9 (A) Turbidite from the Annot Formation showing plane-parallel lamination overlain by ripple-cross and convolute
lamination, that could be visually interpreted as the T}, and T, divisions of the Bouma sequence (Bouma, 1962), respectively. (B) Native
micro-CT image. (C) Graphs showing computed particle size and volume fraction for each CT density window. (D) 3D distribution of high-
density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. Arrows indicate sedimentary structures.
(E) 3D distribution of middle-density computed particle size and in a vertical cut oriented parallel to the palaeoflow direction. (F) 3D
distribution of low-density computed particle size and in a vertical cut oriented parallel to the palacoflow direction. (G) Micro-XRF map.
(H) Thin section image (PPL = plane-polarised light). (I) Grain-size map computed from thin section image analysis.

map, it is inferred that the middle-density particles are most
likely related to the fine-grained matrix.

The low-density window (from 423-1070 mgHA/cm?)
has a volume fraction of 0.2738 and a mean particle size
of 0.11mm (Table 1). As for the other density windows,
variation in the volume fraction and particle size define
laminations along the sample (Figure 9C). Similar to the
middle-density window, the low-density window includes
the fine-grained matrix.

4.3.3 | Micro-XRF

Compared to the Gosau and Hecho Group samples, the
Annot sample is dominated by silica related to quartz
(Figure 9G). Dark blue/ purple dots scattered through-
out the sample (Figure 9G), are most likely due to the

superposition of potassium, silica and calcium which
can be attributed to feldspar (K-feldspar, plagioclase)
minerals. Internal structures are highlighted by a high
content of potassium and magnesium attributed to clay
minerals (yellow/orange colour in Figure 9G). This is
confirmed by the high aluminum content observed in
the lamination (see Supplementary Material 5). Both
quartz and feldspar are part of the bulk minerals of the
sample, whereas laminations are formed by clay segrega-
tion. Calcium, and hence calcite was absent in the micro-
XRF data.

Combined with the micro-XRF data, it is inferred that
the high-density particles highlighting the lamination
are most likely related to clay minerals. The low-density
and middle-density particles, on the other hand, are re-
lated to the silicate fraction including quartz, feldspar and
plagioclase.
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4.3.4 | Petrography and grain size

The sandstone sample from the Oligocene Annot
Formation is categorised as a moderately well-sorted
arenite. Its composition can be characterised as a sub-
arkose with the main detrital components being quartz,
K-feldspar and mica (Figure 7). Calcite grains are also pre-
sent and decrease upwards. Compared to the Gosau and
Hecho formations there is a higher proportion of mica
minerals and elongated clay minerals that highlight the
internal sedimentary structures. A fine-grained matrix
fills the space between the grains, however it is less abun-
dant compared to the Gosau and Hecho samples. Calcite
cement is present but rare (Figure 7).

Grain size calculated from thin section is up to
0.750mm. The mean sizes for light-coloured and dark-
coloured grains are 0.0473mm and 0.0552mm, respec-
tively (Table 1). A progressive fining upward trend is
observed. Some laminae are clearly visible in the com-
puted grain-size map, such as coarse-grained lamination
at the base of the sample (Figure 9I).

5 | DISCUSSION

5.1 | Micro-CT: a new tool to characterise
textural properties and assess internal
sedimentary structures

Sedimentary textures and structures resulting from fluid-
particle interaction (Harms, 1979) are key in the inter-
pretation of the physical conditions of SGF at the time of
sediment deposition (Allen, 1982; Baas et al., 2004). Thus,
it is necessary to assess internal sedimentary structures
as accurately as possible to unravel flow characteristics.
Internal sedimentary structures result from the segrega-
tion of grains due to differences in size, shape and density
(Picha & Cline, 1973; Paola et al., 1989; Cheel, 1990; Best
& Bridge, 1992; Collison, 2019). The latter corresponds to
the mineralogical composition of the grains. As observed
in the samples from this study, grain size and mineral
composition are closely tied as the coarse-grained and
fine-grained materials usually show different mineral
composition. Although one of the limitations of most CT
systems is the inability to discriminate between mineral
types (overlap in X-ray attenuation), the X-ray attenuation
is sufficiently different to distinguish between the silicate
and carbonate fractions. In contrast, micro-CT techniques
provide the opportunity to isolate grains based on their
CT density values. This allows the isolation of the detri-
tal grains commonly related to the coarsest fraction and
highlighting sedimentary structures from the fine-grained
matrix showing a different CT signature due to different

mineral composition. Although it is valid and observed in
all the studied samples, it is particularly well highlighted
in the Gosau sample (Figure 6D,E,F).

The micro-CT technique is also useful for resolving sed-
imentary structures that are invisible to the naked eye, e.g.
for samples that have a mineralogical and/or granulomet-
ric homogeneous appearance. For the Hecho sample, rich
in carbonate grains and showing a carbonate-rich matrix,
no sedimentary structures appear visible due to grain-size
segregation. However, when isolating the detrital low-
density silicate fraction, sedimentary structures appear to
be visible on the micro-CT image (Figure 8F). A first ap-
proach of using CT techniques to study structureless de-
posits was already conducted by Hamblin (1965), where
he detected “micro-cross lamination” in homogeneous
sandstones. Although medical CT (Nelson et al., 2009)
and micro-CT (Sabatier et al., 2022) are often used to
highlight structures in homogeneous unconsolidated sed-
iments, to the best of the authors knowledge, no micro-CT
based study has been carried out to unravel the fabric of
structureless lithified deposits. This study brings back into
focus the interpretation of visually structureless deposits
in the field (Allen, 1971; Hiscott & Middleton, 1980; Patel
et al., 2022) stressing the need for analysing mineral com-
position and grain sorting of the deposits before reach-
ing any interpretation in terms of depositional and/or
post-depositional processes of structureless deposits. This
example shows the significant potential of micro-CT to
analyse sedimentary structures, especially when no sedi-
mentary structures are macroscopically visible.

5.2 | Micro-CT versus thin section
in the visualisation of internal
sedimentary structures

There are many advantages in the use of micro-CT com-
pared to thin section for resolving internal sedimentary
structures: (i) the time commitment is comparatively
short for micro-CT (about ca 15min for coring the sam-
ple, ca 50 min per centimetre scanning, ca 2 hours of post
processing, and ca 6hours of computation) compared
with thin section (several days for thin section produc-
tion, and several hours for thin section analysis); (ii) mi-
cro-CT scanning is considered a non-destructive method
in which structures of the sample are preserved whereas
thin section production can be disruptive and even de-
structive (e.g., breaking the sample to fit the thin section
size or impregnation preventing subsampling); (iii) the 3D
volume and quantification of the sandstone component
(based on their CT density phase) computed from micro-
CT allows a better visualisation of structures (e.g., Hecho
sample), something that is not possible in thin section
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analysis; and (iv) it is possible to observe structures in
every direction with micro-CT techniques whereas the
plane of thin sectioning is rarely accurately aligned with
the targeted structures which can lead to final misinter-
pretation, especially for complex 3D structures or chang-
ing structure orientation through the sample. Indeed, the
micro-CT technique offers a better visualisation of the
internal 3D structures of sandstones than the commonly
used 2D characterisation tools such as thin sections with
optical microscopy (Davis & Ethridge, 1975; Oren &
Bakke, 2002; Asnussen et al., 2015; Bukharev et al., 2018),
or higher magnification techniques like scanning electron
microscopy (Krinsley et al., 1998; Bera et al., 2011), or
simply with the naked eye in outcrop. Two dimensional
images, especially 2D thin section images as presented in
this study, do not provide the spatial relationship of sedi-
mentary structures that can be much more complex in
3D (Figure 10). Direct comparison between thin section
image and isolated 3D micro-CT density-window images
show that sedimentary structures are better resolved in
selected 3D density windows than in 2D (Figure 10).
Micro-CT can give good indication on the lamination in
3D and thus on the palaeoflow direction or regime (e.g.,
orientation of cross-lamination), something that could be
missed in 2D depending on the 2D view plane. Thus, 2D
visualisation of sedimentary structures from thin section
or by direct observation in outcrop can lead to a limited

interpretation of the depositional processes at the origin
of the structure.

From the evidence presented it is clear that 3D imag-
ing by micro-CT techniques has considerable potential
within the research of deep-marine sandstones. However,
like any technique, it also has limitations (see Section 5.4
for details) and thin sections still provide information that
cannot be obtained through micro-CT. Thin sections give
an incomparable resolution of the physical properties
within the sedimentary structures, enabling detailed fab-
ric analysis at the grain scale, especially in case of grains
finer than very fine sand. It is important to acknowledge
that Bendle et al. (2015) observed comparable textural
variation between micro-CT images of thin sections (ca
21.1 pm voxel size) and thin section images of glaciolacus-
trine unconsolidated sediments. However, they stipulated
that there is a need to reduce the sample size (from 48,000
to 1000 mm®) to generate such small voxel resolution and
reach similar observation between micro-CT and thin sec-
tion analysis.

As a consequence, depending on the research target,
micro-CT does not represent a stand-alone replacement
for thin section analysis in sandstones. Instead, micro-CT
should be seen as a reliable companion method, with
advantages like being time-saving, non-destructive, and
allowing systematic visualisation of 3D sedimentary struc-
tures. If more details are needed about the grain fabrics

Annot
sample

Micro-CT native

Micro-CT particle size

Micro-CT particle size
Middle-density window

Micro-CT patrticle size
High-density window

5mm 0 (mm) 0.750
| M—

-2.676 [1/cm] am

Micro-CT particle size
Low-density window

1 mm

Thin section

FIGURE 10 Comparison between
the 3D micro-CT data and thin section
image based on selected data near the
base of the Annot sample. Isolation of the
different density windows permits a better
visualisation of the internal sedimentary
o structures, compared to the 2D thin

section image.
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or mineral composition forming the internal structures,
micro-CT analysis should be complemented with (i) geo-
chemical (e.g., XRF) or mineralogical analyses (e.g., X-ray
diffraction) to correlate density windows to mineral phase
and have a 3D rendered volume of each sandstone compo-
nent and/or (ii) high-resolution petrographic analysis to
obtain textural details at the grain scale.

5.3 | Micro-CT: towards a new tool to
evaluate grain-size trends

Grain size reflects the energy level of SGFs and is related to
the type of SGFs, while sorting is related mostly to the lon-
gitudinal grading of the SGFs (Walker, 1967; Komar, 1989;
Hiscott, 1994; Dorrell et al., 2013). Thus, accurate and con-
sistent measure of grain-size distribution in deep-marine
sandstones are needed to better understand the processes
at its origin. However, the determination of grain-size

FIGURE 11 Illustration of the
differences between grain size computed
from thin section (left column) and
particle size computed from micro-CT
data (right column). Depending on the
plane of observation in the thin section
(here horizontal and vertical) the length
of the grain short axis varies. In contrast,
particle size computed from micro-CT
data is similar irrespective of orientation
and therefore provides more consistent
particle-size data. Example from the
Hecho Group turbidite.

distribution in sandstones is problematic. The common
sieving technique to measure the grain-size distribution
in unconsolidated sediment does not apply efficiently to
sandstones. Indeed, after disaggregation of cemented sand-
stones, the presence of broken grains or grain aggregates
will bias the results. Until now, grain-size analysis of sand-
stones is typically based on point counting techniques in
thin section (Ingersoll et al., 1984; Stevenson et al., 2020) or
by image analysis of thin sections (Schéfer & Teyssen, 1987;
Francus, 1998; Hiineke et al., 2021). Although the use of
thin section analysis to measure grain size is valuable,
there is still an on-going debate about the measurement
of random sections through grains (apparent size) rather
than their actual dimensions (true size) (Johnson, 1994;
Buscombe, 2013), leading to a lack of consistency in the
analysis of grain-size distribution (Figure 11).

In Earth Science, measuring grain size based on CT
data is not new and has already been tested on ore depos-
its (Evans et al., 2015), individual targeted grains (e.g.,

3D rendered volume
. L
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apatite; Cooperdock et al., 2019) or on sediment-core
samples (Orru et al., 2012; Paris et al., 2020; Al-Mufti
etal., 2022). However, until now, the measurement of grain
size from micro-CT data in sandstones has not been pre-
sented. Here the bubble growing algorithm of Hildebrand
and Riiegsegger (1997) makes particle-size measurement
from micro-CT sandstone data possible. One advantage of
this technique compared to grain-size measurement from
thin section, is the consistency of the results. Indeed, from
micro-CT data, the same axis (short axis in this study) for
each particle is measured thanks to its visualisation in 3D
(Figure 11). The consistent particle-size measurement and
the 3D visualisation provided by the micro-CT will lead to
more reliable models of particle size and its trends, and
thus to more accurate interpretations.

If we compare the grain-size maps obtained by image
analysis of thin sections and the particle-size images
computed from micro-CT data, grains and particles show
comparable distributions along the three samples (see
Figures 61, 81 and 9I for grain-size map of each sample).
This supports the use of micro-CT techniques to recon-
struct size and distribution of grains. However, if the
mean grain sizes obtained by thin section image analyses
are compared to the mean particle sizes computed by mi-
cro-CT, some differences are noted. Indeed, mean grain
size is one tenth smaller in thin section compared to com-
puted mean particle size in micro-CT (Table 1). This is cer-
tainly related to the combination of: (1) limitation of the
micro-CT algorithm to compute particle size smaller than
very fine sand, which result in clusters of particles that are
larger than the actual dimension of the component grains;
and (2) selection of very small particles that are part of
the matrix/cement (difficulty in differentiating very fine
grains from matrix/cement) during image segmentation
of thin section images.

5.4 | Limitations of the described
algorithm and micro-CT

The maximum theoretical resolution of the micro-CT setup
used in this study is 10.5 pm with a FOV of 21 mm. However,
to improve the image quality, and thus the segmentation
results, hardware binning was implemented, leading to an
increased voxel size of 21 um. This impacts directly on the
resolvable grain size (>63pum) leading to the fact that (i)
grains near the limit of resolution tend to be overestimated
(as the potential partial volume effect leads to an increase
in the particle volume) and (ii) grains below the resolution
limit will be considered as an interconnected particle (as
they cannot be separated from each other due to the par-
tial volume effect). This is well illustrated in the three sam-
ples of this study, where the fine-grained matrix shows the

largest mean particle size (see also discussion in Elkhoury
et al., 2019). A solution to minimise the partial volume ef-
fect and increase the grain resolution would be to increase
the scanning resolution. Another solution is to supersample
images to artificially decrease the voxel size above the nor-
mally achievable resolution. Both of these solutions require
an increase in exposure time per projection to keep the SNR
on high levels (Peyrin et al., 1998).

Until now, another limitation of the algorithm used
here is that no individual grain can be distinguished be-
cause of the inability to detect the boundaries between
touching grains of the same CT density. Note that this does
not affect the measured short-axis of the particle size com-
puted by the algorithm. In the future, potential solutions
to distinguish individual grains would be to implement
and test 3D watershed methods (Higgins et al., 1993).

Due to the usage of a conventional X-ray source, only
a trend in mineral composition (e.g., silicate versus car-
bonate fraction) can be observed in the micro-CT im-
ages. The potential of using synchrotron X-ray radiation
may lead to higher contrast between mineral phases.
Although synchrotron micro-CT has its potential, avail-
ability and costs are inhibiting factors. Another method
to distinguish mineral phases could be the application
of a dual energy CT. Dual energy settings make use of
the fact that certain elements have different attenua-
tion properties at different photon energies (Genant &
Boyd, 1977). A problem with dual energy analysis is
the 70kV maximum voltage of the system. Indeed, low
energies lead to penetration problems of the X-rays in-
ducing significant cupping and streak artefacts (for high
density minerals). As for dual energy CT a proper align-
ment is needed between the high and low energy scan,
these artefacts make it nearly impossible to properly
match the differences in attenuation to obtain the ele-
mental information. Therefore, higher energy systems
are required for dual energy evaluations.

Concerning the current subjective approach of CT
density threshold selection, automated threshold esti-
mation algorithms (e.g., OTSU thresholding; Otsu, 1979)
were tested but no structural fitting solution was found.
Current developments using artificial intelligence show
promising results to provide a proper automated solution.
However, the number of samples in this study is too small
to provide a reliable training dataset.

5.5 | Wider implications for
lithified sandstones

As shown by this study, the micro-CT technique is a new
tool to better visualise the primary (depositional) fabric
of sandstones providing a better assessment of internal
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sedimentary structures (including the ones invisible to
the naked eye) and a consistent appraisal of particle size
distribution. Fabric development is directly linked to the
palaeohydraulic conditions of the SGF during deposi-
tion (Middleton, 1965; Allen, 1970; Arnott & Hand, 1989;
Baas, 2004; Sumner et al., 2008; Talling, 2013). Thus,
micro-CT would be a valuable tool in reconstructing the
physical flow conditions during deposition of deep-marine
sandstone beds, including waning and waxing conditions.
The opportunity to compute the volume of the coarse-
grained fraction versus fine-grained (matrix) fraction
could also give a more accurate interpretation on the type
of deposits and related processes, for example, matrix-rich
versus matrix-poor sandstones (Terlaky & Arnott, 2014;
Ningthoujam et al., 2022).

The textural and mineralogical development of sand-
stone fabrics is almost equally universal in the sedimen-
tary realm. Thus, the assessment of sandstone grain
fabrics using micro-CT is not restricted to deep-marine
sandstones but can also be applied to sandstones from
a variety of depositional environments such as shallow-
marine, fluvial and glaciogenic environments.

6 | CONCLUSIONS

This study explores the potential of micro-CT techniques
to characterise textural properties and sedimentary struc-
tures in deep-marine sandstones. Because of the im-
portance of the mineral composition in the formation,
preservation and visualisation of sedimentary structures,
micro-CT analysis is complemented with geochemical
analysis based on micro-XRF mapping and petrographic
analysis in thin sections. This multi-disciplinary approach
is tested on three turbidite samples showing different min-
eral composition and textural properties: a poorly sorted
arenite from the Gosau Group in the Muttekopf Basin
(Austria); a well to poorly sorted arenite from the Hecho
Group in the Ainsa Basin (Spain); and a moderately well
sorted arenite from the Annot Formation (France).

Comparable distributions between particle size com-
puted from micro-CT and grain size computed from thin
section image analysis are documented, implying that mi-
cro-CT produces valuable data to reconstruct grain-size
trends. The particle distribution permits a better visualisa-
tion of the texture, and thus sedimentary structures in 3D.
By isolating particles based on their CT density, it is possi-
ble to separate the coarsest (detrital) fraction marking out
the sedimentary structures from the fine-grained matrix.
This technique allows the visualisation of sedimentary
structures that otherwise are poorly resolved with the
naked eye, especially in strata with uniform grain size and
mineralogy.

Compared to 2D thin section analysis, there are many
advantages in using micro-CT to analyse sediment textural
properties. It is a non-destructive and time-saving tech-
nique as well as allowing a systematic visualisation of 3D
sedimentary structures. Because of the limitations of mi-
cro-CT to identify mineral phases or to measure particles
smaller than very fine sand, companion methods such as
geochemical or high-resolution petrographic analyses are
needed to provide supplemental information about grain
fabric at the grain scale or mineral composition.

Micro-CT is an innovative tool to better visualise pri-
mary sedimentary structures in lithified SGF deposits, and
thus an excellent technique to include in the reconstruc-
tion of palaeoflow conditions and depositional processes
at the origin of the deposits.
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