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ABSTRACT 23 

A new application of micro-CT on consolidated sediment-gravity flow deposits is presented 24 

with the objectives to characterize its internal sedimentary three-dimensional (3D) structures. 25 

The proposed concept is applied to three types of deep-marine sandstones, sampled in study 26 

areas showing different compositional properties: the Upper Cretaceous Gosau Group 27 

(Austria), the Eocene Hecho Group (Spain) and the Oligocene Annot Formation (France). From 28 

micro-CT data, the particle-size distribution is reconstructed in 3D, permitting a better 29 

visualization of the sedimentary structures showing distinct density contrast (grains versus 30 

matrix), most of the time, non-visible in 2D. Particle-size distribution show similar trend than 31 

grain-size computed from thin-section image analysis, testifying of the reliability of the micro-32 

CT computed particle-size distribution. Because of the limitation of micro-CT to distinguish 33 

mineral phases, micro-CT data are complemented by micro-XRF and thin-section petrographic 34 

analysis. By separating particles based on their CT-density, it is possible to isolate the coarsest 35 

fraction underlying the sedimentary structures from the fine-grained matrix. Although some 36 

sedimentary structures do not appear visible from micro-XRF or thin-section analysis, due to 37 

too homogeneous mineral composition or grain size in the original flow or similar composition 38 

between matrix and grains, micro-CT techniques highlight internal sedimentary structures by 39 

isolating the coarsest fraction. This study brings into light (i) the potential of micro-CT and 40 

particle-size distribution in the analyses of sedimentary structures from outcrop data and related 41 

interpreted processes (sediment transport) and (ii) the importance to consider the mineralogical 42 

composition and the degree of grain sorting before to reach any interpretation of the processes 43 

at the origin of structureless deposits. Considering the importance of the sedimentary-structure 44 

visualization towards a reliable interpretation of processes at the origin of the deposits, micro-45 

CT technique is a new and reliable tool to assess the physical properties of consolidated 46 

sandstones and read their internal sedimentary 3D structures. 47 
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1. INTRODUCTION 68 

Over the last past several decades, medical X-ray computer tomography (CT) was widely used 69 

in the Earth Sciences, for imaging geological samples (Ketcham and Carlson, 2001). It has 70 

gained acceptance as a routine core analysis tool, highlighting the surface as well as the internal 71 

features, including bedding, sedimentary structures, fractures or cement distribution (e.g., Orsi 72 

et al., 1994; Baraka-Lokmane et al., 2009; Nelson et al., 2009; Penkrot et al., 2018). Although 73 

medical CT scanners have been significantly improved in terms of image quality and imaging 74 

speed, the spatial resolution stays limited to several hundreds of micrometers due to the size of 75 

the sample (e.g., meter-long core samples). Over the last decade, a new research domain 76 

developed in high-resolution X-ray tomography usually called micro-CT (e.g., Cnudde and 77 

Boone, 2013). Although micro-CT can only be applied to small samples (geological sample 78 

varying from 1 mm to 10 cm), the resolution is much higher than medical-CT, up to 2.5 µm. 79 

Since then, micro-CT techniques have been widely applied in Earth Sciences, especially in (i) 80 

3D pore characterization (McCoy et al., 2006; Polacci et al., 2010) such as for reservoir 81 

characterization (Coenen et al., 2004; Sok et al., 2010; Tiwari et al., 2013; Kim et al., 2016; 82 

Schmitt et al., 2016; Lei et al., 2019; Su et al., 2022) and soil analysis (Sleutel et al., 2008; 83 

Munkholm et al., 2012; Singh et al., 2021); (ii) 3D grain analysis (Carlson, 2006; Jerram et al., 84 

2009; Cnudde et al., 2011) particularly for minerals with metallurgical significance (Kyle and 85 

Ketcham, 2015; Ghorbani et al., 2011; Evans et al., 2015); (iii) structural processes (Otani et 86 

al., 2010; Siddiqui et al., 2010; Wildenschild and Sheppard, 2013), especially in fracture 87 

analysis (Bertels et al., 2001; Kumari et al., 2018; Yang et al., 2020). Without disregarding, the 88 

clastic sedimentology community also shows a growing interest in using micro-CT, particularly 89 

to highlight microfacies in sediment cores (Bendle et al., 2015; Van Daele et al., 2016; Wils et 90 

al., 2021; Sabatier et al., 2022). Despite this increased attention, there is a lack of study testing 91 

the potential of micro-CT to read internal primary sedimentary structures, especially on deep-92 

marine consolidated sandstones.  93 



Internal primary sedimentary structures of sediment-gravity flow (SGF) deposits are 94 

produced by physical processes during sediment transport and deposition (Middleton, 1965; 95 

Allen, 1970; Hiscott and Middleton, 1980; Arnott and Hand, 1989; Komar, 1989; Baas, 2004; 96 

Sumner et al., 2008; Talling, 2013). The recognition of primary sedimentary structures of SGF 97 

deposits provide key information about paleoflow conditions at the time of deposition. In the 98 

depositional record, primary sedimentary structures are rendered visible by variations in grain 99 

size (e.g., grading, sorting) and/or mineral composition (e.g., higher concentration of clay, 100 

micas or organic matter) within the lamination set (Kuenen, 1966; Campbell, 1967; Paola et al., 101 

1989; Cheel, 1990; Best and Bridge, 1992). Although internal sedimentary structures of 102 

consolidated SGF deposits are well recognized in the rock record (e.g., Kiminami and Kontani, 103 

1979; Stow and Piper, 1984; Stevenson et al., 2020) and reproduced in flume-tank experiments 104 

(e.g., Arnott and Hand, 1989; Sumner et al., 2008; Cartigny et al., 2013) and by numerical 105 

modelling (e.g., Jiang, 1995; Legros, 2002), there is a lack of characterization of these structures 106 

in three dimensions (3D) and at the micro-scale. 107 

This study aims to discuss the potential of micro-CT to read internal primary sedimentary 108 

structures of consolidated SGF deposits. Because of (i) the importance of the mineral 109 

composition and the post-depositional processes (i.e., diagenesis) in the visualization and 110 

preservation of the sedimentary structures and (ii) the limitation of micro-CT to distinguish 111 

mineral phases, micro-CT analysis are complemented by chemical analysis including micro X-112 

ray fluorescence (micro-XRF) and thin-section petrographic analysis. To better highlight the 113 

grain fabric within the sedimentary structures, particle-size is directly computed from micro-114 

CT data. This multi-technique approach is applied on SGF deposits with contrasting mineral 115 

composition outcropping in ancient deep-marine formations: the Upper Cretaceous Gosau 116 

Group (Austria), the Middle Eocene Hecho Group (Spain) and the Late Eocene-Early 117 

Oligocene Annot Formation (France).  118 



We wish to show in this paper that micro-CT technique (and related computed particle size) 119 

in conjunction with chemical analysis provide an innovative and accurate method in reading 120 

sedimentary 3D structures of consolidated SGF deposits. In fine, this approach aims to bring 121 

key answers to a fundamental and common interest of sedimentologists related to the 122 

reconstruction of paleoflow conditions responsible for the deposition of ancient deposits.  123 

 124 

2. METHODS 125 

2.1 Fieldwork 126 

Samples were collected in three study areas showing different mineral composition: the Upper 127 

Cretaceous Gosau Group (Austria) showing a high content in dolomite, the Middle Eocene 128 

Hecho Group (Spain) with a high carbonate content, and the Oligocene Annot Formation 129 

characterized by a low content in carbonate. Each sample was collected in beds interpreted as 130 

low-density turbidites (see Pickering and Hiscott, 2016, for definition) and showing different 131 

types of internal sedimentary structures. 132 

The Upper-Cretaceous Gosau Group is a synorogenic, siliciclastic sedimentary system 133 

that was deposited in the Muttekopf Basin that crops out in the Northern Calcareous Alps of 134 

the Eastern European Alps (Fig. 1A). The Gosau Group in the Muttekopf Basin (Western 135 

Austria) are preserved in a syncline in the hanging wall of the Inntal Nappe, composed of the 136 

Hauptdolomite Triassic carbonate shelf (Wagreich and Faupl, 1994). In the field, the sample 137 

(called Gosau sample in this study) was collected within the Megasequence 2 (Ortner, 2001), 138 

and retrieved in a thin-bedded sandstone showing a normal grading and a structureless base 139 

overlain by planar-parallel lamination (Fig. 1B).  140 

The Hecho Group represents an accumulation of ~ 4 km of Middle Eocene deep-marine 141 

siliciclastic sediments infilling the South Pyrenean foreland Ainsa and Jaca basins (Mutti et al., 142 



1977) (Fig. 1C). The sample (called Hecho sample in this study) was collected in the Ainsa 143 

Basin, and more precisely in the Ainsa System in the outcropping Ainsa Quarry. The sample 144 

was retrieved in a normal graded medium-bedded structureless sandstone with a sharp base 145 

(Fig. 1D).  146 

The Tertiary Grès d’Annot Formation of South East France is a Late Eocene-Early 147 

Oligocene sand-rich deep-marine system deposited in a wedge-top basin as part of a foreland 148 

system developed in front of the Alpine Orogen (Pickering and Hilton, 1998). The Grès d’Annot 149 

Formation is preserved in isolated areas termed “sub-basins”. The sample (called Annot sample 150 

in this study) presented in this study was collected in the Annot sub-basin (Fig. 1E), and more 151 

precisely on a normal-graded thin-bedded sandstone showing planar-parallel lamination 152 

overlain by ripple-cross and convolute lamination (Fig. 1F).  153 

The paleoflow direction is marked on each sample. Paleoflow was interpreted in the 154 

field based on flute casts or from the orientation of ripple-cross lamination.  155 

 156 



 157 

Figure 1: (A) Simplified geological map of the Upper-Cretaceous Gosau Group in the 158 

Muttekopf Basin (modified from Ortner et al., 2016). Red square indicates the sample location. 159 

(B) Turbidite of the Upper-Cretaceous Gosau Group in which sample was taken. Red line 160 

indicates the coring location. (C) Simplified geological map of the South Pyrenean foreland 161 

basin, including the Ainsa and Jaca basins filled by the Middle Eocene Hecho Group deposits 162 

(modified from Vergès et al., 2002). Red square indicates the sample location. (D) Turbidite of 163 

the Hecho Group (Ainsa Quarry) in which sample was taken. Red line indicates the coring 164 

location. (E) Simplified geological map of the Grès d’Annot Formation of South East France 165 

(modified from Pickering and Hilton, 1988). Red square indicates the sample location. (F) 166 

Turbidite of the Grès d’Annot Formation (Annot sub-basin) in which sample was taken for this 167 

study. Red line indicates the coring location. 168 

 169 



2.2 Sample preparation and workflow 170 

Sample collected in the field (Fig. 2 – step 1) were drilled with a 12 mm diameter drill bit (Fig. 171 

2 – step 2) in order to fit in the micro-CT holding device (vivaCT40). The coring technique was 172 

chosen as rounded samples are more suitable for micro-CT analyses than samples with sharp 173 

edges producing significant artefacts. In the micro-CT scanner, samples were always oriented 174 

in the same direction, following the plane parallel to the paleoflow direction. Micro-CT data 175 

are used (i) to evaluate the internal 3D structures of the samples based on the CT density contrast 176 

between the different minerals and, (ii) to compute the particle-size distribution through the 177 

sample in 3D.  178 

Once micro-CT data were collected, core samples were cut in half in order to apply 179 

micro-XRF on a plane surface (Fig. 2 – step 3). Because grains are usually oriented in specific 180 

directions with respect to the paleoflow (e.g., Hiscott and Middleton, 1980; Arnott and Hand, 181 

1989), samples were cut parallel to the paleoflow direction in order to get the most of the flow 182 

characteristics. Cut surfaces were gently polished with a sand paper to increase quality of micro-183 

XRF maps. However, we tried to limit the polishing in order to not jeopardize the alignment 184 

between micro-XRF map and thin-section image. Micro-XRF analysis gives an overview in the 185 

chemical element distribution through the sample. After alignment between micro-CT and 186 

micro-XRF images and by combining chemical elements together in the micro-XRF maps, it is 187 

possible to label the minerals in the micro-CT and to get an overview of their distribution 188 

through the sample and within sedimentary structures.  189 

Thin-sections were cut on the surface plane of the half core in order to do a direct 190 

comparison between the micro-XRF data and thin-section pictures (Fig. 2 – step 4). High-191 

resolution pictures of the thin-sections were taken for each sample with the aim to undertake 192 

analysis of the grain-size distribution by thin-section image analysis.  193 



 194 

Figure 2: Workflow of the methodology adopted in this study. 195 

 196 

2.3 Micro-CT 197 

Micro CT imaging was performed using a vivaCT 40 (Scanco Medical AG, Brüthisellen CH) 198 

at the Medical University of Innsbruck. The vivaCT 40 is based on the cone beam geometry 199 

developed by Feldkamp et al. (1989). Thus, being a quantitative CT, the vivaCT 40 does not 200 

represent image grayscales using the Hounsfield unit scale as medical CT does, but is using the 201 

density of hydroxyapatite Ca₁₀(PO₄)₆(OH)₂(HA) resulting in grayscales following a scale of 202 

mgHA/ccm3. The scanning parameters were set in consideration to resolutions and image 203 

quality (signal to noise ratio, occurrence of image artefacts). Scanner settings for the 204 

examinations were a voltage of 70kV, a 114µA current, an integration time of 600ms, and a 205 

field of view of 21,5 mm resulting in a 1024x1024 image matrix with a resolution of 21 µm due 206 

to hardware binning of 2 in the detector. Thus, the potential minimum resolvable grain size is 207 

around 40 µm. 208 



 209 

2.4 Image processing 210 

Image post processing and visualization was performed using the Scanco Medical software 211 

suite provided for micro-CTs in combination by Image Processing Language (IPL; Institute for 212 

Biomedical Engineering ETHZ, University of Zürich; Rüegsegger, et al., 1996). For the 213 

evaluation of the particle size, a standardized procedure was developed (Fig. 3): 214 

1. Selection of the volume of interest (VOI) (in some cases contouring of the VOI) 215 

2. Noise reduction using a Gaussian convolution filter (settings sigma: 1.6 and support: 3) 216 

3. Evaluation of thresholds  217 

4. Performing threshold segmentation steps 218 

5. Calculation of global structural parameters 219 

6. Calculation of slice wise structural parameters (particle size) 220 

 221 



Figure 3: A. Visualization of micro-CT native image in longitudinal view with two layers of 222 

different composition marked in green and red (marked layers in B, C, and D). B. Axial view 223 

in the two marked layers with the contour for the evaluation marked; additionally, noise 224 

reduction was applied. C. Segmentation and false color codes imaging of low-density particle 225 

distribution in the two layers. D. Segmentation and false color codes imaging of high-density 226 

particle distribution in the two layers. 227 

 228 

2.4.1. Contouring of the outline of the VOI 229 

For samples where an evaluation of the whole volume is necessary, a multi-step process was 230 

established using basic image manipulation algorithms implemented in IPL. This method is 231 

needed in cases where holes in the sample occur. In the first step, a rough contour is drawn 232 

around the sample. In the next step, thresholding is performed containing all the materials 233 

scanned except gases. The binarized result is then dilated by 5 voxels closing small holes and 234 

channels from the inside of the sample to the surroundings. In the next step, the image gets 235 

inverted having the effect that holes are now objects in the segmented space, which can be 236 

distinguished using component labelling. Under the assumption that due to the rough 237 

segmentation, the biggest component is the outside of the sample after the inverting of the image 238 

space, it is now possible to cut off all smaller volumes (holes). This result is inverted again, 239 

eroded by 5 voxels and transferred into a contour file representing now the outer contour of the 240 

object but containing all the gas filled holes. For this study, this was applied to the sample of 241 

Gosau but not for Annot and Hecho samples (due to too large sample volume and, thus an 242 

overflow of memory) where only a squared VOI inside the sample was analyzed. 243 

 244 



2.4.2. Threshold estimations 245 

Guided by Boone et al. (2011) and Bam et al. (2020) that the linear attenuation of x-rays is 246 

connected to the atomic number of elements, the mass density of the analyzed material and by 247 

the guiding mineral, assumptions for grayscale domains being correlated to certain mineral 248 

compositions must be seen as valid. Combining this assumption with the mineral resolution of 249 

micro-XRF analysis, a rough estimation of the linear attenuation in CT for mineral compounds 250 

is indirectly possible. Aligning the micro-CT images with the analyzed micro-XRF (Fig. 4), 251 

plane correlations between silicate-dominated lamination and carbonate-dominated lamination 252 

become visible. Visual analysis of the micro-CT high-density areas can be matched with 253 

carbonate-rich domains. Further single high-density particles can also be distinguishing from 254 

other potential mineral compositions, although there is a possible overlap in the CT density. 255 

This practice is easily applied and modified to changes in mineral composition. 256 

For thresholding, the base grayscale space of 16 Bit is rescaled to 1000 steps to make 257 

the manual adaption easier. Based on these observations and the knowledge that samples are 258 

sandstones, three grayscale domains were selected representing low-, middle- and high-density 259 

particles as they best describe the mineral information and the grayscale phases seen in the 260 

micro-CT images. As base value for the low threshold, a window of 423-1084 mgHA/ccm3 is 261 

assumed. The middle window ranges from 1085 to 1458 mgHA/ccm3.The high window varies 262 

from 1459 to 2378 mgHA/ccm3. The 2379-2666 mgHA/ccm3 window is not considered because 263 

it normally correlates to high-density minerals (e.g., pyrite). These high-density minerals have 264 

the disadvantage of having hard artefacts around its borders with the used machine settings and 265 

therefore are not detectable properly. For each sample, these basic threshold windows had to be 266 

adapted minimally because of the occurrence of partial volume effects and possible changes in 267 

the composition of the mineral domains. This modification was made subjective based on the 268 

visibility of particles in the micro-CT images. 269 



 270 

Figure 4: Alignment between micro-CT, micro-XRF and thin section (example taken from the 271 

Gosau sample). A. Micro-CT image with optimized image contrast (dark colors: low-density 272 

particles; light colors: high-density particle). B. Micro-XRF image (Green: Silica; Blue: 273 

Aluminum; Orange: Calcium). C. Thin section image. 274 

 275 

2.4.3 Calculation of structural parameters 276 

Each thresholding result is separately fed into the calculation pipeline where stepwise 277 

volumetric density and structural parameters are evaluated. Following parameters are evaluated 278 

for each sample slicewise and as a measure for the whole volume: 279 

• Volumetric parameters: the total volume of the analysis, the volume of the segmented 280 

material, and the volume fraction of the segmented material to the whole volume.  281 

• Density parameters: the mean density of the material is calculated represented in 282 

mgHA/ccm3 283 

• Particle size: under the assumption that areas with the same density window are 284 

composed of the same material composition, the particle size is calculated by a bubble-285 

growing algorithm introduced by Hildebrand and Rüeggsegger (1997).  286 

https://doi.org/10.1046/j.1365-2818.1997.1340694.x


 287 

2.4.4 Particle size 288 

Particle size is calculated, as mentioned, by the algorithm implemented by Hildebrand and 289 

Rüeggsegger (1997). The original usage of this algorithm was targeted at the mean thickness 290 

of bone trabecular structures. The basic paradigm of the algorithm is based on the assumption 291 

of growing virtual bubbles within a segmented volume. As soon as the bubble hits two edges, 292 

the short axis of a certain structure is reached. This step is to be repeated until all voxels inside 293 

the analyzed sample are labeled by at least one bubble object. In the next step, the labels of each 294 

voxel are sorted by size and only the biggest label defines the bubble diameter (Fig. 5).  In the 295 

next step, the diameter of each voxel gets read out and the mean value is calculated, resulting 296 

in the mean size of the particle. Using IPL, it is possible to quantify the result of the particle 297 

size for not only the whole volume but also for the slicewise features. Slicewise features are, 298 

then, exported into a table using the zmean command. This assumption is transformed to the 299 

short axis analysis of diameters of particles. 300 

 301 

https://doi.org/10.1046/j.1365-2818.1997.1340694.x


Figure 5: Result of a slicewise extraction for the diameter of a particle. Color code represents 302 

the highest value of each voxel contributing to the final measured diameter of a particle. 303 

 304 

2.5 Micro-XRF 305 

Non-destructive micro-XRF analyses were carried out using a Bruker M4 Tornado at the 306 

Institute of Mineralogy and Petrography of the University of Innsbruck. The Bruker M4 307 

Tornado uses a single rhodium target X-ray tube with up to 50 kV and 600 µA power and 308 

equipped with a Be window, focusses the beam with polycapillary optics down to a spot size 309 

of ~25 µm. However, because of the computer running out of memory due to large-size sample, 310 

the spot-size was fixed at 50 µm for the Gosau and Hecho samples and 70 µm for the Annot 311 

sample. This microanalytical instrument provides element mapping of the entire sample via the 312 

x-y-z moving stage. Maps of chemical element distribution is visualized using the function of 313 

“area analysis mapping” of the Brucker M4 Tornado software. By layering chemical elements 314 

together, it is possible to interpret mineral phases and to get an overview of the mineral 315 

distribution through the sample. This was later confirmed by mineral identification in thin 316 

sections.  317 

 318 

2.6 Thin-section 319 

Thin sections, cut on the surface plane where micro-XRF was measured, have a standard 320 

thickness of 30 µm and were soaked in an epoxy resin. Thin-sections cover the entire low-321 

density turbidite (from the base to the top) for the Gosau sample. However, the sample of the 322 

Hecho and Annot had to be cut in two as it was too long to fit in a single thin section. Main 323 

mineral phases, matrix composition and the potential presence of cement were characterized by 324 

the analyses of thin-section with a transmitted light optical microscope. 325 



 326 

2.7 Grain-size analysis by thin-section image analysis 327 

Images of thin sections were acquired using the microscope Zeiss Axio Imager A1m and the 328 

high-resolution IMAGINGSOURCE DFK33UX264 camera giving image with resolution of 329 

3616 dpi, and thus a technical resolution up to ~ 7 µm.  Pictures were acquired automatically 330 

using the software Petrog 5.0.3.5 along with a moving stage. To avoid any problems during 331 

stitching, a 10% overlap was setup between each picture.  Pictures were stitched together using 332 

Imagej (version 1.53q) software. Image processing procedures were implemented using Imagej 333 

and Matlab to separate the grains from the matrix (segmentation) and to evaluate the 2D grain-334 

size distribution throughout the sample, respectively. To be consistent with the evaluation of 335 

particle size computed from micro-CT data, the grain-size from image analysis of thin-sections 336 

is based on the short-axis of a grain. Each stitched image of thin section was converted to a 337 

greyscale (8-bit image). Noise was reduce using filters such as “Median” replacing each pixel 338 

with the neighborhood mean. In order to improve the image segmentation, contrast was 339 

enhanced in the pictures. Threshold was later applied in order to produce a binary image. For 340 

each thin-section image, two binary images were produced. A first one isolating the darkest 341 

grain such as clay or some feldspar, and a second binary image with the lightest grains including 342 

quartz, carbonate and feldspar. Using the plugin MorpholibJ in ImageJ, a distance transform 343 

watershed map was created, to separate the touching grains in the best possible way. Grain 344 

discretization was improved by multiplying the original binary image by the distance transform 345 

watershed map. From the resulting map, the value of the short-axis of each grain along with its 346 

coordinates were exported using the MorpholibJ plugin in ImageJ. The grain-size data 347 

measured with ImageJ was analyzed using the Matlab grainmap code from Falvard and Paris 348 

(2017) giving a grain-size map of the sample.  The grain-size and color bar scale were modified 349 



in order to fit the dataset. This permits a 2D visualization of the grain-size distribution and 350 

structures along the sample. 351 

 352 

3. TERMINOLOGY 353 

Sedimentary structures – Sedimentary structures are generated from materials of different 354 

compositions and are products of physical (sediment transport), chemical (e.g., chemical 355 

reactions between particles) and biological processes (animal or plant life modifying sediments) 356 

(e.g., Collinson, 2019 and references therein). In this study, we refer to primary sedimentary 357 

structures to the ones related to sediment transport. The correct interpretation of primary 358 

sedimentary structures permits to unravel processes at their origin. If physical conditions or 359 

sediment supply vary through time during ongoing flow, laminae of sediment with different 360 

character are deposited (Campbell, 1967). The resulting deposit will present set of laminae 361 

(lamination) with contrasting compositional and textural properties, making the internal 362 

sedimentary structures visible with the naked eye. Examples of primary sedimentary structures 363 

typically observed in deep-marine sandstones are ripple-cross lamination, planar-parallel 364 

lamination or cross lamination.  365 

Grains vs particles – We refer to grains to the basic coarsest components of sandstones. This 366 

includes detrital grains such as quartz, feldspar, calcite or dolomite. “Particles” in comparison 367 

to “grains” are seen as areas formed from homogeneous CT density distribution. The term 368 

“particle” is only used in analysis of CT data. Grains with touching edges, a size below the CT-369 

resolution (silt) and showing a homogeneous density distribution are seen as a single 370 

interconnected particle. In this case, and especially for the matrix component, the particle size 371 

might be coarser than the real grain size, due to the algorithm considering several very-small 372 

size interconnected grains as one particle.  373 



Matrix – The fine-grained component (<silt size) filling the spaces between the detrital grains 374 

is referred to the matrix. Matrix is commonly composed of clay minerals mixed with silt-sized 375 

calcite, dolomite, quartz or feldspar. In this paper, we also considered the cement part of the 376 

matrix as it cannot be distinguished with micro-CT techniques.  377 

 378 

4. RESULTS 379 

4.1 Upper-Cretaceous Gosau sample 380 

Observed micro-CT characteristics 381 

Micro-CT results of the sample from the Gosau Formation (Fig. 6A) show a progressive 382 

decrease in the distribution of low-density particles (dark particles) from the base of the sample 383 

to the top of the sample (Fig. 6B). The first centimeters at the base, mainly composed of low-384 

density particles, do not show particular organization. The sample is mainly characterized by 385 

an alternation of low- and high-density particles forming millimeter-scale laminae (up to 5 mm 386 

thick) throughout the sample. The micro-CT image clearly highlights a decrease in the laminae 387 

thickness from the base to the top of the sample.  388 

Computed particle-size variation 389 

Three density thresholds are defined (Fig. 6C). The highest density threshold ranges from 1605 390 

to 2378 mgHA/ccm3. It shows a volume fraction of 0.025 and a mean particle size of 0.4725 391 

mm (Table 1). High-density particles partially highlight the sedimentary structures, however, it 392 

is in a minor proportion. High-density particles are mainly infilling the fracture crossing through 393 

the sample (Fig. 6D). The significant variation in the high-density particle size observed in the 394 

graph in figure 6C is related to the presence of the fracture infill, in which, large-size particle 395 

is computed because of the limit of the algorithm to calculate particle dimension lower than silt 396 

size (See Discussion section 5.4).  397 



The middle-density threshold, ranging from 1189 to 1604 mgHA/ccm3, has a mean 398 

particle size of 0.3221 mm and a volume fraction of 0.7489 (Table 1). Middle-density are most 399 

likely related to the matrix (Fig. 6E). In some case where the matrix is mainly composed of silt-400 

size particles below the resolvable resolution of 40 µm (see Discussion section 5.4) and with 401 

the same CT-density, the algorithm cannot distinguish the particle edges (interconnected 402 

particles) and computes coarse-size particles. This is mainly observed on the sample edges (Fig. 403 

6E). This is considered as an artefact and should not be considered in the analysis of particle-404 

size distribution. It also results in a relatively large particle size as observed in the graph in 405 

figure 6C. 406 

The low-density threshold, ranging from 423 to 1188 mgHA/ccm3, shows a volume 407 

fraction of 0.1796 with a mean particle size of 0.136 mm (Table 1). Low-density particles 408 

underlined internal structures showing planar-parallel lamination with a lamination thickness 409 

as well as a particle-size decreasing towards the top of the sample (Fig. 6F). Sedimentary 410 

structures are well highlighted by the variation in particle size and volume fraction of the low-411 

density particles as observed in figure 6C. 412 

From the alignment between micro-CT and micro-XRF, the low-density particles 413 

correspond to silicate fraction (e.g., quartz and feldspar) whereas the middle-density particles 414 

are related to the mixture of silicate and carbonate fractions, mainly forming the matrix. The 415 

high-density particles are related to the carbonate fraction and especially to calcite as shown by 416 

the infill of the fracture.  417 

Micro-XRF 418 

Two chemical-element assemblages are observed. The first one mainly located at the base of 419 

the sample and underlying the lamination throughout the sample, is made of silica and 420 

potassium (pink/yellow lamination in Fig. 6G). By layering these chemical elements, these 421 

laminations are deduced to be composed of the minerals quartz (pink), K-feldspar (yellow) and 422 



clay (orange). On the contrary, thicker laminae showing a high content of magnesium, silica 423 

and calcium are deduced to be mainly composed of dolomite (brown) and clay (orange), which 424 

is most likely related to the matrix composition. This is confirmed by other chemical elements 425 

in Supplementary 1 and comparison with petrographic analysis of thin section.  426 

Petrography and grain-size distribution 427 

Sandstone sample of the Gosau Formation consists of a poorly sorted arenite. Quartz minerals 428 

are dominant and a significant amount of alkali feldspar are observed (Fig. 7). Micas and 429 

plagioclase are common and carbonate minerals are rare. Clay flocks are abundant and their 430 

amount increase towards the top of the sample. Grains are sub-angular to sub-rounded. A fine-431 

grained micritic carbonate matrix is filling the space between the larger detrital grains. Some 432 

quartz and feldspar are surrounded by a calcite cement (Fig. 7).  433 

 Grain-size analysis by image analysis of thin-section gives a grain-size up to 0.50 mm 434 

(grain short axis). Mean grain-size calculated for the light-grain fraction is 0.0450 mm. Mean 435 

grain-size computed for the dark-grain fraction is 0.0476 mm (Table 1). A general fining 436 

upward trend is observed. Grain-size segregation is seen between the lamination forming the 437 

internal structures of the sample (Fig. 6I).   438 



 439 

Figure 6: (A) Turbidite sampled in the Upper-Cretaceous Gosau Group showing structureless 440 

base overlain by planar-parallel lamination. (B) Native micro-CT image. Dark colors: low-441 

density particle; light colors: high-density particles.  (C) Graphs illustrating the variations of 442 

computed particle-size and volume fraction along the sample for each CT-density threshold. 443 



(D) Distribution of high-density computed particle-size in 3D and in a 3D cut parallel to the 444 

paleoflow direction. (E) Distribution of middle-density computed particle-size in 3D and in a 445 

3D cut parallel to the paleoflow direction. (F) Distribution of low-density computed particle-446 

size in 3D and in a 3D cut parallel to the paleoflow direction. Arrows indicate sedimentary 447 

structures. (G)  Micro-XRF map. (H) Thin-section image (PPL = plain-polarized light). (I) 448 

Grain-size map computed from thin-section image analysis.  449 

 450 

 451 

Figure 7: Chart summarizing the different mineral phases observed in each thin section of the 452 

different study areas. Qz = Quartz; Kf = Potassium feldspar; Mi = Mica; Ca = Calcite; PPL = 453 

Plain-polarized light; XPL = Crossed-polarized light.  454 

 455 



 456 

Table 1: Summary table including the detailed results of micro-CT, computed particle-size from 457 

micro-CT for each threshold, micro-XRF, petrographic and computed grain-size from thin-458 

section analysis for each sample.  459 



 460 

4.2 Middle-Eocene Hecho sample 461 

Observed micro-CT characteristics 462 

Micro-CT data from the Eocene Hecho Group (Fig. 8A) shows a general mixture of high- and 463 

low-density particles. However, a progressive decrease in the proportion of high-density 464 

particles from the base to the top of the sample is noted (Fig. 8B). No particular particle 465 

segregation forming internal sedimentary structure is observed. A patch of low-density particles 466 

is seen in the middle of the sample, most likely related to some bioturbation. 467 

Computed particle-size distribution 468 

Three density thresholds are identified (Fig. 8C). The category of high-density particles ranges 469 

from 1453 to 2378 mgHA/ccm3. It has a mean particle size of 0.1392 mm and a total volume 470 

fraction of 0.2194 (Table 1). Particle-size observed in the high-density category shows a 471 

progressive decrease from the base to the top of the sample (Fig. 8C), but no particular internal 472 

structure is observed (Fig. 8D).  473 

The middle-density particles range from 1151 to 1452 mgHA/ccm3. It shows a mean 474 

particle size of 0.1928 mm and a volume fraction of 0.7399 (Table 1). Middle-density particles 475 

show an increase in the particle size from the base to the top of the sample (Figs 8C and E). 476 

However, this is related to the limits of the algorithm to compute particle-size below silt size 477 

(See Discussion section 5.4). No internal structures are observed in this particle-size category 478 

(Fig. 8E). 479 

The low-density threshold ranges from 423 to 1150 mgHA/ccm3. It shows a mean 480 

particle size of 0.1151 mm and a total volume fraction of 0.0399 (Table 1). As observed in the 481 

graph of low-density particle-size variation (Fig. 8C) as well as in the 3D particle-size 482 

distribution (Fig. 8F), low-density particles underline internal structures such as millimeter-483 



thick planar-parallel lamination at the base of the sample and downflow-cross lamination at the 484 

top of the sample (Fig. 8F). A progressive decrease in particle-size is observed from the base to 485 

the top of the sample (Fig. 8C).  486 

Micro-XRF 487 

The sample of the Eocene Hecho Group shows a high content in calcium (attributed to calcite 488 

from thin section analysis) with a decrease from the base to the top of the sample. Silica 489 

(=quartz) is also present throughout the sample (Fig. 8G). There is an increase in the magnesium 490 

and potassium content from the base to the top of the sample, attributed to the increase in clay 491 

content towards the top of the sample as observed in the thin section. No particular internal 492 

sedimentary structure underlined by mineral segregation is observed in the sample.  493 

From alignment between micro-CT and micro-XRF data, calcite grains are related to 494 

the highest-density particles of the micro-CT. The middle-density, with the highest volume 495 

fraction are related to the carbonate matrix of the sample. Finally, the lowest-density particles 496 

are related to the silicate fraction including the quartz and feldspar grains.  497 

Petrography and grain-size distribution 498 

Sandstone sample from the Eocene Hecho Group is classified as an arenite. Although, it cannot 499 

be considered as a well-sorted arenite, the degree of sorting is higher than the one observed in 500 

the Gosau sample. Main mineral phases consist of quartz, feldspar (alkali feldspar and 501 

plagioclase) and carbonate minerals (e.g., calcites and dolomites) (Fig. 7), the latest showing a 502 

decrease in its amount towards the top of the sample. Mica and clay flocks are abundant towards 503 

the top of the sample. The vertical sorting between silicate and carbonate grains is most likely 504 

related to their effective densities and hydrodynamics properties. Grains are sub-angular to sub-505 

rounded. As observed in the Gosau sample, a fine-grained micritic carbonate matrix is filling 506 



the gap between grains. Carbonate cements is common surrounding quartz and feldspar 507 

minerals. Nummulites are also observed.  508 

From grain-size distribution obtained from thin-section image analysis (Fig. 8I), a 509 

progressive decrease in grain-size is observed from the base of the sample to the top. The mean 510 

light grain-size and dark grain-size are 0.0491 mm and 0.0490 mm, respectively (Table 1). The 511 

base of the sample is structureless whereas some millimeter-scale lamination, most likely 512 

related to ripple-cross lamination are observed at the top of the sample.  513 



 514 

Figure 8: (A) Structureless turbidite sampled in the Eocene Hecho Group. (B) Native micro-CT 515 

image. Dark colors: low-density particle; light colors: high-density particles.  (C) Graphs 516 

illustrating the variations of computed particle-size and volume fraction along the sample for 517 

each CT-density threshold. (D) Distribution of high-density computed particle-size in 3D and 518 



in a 3D cut parallel to the paleoflow direction. (E) Distribution of middle-density computed 519 

particle-size in 3D and in a 3D cut parallel to the paleoflow direction. (F) Distribution of low-520 

density computed particle-size in 3D and in a 3D cut parallel to the paleoflow direction. Arrows 521 

indicate sedimentary structures (G) Micro-XRF map. (H)Thin-section image (PPL = plain-522 

polarized light). (I) Grain-size map computed from thin-section image analysis. 523 

 524 

4.3 Oligocene Annot Formation sample 525 

Observed micro-CT characteristics 526 

Micro-CT image of the Annot Formation sample (Fig. 9A) shows a highest content of low-527 

density particles throughout the sample (Fig. 9B) compared with the Gosau and Hecho samples. 528 

Internal structures are underlined by high-density particles. The upper-part of the sample which 529 

is the mud cap of the turbidite is represented by a mixture of low- and high-density particles. 530 

Computed particle-size distribution 531 

Three density thresholds are identified (Fig. 9C). The high-density threshold is comprised 532 

between 1381 to 2378 mgHA/ccm3. The high-density threshold shows the lowest volume 533 

fraction throughout the sample with a mean volume fraction of 0.0186. The high-density 534 

threshold has the lowest mean particle size of 0.0867 mm (Table 1). The coarsest fraction of 535 

the high-density particles is mainly underlying the internal structures of the samples (Fig. 9D), 536 

with grain-size above 0.1 mm within the lamination at the base of the sample (Fig. 9C). An 537 

increase in the mean grain-size (> 0.1 mm) is observed at the top of the sample, however, this 538 

is induced by the presence of clay (mud cap) and the limit of the algorithm computing particle-539 

size in this fine-grained material. Same trends are seen for the middle- and low-density 540 

thresholds.  541 



The middle-density threshold (from 1071 to 1380 mgHA/ccm3) has the highest volume 542 

fraction in the whole sample with a mean volume fraction of 0.5467, as well as the highest mean 543 

particle size with 0.1281 mm (Table 1). Although they are not well visible in the 3D 544 

reconstruction in figure 9E, internal structures are characterized by a decrease or an increase in 545 

the volume fraction of the middle-density particles, as observed in the graph in figure 9C. As 546 

observed in the particle-size graph in figure 9C, the middle density particle-size progressively 547 

decreases from the base to the top of the sample. The drastic decrease in the volume fraction at 548 

the top of the sample is related to the computing method as particles were analyzed on a square 549 

and not on a delimited (with defined boundaries) sample, due to time constrain (at least two 550 

additional days of computing). As for the high-density threshold, there is a significant increase 551 

in the mean particle-size at the top of the sample (Fig. 9E), due to the limits of the algorithm to 552 

compute very-fine particle size (see Discussion section 5.4). From alignment with micro-XRF 553 

map, middle-density threshold is most likely related to the fine-grained matrix.  554 

The low-density threshold (from 423-1070 mgHA/ccm3) has a volume fraction of 555 

0.2738 and a mean particle size of 0.11 mm (Table 1). As for the others threshold, significant 556 

variation in the volume fraction and particle-size are underlying the internal sedimentary 557 

structures (Fig. 9C). As well as the middle-density threshold, the low-density threshold includes 558 

the fine-grained matrix. 559 

Micro-XRF 560 

Compared to the Gosau and Hecho Group samples, the Annot sample is dominated by silica 561 

related to quartz mineral from the base to the top (Fig. 9G). Dark blue/ purple dots scattered 562 

throughout the sample (Fig. 9G), are most likely due to the superposition of potassium, silica, 563 

and calcium which can be attributed to feldspar (K-feldspar, plagioclase) minerals. Internal 564 

structures are underlined by a high content of potassium and magnesium which are attributed 565 

to clay minerals (yellow/orange color in figure 9G). This is confirmed by the high content of 566 



aluminum observed within the lamination in Supplementary material 1. Both quartz and 567 

feldspar are part of the bulk minerals of the sample, whereas laminations are formed by clay 568 

segregation. Calcium itself, and hence calcite was not observed in this sample.  569 

By alignment with the micro-XRF, the high-density particles highlighting the 570 

lamination are most likely related to the clay minerals. Whereas the low- and middle-density 571 

particles are in this case related to the silicate fraction including quartz, feldspar and plagioclase 572 

and not showing a strong involvement in the formation of the internal sedimentary structures.  573 

Petrography and grain-size distribution 574 

Sandstone sample from the Oligocene Annot formation is categorized as moderately sorted. Its 575 

composition can be characterized as a sub-arkose with the main detrital components being 576 

Quartz, K-feldspar, and mica (Fig. 7). Although, they are not well detected in micro-XRF. 577 

calcite grains are also present and its content decreases from the base to the top of the sample. 578 

Compared to the Gosau and Hecho formation, there is a higher proportion of mica minerals and 579 

elongated clay minerals, underlying the internal sedimentary structures. A fine-grained matrix 580 

is filling the gaps between the grains, however it is in a lower proportion compared to the Gosau 581 

and Hecho samples. Calcite cement is present but rare (Fig. 7).  582 

Grain-size calculated from thin section is up to 0.750 mm. Mean light and dark grain-sizes 583 

are 0.0473 mm and 0.0552 mm, respectively (Table 1). A progressive fining upward trend is 584 

observed from the base to the top of the sample. Some lamination are clearly visible in the 585 

computed grain-size map, such as coarse-grained lamination at the base of the sample and few 586 

diffuse lamination in the upper part of the sample (Fig. 9I). 587 



 588 

Figure 9: (A) Turbidite sampled in the Annot Formation showing planar-parallel lamination 589 

overlain by ripple-cross and convolute lamination. (B) Native micro-CT image. Dark colors: 590 

low-density particle; light colors: high-density particles.  (C) Graphs illustrating the variations 591 

of computed particle-size and volume fraction along the sample for each CT-density threshold. 592 



(D) Distribution of high-density computed particle-size in 3D and in a 3D cut parallel to the 593 

paleoflow direction. Arrows indicate sedimentary structures (E) Distribution of middle-density 594 

computed particle-size in 3D and in a 3D cut parallel to the paleoflow direction. (F) Distribution 595 

of low-density computed particle-size in 3D and in a 3D cut parallel to the paleoflow direction. 596 

(G) Micro-XRF map. (H)Thin-section image (PPL = plain-polarized light). (I) Grain-size map 597 

computed from thin-section image analysis. 598 

 599 

5. DISCUSSION 600 

5.1 Micro-CT: a new tool to assess and read internal sedimentary structures.  601 

Sedimentary structures, resulting from fluid-particle interaction (e.g., Harms, 1979) have a key 602 

role to play in the interpretation of the transport mechanisms of the SGF at the origin of the 603 

deposits (e.g., Allen, 1984; Baas et al., 2004). Thus, it is necessary to assess internal 604 

sedimentary structures the most accurate possible way to unravel the flow characteristics at the 605 

origin of the deposits. As observed in the samples presented in this study, internal sedimentary 606 

structures result from grain-size and mineral segregation. Both are closely tied (Picha and Cline, 607 

1973; Collison, 2018) due to the segregation between the coarse-grained detrital materials and 608 

the fine-grained matrix, usually, showing contrasting mineral composition. Although one of the 609 

limitations of the CT system is to discriminate mineral type (overlap in X-ray attenuation), the 610 

X-ray attenuation is enough different to distinguish between the silicate and carbonate fraction. 611 

Micro-CT techniques provide the opportunity to isolate particles based on their CT density 612 

values. This allows to separate the detrital grains which are commonly the coarsest fraction 613 

underlying the sedimentary structures, from the fine-grained matrix showing a different CT 614 

signature due to contrasting mineral composition. Although it is valid and observed for all the 615 

samples of this study, it is particularly well highlighted in the Gosau sample (Figs. 6D, E and 616 

F). 617 



The micro-CT technique is also useful to observe sedimentary structures non-visible with 618 

the naked eye in case of too homogeneous deposits in term of mineral composition or grain 619 

size. Although no sedimentary structures appear visible due to grain-size segregation, the Hecho 620 

sample, rich in carbonate grains and showing a carbonate-rich matrix, sedimentary structures 621 

appear to be only visible when isolating the detrital silicate fraction (Fig. 8F). First approach of 622 

using CT techniques to study structureless deposits was already conducted by Hamblin (1965), 623 

where he detected “micro-cross lamination” in homogeneous sandstones. However, since then, 624 

no attention has been carried out to unravel the fabric of structureless deposits. This study brings 625 

back into consideration the interpretation of structureless deposits (e.g., Allen, 1971; Hiscott 626 

and Middleton, 1980; Patel et al., 2022) observed with the naked eye in the field where more 627 

consideration about the mineral composition and grain sorting of the deposits should be done 628 

before reaching any interpretation in term of depositional and/or post-depositional processes of 629 

structureless deposits. This example shows the significant potential of micro-CT to read 630 

sedimentary structures and highlights the possible future application of micro-CT to unravel 631 

sedimentary structures non-visible with naked eye in SGF deposits. 632 

 633 

5.2 Micro-CT vs thin-section in the visualization of internal sedimentary structures 634 

There are many advantages to the use of micro-CT compared with thin-section to analyze 635 

internal sedimentary structures : (i) the time of preparation that is relatively short for micro-CT 636 

(about 15 min for coring the sample) compared with thin-section (10 to 20 days for thin-section 637 

production); (ii) micro-CT scan is considered as a non-destructive method in which structures 638 

of the sample are preserved whereas thin-section production can be seen as destructive (e.g., 639 

breaking the sample to fit the thin-section size or impregnation preventing subsampling); (iii) 640 

possible to observe structures in every direction with micro-CT techniques whereas the plane 641 

of thin-sectioning is rarely accurately aligned with the targeted structures which can lead to 642 



final misinterpretation; and (iv) the 3D volume and quantification of sandstone component 643 

(based on their CT-density phase) computed from micro-CT allowing a better visualization of 644 

structures (e.g., Hecho sample), something not possible to obtain from thin-section analysis. 645 

This last point is considered as the main advantage of micro-CT. Indeed, the micro-CT 646 

technique offers a better visualization of the internal 3D structures of consolidated sandstones 647 

than the commonly used 2D characterization tools such as thin-sections with optical microscopy 648 

(Davis and Ethridge, 1975; Oren and Bakke, 2002; Asnussen et al., 2015; Bukharev et al., 649 

2018), scanning election microscopy (SEM) (Krinsley et al., 1998; Bera et al., 2011), or simply 650 

with the naked eye in the outcrop. Indeed, 2D images, especially 2D thin-section images as 651 

presented in this study, do not provide the spatial relationship of sedimentary structures that can 652 

be much more complex in 3D (Fig. 10). Direct comparison between thin-section image and 653 

isolated 3D micro-CT density threshold images show that sedimentary structures are better 654 

visible in selected 3D thresholds than in 2D (Fig. 10).  Micro-CT can give good indication on 655 

the lamination in 3D and thus on the paleoflow direction or regime (e.g., orientation of cross-656 

lamination), something that could be missed in 2D depending on the 2D view plane. Thus, 2D 657 

visualization of sedimentary structures from thin section or by direct observation in outcrop can 658 

lead to a limited interpretation of the depositional processes at the origin of the structure.  659 

From the evidences presented, it is clear that 3D imaging by micro-CT techniques has 660 

considerable potential within the research of deep-marine sandstones. However, like any 661 

technique, it also has limitations (see Section 5.4 for details) and thin sections still provide 662 

information that cannot be obtained through micro-CT. Thin-section gives an incomparable 663 

resolution of the physical properties within the sedimentary structures, enabling detailed fabric 664 

analysis at the grain-to-grain scale (Bendle et al., 2015).  665 

As a consequence, depending on the research target, micro-CT does not represent a 666 

stand-alone replacement for thin section analysis in sandstones. Instead, micro-CT should be 667 



seen as a reliable companion method, with advantages of being time-saving, non-destructive, 668 

and allowing systematic visualization of 3D sedimentary structures. If more details are needed 669 

about the grain fabrics or mineral composition forming the internal structures, micro-CT 670 

analysis should be complemented by (i) geochemical (e.g., XRF) or mineralogical analyses 671 

(e.g., XRD) to associate density thresholds to mineral phase and have a 3D rendered volume of 672 

each sandstone component and/or (ii) high-resolution petrographic analysis to get details at the 673 

grain scale.  674 

 675 

Figure 10: Comparison between the 3D micro CT data and thin-section image based on detailed 676 

data selected at the base of the Annot sample. Isolation of the different density thresholds 677 

permits a better visualization of the internal sedimentary structures, that are not visible in a 2D 678 

thin-section image.  679 



 680 

5.3 Micro-CT: towards a new tool to evaluate the grain-size distribution  681 

Grain size reflects the energy level of SGFs and is related to the type of SGFs, while sorting is 682 

related to the duration of the SGFs (Walker, 1967; Komar, 1985; Hiscott, 1994; Dorrell et al., 683 

2013).  Thus, accurate and consistent measure of grain-size distribution in deep-marine 684 

sandstones are needed to better understand the processes at its origin. However, the 685 

determination of grain-size distribution in consolidated sandstone is problematic. The common 686 

sieving technique to measure the grain-size distribution of unconsolidated rocks does not apply 687 

efficiently to sandstones. Indeed, after disaggregation of cemented sandstones, the presence of 688 

broken grains or grain aggregates will result in a cumulative curve. Until now, grain-size 689 

analysis of consolidated sandstones is mainly based on point counting techniques in thin-section 690 

(e.g., Ingersoll et al., 1984; Stevenson et al., 2020) or by image analysis of thin-section (e.g., 691 

Schafer and Teyssen, 1987; Hüneke et al., 2021). Although the use of thin-section analysis to 692 

measure grain-size is valuable, a remaining debate subsist related to the measurement of random 693 

sections through grains (apparent size) rather than their actual dimensions (true size) (e.g., 694 

Johnson, 1994; Buscombe, 2013), leading to a lack of consistency in the analysis of grain-size 695 

distribution (Fig. 11). Furthermore, grain-size is measured only on a 2D plan and thus there a 696 

deficit of information in 3D from thin-section analysis. 697 

 In Earth Science, measuring grain-size based on X-CT data is not new as it has already 698 

been tested on ore deposits (Evans et al., 2015), individual targeted grains (e.g., apatite, 699 

Cooperdock et al., 2019) or on sediment-core samples (Orru et al., 2012). However, until now, 700 

the grain-size measurement from micro-CT data of consolidated sandstone samples has not 701 

been presented. Thanks to the development of a bubble growing algorithms (Hildebrand and 702 

Rüeggsegger, 1997), particle-size measurement from micro-CT sandstone data is possible. One 703 

advantage of measuring the particle size from micro-CT data compared with grain-size 704 
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measurement from thin section, is related to the consistency of the results (Fig. 11). Indeed, 705 

from micro-CT data, the same axis (short axis in this study) for each particle is measured thanks 706 

to the visualization in 3D. The consistent particle-size measurement and the 3D visualization 707 

given by the micro-CT will, in fine, leads towards more reliable models of particle-size 708 

distribution and thus more accurate interpretations.  709 

If we directly compare the grain-size maps obtained by image analysis of thin-section 710 

and the particle-size images computed from micro-CT data, grains and particles show similar 711 

distribution on the three samples (see figs. 6B, 8B, 9B with grain-size map for each sample), 712 

testifying of the reliability of particle-size measurement from micro-CT data. However, if the 713 

mean grain-size for each type of grain class is compared to the mean particle-size computed for 714 

each micro-CT density thresholds, some divergences arise. Indeed, mean grain-size shows 715 

value of one tenth lower than computed mean particle size (Table 1). This is certainly related 716 

to the combination of (1) the limitation of micro-CT algorithm to compute particle-size below 717 

the silt size and resulting in cluster of silt-particles showing coarser size than the actual 718 

dimensions; with (2) the selection of very-small size particle within the matrix (artefact; 719 

difficulties to isolate the very-fine grains from the matrix) during image segmentation of thin-720 

section pictures.  721 



 722 

Figure 11: Illustration of the differences between grain-size computed from thin section (left 723 

column) and particle-size computed from micro-CT data (right column). Depending on the 724 

cutting plane of the thin section (here horizontal vs vertical), the short axis of a grain does not 725 

have the same value. Whereas particle-size computed from micro-CT data, show same value 726 

for the short axis in every direction, thus giving more consistent particle-size measurement than 727 

grain-size measurement from thin sections. Example taken from a sample collected on a 728 

turbidite from the Hecho Group. 729 



 730 

5.4. Limitations of the described algorithm and micro-CT 731 

The maximum theoretical resolution with the used micro-CT setup is 10.5 µm. However, in 732 

order to improve the image quality and thus the segmentation results, hardware binning was 733 

implemented, leading to a reduced voxel size of 21 µm. This impacts directly on the resolvable 734 

grain size leading to the fact that (i) grains near the resolution border tend to be overestimated 735 

and (ii) grains below the resolution border will be considered as interconnected particle. This 736 

is well highlighted in the three samples of this study, where the fine-grained matrix shows the 737 

highest mean particle size, as also discussed in further details by Elkhoury et al. (2019).  738 

Until now, another limitation of the used algorithm is that no individual grain can be 739 

distinguished because of the inability to detect the boundaries between touching grains of the 740 

same CT density. This also prevents to measure grain orientation. In the future, potential 741 

solutions to distinguish individual grains would be to implement and test 3D watershed 742 

methods.  743 

Due to the usage of a conventional X-ray source, only a tendency in mineral composition 744 

can be observed in the micro-CT images. The potential of using synchrotron x-ray radiation 745 

may lead to higher contrast between mineral phases. Although synchrotron micro-CT has its 746 

potential, availability and costs are a discriminating factor. 747 

 748 

5.5 Wider implications for consolidated sandstones 749 

As shown by this study, micro-CT technique is a new and excellent tool to better visualize the 750 

primary (depositional) fabric of sandstones providing a better assessment of internal 751 

sedimentary structures (including the ones non-visible with the naked eye) and a consistent 752 

appraisal of grain-size distribution. Fabric development is directly linked to the paleohydraulic 753 



conditions of the SGF during deposition (Middleton, 1965; Allen, 1970; Arnott and Hand, 1989; 754 

Baas, 2004; Sumner et al., 2008; Talling, 2013). Thus, micro-CT would be a very valuable tool 755 

helping in the reconstruction of the flow characteristics at the origin of the deep-marine 756 

sandstone beds such as waning vs waxing flows, traction vs non-traction dominated flows, or 757 

the flow regime (upper- vs lower-flow regime; Cornard and Pickering, 2019). The opportunity 758 

of computing the volume of the coarse-grained fraction vs fine-grained (matrix) fraction could 759 

also give a more accurate interpretation on the type of deposits and related processes (matrix-760 

rich vs matrix-poor sandstones; e.g., Terlaky and Arnott, 2013). 761 

The development of sandstone fabrics, in the form of texturally or mineralogically, is 762 

almost universally similar in the sedimentary realm. Thus, the fabric assessment of consolidated 763 

sandstones by micro-CT technique is not restricted to deep-marine sandstones but can also be 764 

applied to sandstones from different depositional environment such as shallow-marine, fluvial 765 

or glaciogenic environments.  766 

The application of micro-CT techniques on outcrop data, in which the lateral extent 767 

allows trustworthy interpretation of paleoflow conditions (e.g., bedform), permits the 768 

development of micro-proxies of the internal fabrics. These proxies would be interesting to 769 

apply to core data where the poor lateral extent prevent any reliable interpretation of the 770 

paleoflow conditions at the time of deposition. 771 

 772 

6. CONCLUSIONS 773 

This study explores the potential of micro-CT techniques to read sedimentary structures in 774 

deep-marine sandstones. Because of the importance of the mineral composition in the formation 775 

and preservation of sedimentary structures, micro-CT analysis are complemented by 776 

geochemical analysis based on micro-XRF mapping and petrographic analysis involving thin-777 



section analysis. This multi-disciplinary approach is tested on three samples showing different 778 

mineral composition: a poorly sorted arenite from the Gosau Group in the Muttekopf Basin 779 

(Austria); a well to poorly sorted arenite from the Hecho Group in the Ainsa Basin (Spain); and 780 

a sub-arkose collected in the Annot Formation (France).  781 

 By comparing grain-size measurement from thin-section image analysis, micro-CT data 782 

shows itself valuable data to compute particle-size. The reconstruction of the particle-size 783 

distribution permits a better visualization of the sedimentary structures in 3D. By isolating 784 

particles based on their CT-density, it is possible to separate the coarsest (detrital) fraction 785 

underlying the sedimentary structures from the fine-grained matrix. This technique is very 786 

valuable to visualize sedimentary structures that are not visible with the naked eye, in case of 787 

too homogeneous deposit composition, in term of grain size and mineralogy. This study brings 788 

back the evaluation of structureless deposits in the outcrop, and the importance of evaluating 789 

the mineral composition and grain sorting before to reach any interpretation in term of process 790 

at the origin of the deposits.  791 

Compare to 2D thin-section analysis, they are many advantages to use micro-CT to 792 

analyze internal sedimentary structures, it is a non-destructive and time-saving techniques as 793 

well as allowing a systematic visualization of 3D sedimentary structures. Because of the 794 

limitation of micro-CT to measure below silt size, companion methods such as geochemical or 795 

high-resolution petrographic analyses are needed to get more information about the grain fabric 796 

at the grain-to-grain scale or mineral composition.  797 

Micro-CT is an innovative tool to better visualize primary sedimentary structures of 798 

consolidated SGF deposits, and thus an excellent technique to include in the reconstruction of 799 

paleoflow condition and depositional processes at the origin of the deposits. Because the 800 

formation of sandstone fabrics is almost universal in the sedimentary realm, micro-CT will also 801 

help to give a better assessment of sedimentary structures and associated processes at their 802 



origin, in different types of depositional environments (e.g., fluvial, shallow-marine). 803 

Considering the importance of the sedimentary structures visualization in the interpretation of 804 

the processes at the origin of the deposits, micro-CT is a reliable tool to assess the physical 805 

properties responsible for the deposition of ancient deposits.  806 
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Supplementary Material 1 

Micro-XRF images of the Gosau, Hecho and Annot samples. The left micro-XRF image of 

each sample displays the following chemical elements: Aluminum (Al in blue), Silica (Si in 

green) and Calcium (Ca in orange). By layering these chemical elements, the following mineral 

phases are interpreted: feldspar and clay in blue, quartz in green, carbonate minerals in orange.  

The right micro-XRF image of each sample displays the following chemical elements: 

Magnesium (Mg in brown), Potassium (K in yellow), Calcium  (Ca in Blue). By layering these 

chemical elements, the following mineral phases are interpreted: feldspar in yellow, dolomite 

in purple/pink, calcite in blue, clay in orange, quartz in black.  

 


