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Highlights: 11 
- Fine-grained rock fabric is investigated by X-ray tomography and SEM-EDS. 12 

- Samples cover all stages of cleavage development along a strain gradient. 13 

- Shape preferred orientation of quartz, calcite and pores is studied. 14 

- Deformation imprints differently on the grain shape fabric of quartz and calcite. 15 

- Grain fracturing, rotation and pressure-solution identified as dominant processes. 16 
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 20 

Abstract 21 

 22 

We document the evolution of the 3D fabric of shale along a km-long strain gradient in the Jaca basin 23 

(Southern Pyrenees, Spain). With respect to the distance from a thrust, samples were collected in the 24 

cleavage-free domain, at the onset of the pencil-cleavage domain, within the pencil-cleavage domain 25 

and within the slaty-cleavage domain. By combining high resolution X-ray computed tomography 26 

(XCT) and energy dispersive X-ray spectroscopy (EDS), the morphology and the Shape Preferred 27 

Orientation (SPO) of thousands of quartz grains, calcite grains and pores was studied. In the least 28 

deformed samples, quartz and calcite display mean foliation parallel to bedding with comparable 29 

dispersion. In the pencil-cleavage domain, quartz foliation still follows the bedding while calcite 30 

foliation is mostly governed by cleavage. In the slaty-cleavage domain, calcite shows a much better 31 

organization, with foliation parallel to cleavage, mimicking closely the pore fabric. By contrast, the 32 

quartz shape fabric is much less defined, scattered between bedding and cleavage planes. This 33 

suggests that quartz grain act as rigid marker in the ductile matrix, while calcite grain orientation is 34 

governed by dissolution-precipitation processes.  35 

 36 

1 Introduction 37 

 38 

The fabric of fine-grained rocks is commonly studied by means of optical microscopy, electron-39 

imaging techniques (Secondary Electron Microscopy and Transmission Electron Microscopy) or X-40 

ray diffraction techniques. These techniques have been used to determine the evolution of the 41 
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phyllosilicate fabric and the main deformation mechanisms of these platy minerals along a strain 42 

gradient in the transition from mudstone to slate at Lehigh gap, Pennsylvania (Lee et al., 1986; Ho et 43 

al., 1995; van der Pluijm et al., 1998). While imaging techniques can provide 2D shape fabrics of 44 

grains, the X-ray diffraction techniques, such as the X-ray pole figure goniometry (Oertel, 1983; van 45 

der Pluijm et al., 1994) and high-energy synchrotron X-rays (Wenk et al., 2007), aim mostly at 46 

determining the lattice-preferred orientation (LPO) of phyllosilicates in these rocks. Another powerful 47 

technique to determine the fabric of deformed fine-grained rocks is the Anisotropy of Magnetic 48 

Susceptibility or AMS (Tarling & Hrouda, 1993; Borradaile & Jackson, 2004; Parés, 2015). The AMS 49 

provides a bulk magnetic fabric, through a magnetic susceptibility tensor, retracing the preferred 50 

orientation (shape or magnetocrystalline) of both ferromagnetic, diamagnetic and paramagnetic 51 

minerals. In the case of mudrocks, paramagnetic minerals (i.e. phyllosilicates) are generally the main 52 

contributors to the AMS signal and the magnetic fabric often reflects the clay fabric (Hirt et al., 2004; 53 

Parés, 2015). Using AMS and other magnetic analyses, Hirt et al. (2004); Housen & van der Pluijm 54 

(1991) proposed deformation mechanisms associated to slaty cleavage development in a fine-grained 55 

matrix at Lehigh gap. However, little attention has been given to other shale bearing minerals such as 56 

quartz and calcite and information on the 3D shape fabrics of these common minerals in gradually 57 

deformed pelitic rocks is scarce. 58 

 59 

Shape fabrics or Shape Preferred Orientation (SPO) determination of grains can be done thanks to 60 

numerous techniques. As mentioned, AMS can provide the SPO of ferromagnetic minerals such as 61 

magnetite if they are the main magnetic carriers in the rock matrix. Other techniques mostly rely on 62 

2D (digital) image analysis and we can cite the intercept counting method (Launeau et al., 1990, 2010; 63 

Launeau & Robin, 1996), the wavelet transformation (Gaillot et al., 1999) and the autocorrelation 64 

function (Heilbronner, 1992; Pfleiderer & Halls, 1993). More recently, Thissen & Brandon (2015) 65 

have developed a method to estimate rock fabric and to evaluate the strain using the autocorrelation 66 

function on 3D X-ray computed tomography data. Generally, to obtain 3D information from 2D 67 

image analysis only, three orthogonal pictures of outcrop microstructures, images of thin sections or 68 

polished surfaces are combined. It refers to the discipline of stereology (Underwood, 1970). This 69 

technique has been successfully applied by Grégoire et al. (1998); Launeau & Cruden (1998) and by 70 

Hastie et al. (2011, 2013) in igneous rocks. It is however desirable to obtain a 3D characterization of 71 

SPO of rock constituents in a faster and non-destructive way and for this purpose X-ray tomography 72 

is particularly appealing. 73 

 74 

X-ray computed tomography (XCT) is now a well-established, powerful and non-destructive method 75 

to investigate the microstructure of rocks in three dimensions (Ketcham & Carlson, 2001; Ketcham, 76 
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2005; Carlson, 2006; Baker et al., 2012; Cnudde & Boone, 2013). The advantage of this imaging 77 

technique relies on its ability to provide the 3D shape fabric, for each individual object (grain or pore 78 

space) and makes the quantitative analysis statistically robust. The study of SPO of minerals by 79 

laboratory XCT or synchrotron XCT has proven to be valuable within various coarse-grained 80 

materials (Ketcham, 2005; Zucali et al., 2014; Sayab et al., 2015, 2017; Kahl et al., 2017) but also in 81 

fine-grained sedimentary rocks (Kanitpanyacharoen et al., 2012; Wenk et al., 2017). XCT does not 82 

measure the chemical composition of a rock sample but reflects the density and atomic number of its 83 

components. However, chemical identification can be performed by taking account of differences at 84 

elemental absorption edges, with synchrotron X-rays (Gualda et al., 2010) or by using a lab-based 85 

instrument equipped with a spectroscopic imaging detector (Egan et al., 2015). Recently, phase-86 

contrast (holo-)tomography, X-ray fluorescence tomography and X-ray diffraction were used together 87 

in order to study chemical features of zircons (Suuronen & Sayab, 2018). Otherwise, laboratory XCT 88 

can be easily combined with other techniques, such as energy dispersive X-ray spectroscopy (EDS), 89 

to determine the chemical nature of rock constituents. This 2D-3D registration method has been 90 

commonly used in studies related to the characterization of reservoir rocks (Golab et al., 2010, 2013; 91 

De Boever et al., 2015) but also in metamorphic studies (Macente et al., 2017). Because of its 92 

accessibility, simplicity and quick implementation, we chose to use EDS to supplement information 93 

from lab-based X-ray absorption-contrast images. 94 

 95 

Here we propose a novel methodology to study the shape fabric of common shale-bearing minerals 96 

(quartz, calcite), but also pore spaces, in three dimensions by combining of XCT and EDS. The 97 

proposed method is then applied to study deformed shales from the South Pyrenean foreland. Results 98 

demonstrate that the shape fabric of quartz and calcite exhibit a contrasting evolution along a km-99 

long strain gradient. The purpose of this work is however not to go through details about the 100 

geological setting but more to emphasize the usefulness of the method that can be applied on fine-101 

grained rocks in various geological context. 102 

2 Geological setting and sampling 103 

 104 

The Jaca basin is a piggyback basin of the South Pyrenean foreland, incorporated in the Pyrenean 105 

Orogeny from the Eocene to the Early Miocene (Labaume et al., 1985; Hogan & Burbank, 1996; 106 

Izquierdo-Llavall et al., 2013; Crognier et al., 2018). The Northern part of the Jaca Basin is made up 107 

of the Hecho turbiditic group. The Sierra de Leyre (Fig. 1a) bounds the southern part of the Hecho 108 

group. We focus on the Hecho Marls Formation (Eocene), which outcrop near the Sigües locality, and 109 

more precisely on the footwall of a steep thrust, which delineates the southern anticline of the Sierra 110 

de Leyre. The bedding (S0) of Hecho marls is sub-horizontal (Fig. 2a), except at few meters from the 111 
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emerged thrust, where footwall syncline developed, marked by overturned bedding dipping to the 112 

North (Fig. 2e).  113 

In this study, we observed a strain gradient associated to cleavage development (S1) north of Sigües, 114 

correlated to the distance from the thrust. Cleavage develops as axial planes parallel to the major folds 115 

axes (mostly oriented N100o) but damage is induced by thrust propagation. At ~2 km south from the 116 

emerged thrust, there is no cleavage, and shales are only affected by a fracture network (Crognier et 117 

al., 2018). We refer to this type of petrofabric, corresponding to a low strain area, as “cleavage-free” 118 

throughout the text. In this domain, bedding has a dip of 15° towards the South (Fig. 2a). In the range 119 

~1 km-0.5 km from the thrust, a pencil cleavage develops, dipping to the North and oblique to the 120 

bedding. The spacing between cleavage planes is metric at ~1 km and evolves gradually to millimetric 121 

at ~0.5 km. We refer to this petrofabric, corresponding to an intermediate strain area, as “pencil-122 

cleavage”. In this study, the bedding is still well observed in the pencil-cleavage domain (Fig. 2b-c). 123 

The dip of the bedding is 10° towards the South. At a distance below 0.5 km from the thrust, the 124 

cleavage intensity increases and the cleavage spacing becomes infra millimetric. We refer to this 125 

petrofabric, corresponding to a high strain area, as “slaty-cleavage”. Here cleavage is strongly oblique 126 

to a horizontal bedding (Fig. 2d). Continuing towards the North, the bedding is now barely detectable 127 

and the change between sub-horizontal to overturned beds is difficult to observe near the thrust. The 128 

slaty cleavage, strongly dipping to the North, superimposes the bedding that has a dip of 60° towards 129 

the North forming a transposition structure (Fig. 2e). This is the slaty-cleavage domain where 130 

cleavage and bedding are nearly parallel due to high strain. The Sigües site exhibits therefore an 131 

exceptional exposure where it is possible to monitor, meter by meter, the evolution of a fine-grained 132 

sedimentary matrix in response to cleavage development.   133 

In this study, five calcareous shale samples (A1, A2, A3, A4, A5) have been collected from the South 134 

to the North, with respectively a cleavage-free petrofabric (A1, 1.95 km from thrust), an incipient 135 

pencil-cleavage petrofabric (A2, 0.95 km), a pencil-cleavage petrofabric (A3, 480 m) and two slaty 136 

cleavage petrofabrics (150 and 15 m for A4 and A5 respectively). For the A4 sample, the bedding is 137 

sub-horizontal, superimposed by a steep cleavage. For the A5 sample, located near the thrust in the 138 

footwall syncline, overturned bedding and cleavage are nearly parallel due to the transposition of the 139 

two structures. 140 

3 Methods 141 

3.1 Workflow 142 

The complete acquisition workflow applied in this study is described in Fig. 3. The workflow 143 

includes:  144 
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1) Extraction of a drill core from a georeferenced cylindrical field sample. A ‘T’ shaped 145 

orientation marker respecting the strike of the field sample is reported on the top of the 146 

extracted drill core (Fig. 3a). 147 

2) Performing a first X-ray tomographic acquisition of the drill core. Image processing enables 148 

to extract different phases corresponding to shale constituents (Fig. 3b). 149 

3) Polishing the drill core in the longitudinal direction (Fig. 3c). 150 

4) Performing an EDS analysis on this polished surface (Fig. 3d),  151 

5) Performing a second X-ray tomographic acquisition permitting to position the 2D EDS dataset 152 

within the 3D X-ray data set of the entire drill core and to fuse the data (Fig. 3e).  153 

The following sections shortly present the principles of XCT and EDS and describe more precisely 154 

how the data fusion is performed and how it enables to perform detailed shape fabric analysis. 155 

3.2 High resolution X-ray computed tomography 156 

 157 

3.2.1 Acquisition and reconstruction of data 158 
 159 

Laboratory X-ray computed tomography (XCT) is a technique, which enables inner inspection of a 160 

sample at high resolution and in a non-destructive way. The sample is placed between a source and a 161 

detector. During an acquisition, a conical X-ray beam illuminates the sample and a series of 2D 162 

projection images are recorded for various sample orientations. The pixel values of each of these 163 

images correspond to the intensity of the transmitted X-ray beam and depend on the attenuation of 164 

the sample material (Ketcham & Carlson, 2001; Ketcham, 2005; Baker et al., 2012). The attenuation 165 

is function of the density and the atomic number of the material and of the incident X-ray spectrum 166 

(Ketcham & Carlson, 2001; Baker et al., 2012). The recorded dataset of 2D projection images is 167 

subsequently converted into a three-dimensional dataset in which every voxel (i.e. a pixel in 3D) 168 

reflects the average attenuation of the physical material located at that voxel position. As attenuation 169 

coefficients are material-specific, different mineral phases yield different grey values in the 170 

reconstructed 3D images. Analysis of the spatial distribution of the reconstructed images hence 171 

permits to determine the geometry and location of the mineral phases. Attenuation-based X-ray 172 

tomography however does not provide crystallographic information nor direct chemical information. 173 

 174 

In this work, five shale drill cores (A1-A5) were scanned with a Zeiss Xradia Versa 510 X-ray 175 

tomograph at DMEX (UPPA). This tomograph combines geometric and optical magnification, 176 

enabling the acquisition of high-resolution images for relatively large sample sizes. The 16-bit CCD 177 

detector is capable of acquiring radiographs with 20482 pixels. The acquisition parameters are 178 

selected in view of optimizing the image contrast, the signal-to-noise ratio and the acquisition 179 
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duration (Table 1). The set of recorded radiographs are reconstructed with XRM Reconstructor® 180 

(Zeiss, version 11) in order to obtain a stack of cross-sections forming a digital volume of the sample. 181 

This reconstruction software is based on the standard filtered back projection algorithm 182 

(Ramachandran & Lakshminarayanan, 1971).  183 

 184 

Table 1: sample parameters of X-ray tomography (XCT) for each studied sample. 185 

Sample A1 A2 A3 A4 A5 

Diameter (mm) 2.5 1.9 1.8 1.8 1.8 

Field of View (mm) 2.9 2.5 1.95 2.35 2.35 

Acceleration tension (kVp) 50 50 40 40 40 

Target current (µA) 80 80 75 75 75 

Power (W) 4 4 3 3 3 

Exposure time (s) 18 12 40 40 40 

Number of projections 2001 2001 2001 1601 1601 

Voxel size (µm) 1.5 1.3 1.0 1.2 1.2 

Total acquisition time 

(hours) 

12 8.5 24 22 22 

 186 

3.2.2 Data processing 187 
 188 

The XCT data were processed, visualized and interpreted using Avizo® (FEI, Version 9.0.0). A two-189 

step image processing is applied to the data. In a filtering step the signal-to-noise ratio is improved. 190 

The subsequent segmentation step enables extracting mineral phases and pore spaces for further 191 

quantitative analysis in 3D. Note that for each sample, image processing is done for a subvolume 192 

(volume of interest) located in the central part of the image (Fig. 3f) as the structure near edges of the 193 

drill core might be affected by the coring.  194 

 195 

3.2.2.1 Filtering 196 
 197 

The noise in the reconstructed XCT dataset can be reduced by applying pre-processing filters which 198 

are mathematical algorithms that act on each pixel or voxel of the image (Kaestner et al., 2008; Russ 199 

et al., 2015). The aim of the filtering process is to make the interpretation of the image easier by 200 

increasing the contrast between the objects (Kaestner et al., 2008; Russ et al., 2015). In our study, an 201 

anisotropic diffusion filter proposed by Bernard et al. (2011) is applied to each dataset. This filter is 202 

a modified version of the classical anisotropic diffusion filter (Perona & Malik, 1990). It smoothens 203 

noisy but relatively uniform regions of the image (i.e. each individual phase), while preserving the 204 

boundaries between the phases (i.e. the contours of the objects). Additionally, the Despeckle module 205 

is applied to remove residual noise based on a mean calculation of neighborhood voxels values. 206 

 207 
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3.2.2.2 Segmentation 208 
 209 

Segmentation enables to partition the image into regions so that each region is homogeneous with 210 

regard to certain properties, such as gray level or texture (Dougherty, 1994). Here, it is sought to 211 

extract five phases which are associated to different gray levels ranging from black (lowest X-ray 212 

attenuation, phase 1) to white (highest X-ray attenuation, phase 5) (Fig. S1). In the case of fine-213 

grained sedimentary rocks, the structure of the rock is complex due to various sized minerals of 214 

different densities and a multi-scale porosity. Indeed, porosity varies over a wide range of length 215 

scales in shales and can only be fully characterized using multi-scale imaging techniques. 216 

Consequently, the histogram of the gray levels shows overlapping values that make it difficult to 217 

distinguish each phase. The comparison of results obtained by different methods of thresholding 218 

shows that global manual thresholding is the most suitable in this context. Morphological filters (Serra 219 

& Vincent, 1992; Dougherty, 1994) have also been applied as post-segmentation image processing, 220 

when it was necessary, to discriminate two phases and to reduce misclassification errors near phase 221 

interfaces (Fig. S1). The thresholds are chosen to dissociate the different phases and to respect their 222 

boundaries. As this choice could be considered as subjective, upper and lower bounds on the 223 

thresholds are determined that encompass all reasonable choices of an experienced operator. These 224 

permit to assess the uncertainties on the volume of each phase from ±15% to ±5% depending on the 225 

considered phase. Once the tomographic phases have been segmented (Fig. 3b), we desire to identify 226 

them chemically using EDS. 227 

3.3 Energy-Dispersive X-ray Spectroscopy 228 

 229 

Energy dispersive X-ray spectroscopy (EDS) enables acquiring a chemical map at nanometer 230 

resolution of the elements from Li to U situated on the analyzed surface. Associated with SEM 231 

devices, EDS uses X-rays generated by the interaction of an electron beam with a sample to 232 

characterize the elemental composition (Goldstein et al., 2018). 233 

 234 

In this work, we use EDS in a qualitative approach to identify the major constituents of the shale 235 

samples. A grid of scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 236 

(EDS) images is acquired to compose a chemical map of a plane surface obtained after the core has 237 

been polished in the longitudinal direction (Fig. 3c-d). SEM-EDS data acquisition is performed at the 238 

Raimond Castaing Microanalysis Centre (Toulouse, France). SEM images are collected as 239 

backscattered electrons (BSE) with a JEOL JSM-7800F Prime equipped with a Silicon Drift Detector 240 

from Oxford Instruments to generate the EDS images. The acceleration voltage used for our study is 241 
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10 kV. One EDS map is obtained for each detected chemical element. Two samples (A1 and A2) are 242 

characterized to identify major constituents of the rock, EDS parameters are summarized in Table S1. 243 

SEM images are not used in this work because they are redundant with the X-ray dataset. 244 

 245 

3.4 Image registration and fusion 246 

 247 

Registration of the EDS images and the XCT volume is done in order to propagate chemical 248 

identification given by EDS images into the whole XCT volume. First, the registration of the initial 249 

XCT image with the final XCT image after polishing is performed. This operation is essential to 250 

precisely locate the surface analyzed by EDS inside the initial XCT volume. The Mutual Information 251 

method from Avizo® is used to register these datasets and the plane that corresponds to the polished 252 

surface is extracted from the initial volume. This plane and the EDS image are not strictly 253 

superimposable because they are not exactly parallel, nor do they have the same resolution. 254 

Furthermore, the EDS image integrates information over a thickness of several microns. Therefore, 255 

we fine-tune the registration based on landmarks (i.e. characteristic features in the image).  256 

 257 

Four out of five XCT phases can be directly associated to a mineral, namely quartz, clayey matrix, 258 

calcite and pyrite for phases two to five, respectively. Light elements cannot be detected by EDS, and 259 

therefore phase 1 (lowest X-ray attenuation) can be associated with the air-filled pores of the material. 260 

This procedure enables propagating the chemical information from 2D EDS maps to the entire XCT 261 

volume and to subsequently perform a shape fabric analysis of each phase.  262 

 263 

3.5 Shape fabrics analysis 264 

 265 

The shape of each individual phase (grain or pore) corresponds to the distribution of its voxels in the 266 

three-dimensional XCT image. In our case, the shape is approximated by a best-fit ellipsoid (Fig. 3g) 267 

having the same moments of inertia as the original object (Jähne, 1997). The inertia matrix of each 268 

object is obtained by the calculation of the second-order moments. The diagonalization of the matrix 269 

provides three eigenvalues which correspond to the principal moments of inertia and the associated 270 

three orthogonal eigenvectors which correspond to the principal axes of inertia. The major, 271 

intermediate and minor eigenvectors give information on the spatial orientation of the object in the 272 

coordinate system of the sample. As the strike and dip of each sample is known, the local coordinate 273 

system can be converted into the geographic coordinate system. The shape of the object is 274 
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approximated by the eigenvalues, which are related to the best-fit ellipsoid’s semi-axes. Truncated 275 

objects placed at the edges of the volume were excluded, as they would bias the shape-analysis.  276 

The shape of each object is further characterized by three non-dimensional shape parameters, namely 277 

anisotropy, elongation and flatness.  278 

- The anisotropy is defined by 1 − 𝑒3/𝑒1  where 𝑒3 and 𝑒1 are the smallest and largest 279 

eigenvalues of the inertia matrix respectively. A spherical object has anisotropy equal to zero. 280 

- The elongation is defined by 𝑒2/𝑒1 where 𝑒2 and 𝑒1 are the medium and largest eigenvalues 281 

respectively.  282 

- The flatness is defined by 𝑒3/𝑒2  where 𝑒3 and 𝑒2 are the smallest and medium eigenvalues 283 

respectively.  284 

4 Results 285 

 286 

4.1 General observations 287 

 288 

4.1.1 Distribution of phases 289 
 290 

The results concerning quartz, calcite and pores phases are provided in this work. The study of the 291 

phyllosilicate matrix is discarded because of insufficient XCT resolution while the study of pyrite is 292 

outside the scope of this paper. The number of objects belonging to each phase (calcite, quartz and 293 

pore spaces) and their relative abundance in the volume of interest of the samples are reported in 294 

Table 2. In this study, objects under 729 µm3 (corresponding to 216 voxels in A1, 332 voxels in A2, 295 

729 voxels in A3, 422 voxels in A4 and A5) are considered as noise and are eliminated. Thus, the 296 

volumetric contribution of each phase obtained with XCT underestimates the real quantity present in 297 

the samples to some extent. All together, the three phases represent 3.5 to 7.6% of the volume of 298 

interest. In comparison, the rock matrix represents around 92.4 to 96.5%. We thus focus on a small 299 

fraction of the rock volume (Table 2). The volume distribution of the objects ranges from 729 to near 300 

2*106 µm3 for the biggest calcite grains. Nevertheless, among each mineralogical phase (quartz and 301 

calcite), around 95% of the studied particles have a size ranging from 729 to 20729 µm3. The 302 

respective distributions, in the five samples, of quartz and calcite ranging from 729 to 20729 µm3, are 303 

represented in Fig. S2 and show a remarkable similarity. 304 

Table 2: Volume of interest for each sample. Number and volume fraction of quartz, calcite and 305 

pores particles in this volume, obtained after segmentation. 306 

Sample A1 A2 A3 A4 A5 

Volume of interest (mm3) 6.12 2.10 1.76 2.34 2.15 

Number of quartz grains 13,451 5,282 13,109 8,311 7,371 

Volume fraction of quartz (1) 1.63 % 1.48 % 2.92 % 2.07 % 1.74 % 
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Number of calcite grains 15,932 9,950 15,610 13,324 12,938 

Volume fraction of calcite (2) 1.82 % 4.27 % 3.17 % 5.35 % 5.04 % 

Number of pores 435 277 104 1,500 713 

Volume fraction of pores (3) 0.065 % 0.023 % 0.009 %  0.134 % 0.372 % 

(1)+(2)+(3) 3.52 % 5.77 % 6.10 % 7.55 % 7.15 % 

 307 

4.1.2 Description of the XCT images 308 
 309 

Fig. 4 presents a vertical north-south cross section through each sample, illustrating the horizontal 310 

bedding orientation from A1 to A4, the appearance of a cleavage plane from A3 onwards, as well as 311 

the rotation of this plane from A3 to A5. As the depicted cross-section intersects each cylindrical 312 

sample in an oblique fashion, the shapes of the cross-sections differ from one sample to the next. 313 

Images in the samples reference frame are available in Fig. S3.   314 

Fig. 4 shows that most of the calcite grains are rounded shaped and correspond to microfossils and 315 

shell fragments. On the contrary, quartz grains are more angular. At this micron scale, we observe a 316 

preferred alignment of grains in the least deformed samples (A1 and A2). This fabric is attributed to 317 

bedding as this planar structure is sub-horizontal, which is in accordance with field observations. In 318 

sample A3, a secondary planar fabric becomes slightly visible, it corresponds to cleavage that cross-319 

cut bedding structures at low angle. Cleavage domains are subtle in this XCT image, sometimes 320 

marked by preferred alignment of calcite bioclasts and spaced by more than 1 mm in this sample. In 321 

samples A4 and A5, the traces of cleavage domains are deduced from high porosity surfaces, which 322 

appear as microcracks in the XCT images (see Fig. S3 for more images). Because clay minerals are 323 

known to concentrate in cleavage domains (seams), clays may have dehydrated during storage of the 324 

samples and formed microcracks. From these structures, we can infer the presence of pressure 325 

solution seams. Furthermore, the calcite bioclasts are often truncated by the seams and confirm that 326 

pressure solution has been responsible of the growth of these surfaces (Engelder & Marshak, 1985; 327 

Passchier & Trouw, 2005). The truncation of calcite by pressure solution seams is supported by optical 328 

microscopy observation (Fig. 5). The cleavage domains are more penetrative in A5 than in A4. 329 

Average spacing between cleavage domains is of 212 µm ± 65 µm in A4 and of 116 ± 16 µm in A5. 330 

However, the measure of the spacing of cleavage depends on the scale of observation and the true 331 

spacing is certainly less than these values. In our case, spatial resolution depends on the voxel size of 332 

the XCT images. In A4, the seams are discontinuous, subparallel to slightly anastomose around grains 333 

and rather rough. In A5, the seams appear discontinuous, subparallel and smoother. In both samples 334 

A4 and A5, grains within or close to the cleavage domains are strongly aligned, parallel to the seams. 335 

In between the cleavage domains of A4, grains are whether subparallel, orthogonal (related to the 336 

bedding fabric) or randomly oriented. In between the cleavage domains of A5, calcite grains are 337 

mostly aligned parallel to seams giving a strong planar fabric to the rock. Quartz grains are rather 338 
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randomly oriented in A5. We remark that cleavage domains are heterogeneously spaced in A4 339 

compared to cleavage domains in A5, which are equally spaced throughout the rock volume.  340 

 341 

4.2 Grain and pore spaces shape. 342 

 343 

At first glance, the distribution of the shape parameters of quartz, calcite and pores highlights a global 344 

transition towards more anisotropic, more elongated and flatter objects from the cleavage-free domain 345 

(A1) to the slaty-cleavage domain (A5) (Fig. 6). However, the evolution of the shape parameters is 346 

not the same for each phase. 347 

 348 

Concerning the quartz (Fig. 6), the major shift in distributions of both anisotropy, elongation and 349 

flatness takes place between A1 and A2. After what, the distribution of these parameters is not really 350 

distinguishable between samples A2, A3, A4, A5. However, we should note that distributions in A3 351 

feature the most anisotropic, elongated and flattened quartz grains. 352 

Concerning the calcite (Fig. 6), there is a regular shift of the distribution of the three parameters from 353 

A1 to A5. As strain increases, calcite grains gradually become more deformed. This is particularly 354 

well illustrated by evolution of anisotropy and flatness. However, we should note that distributions 355 

of anisotropy and elongation in A3 are close to that in A5. The distribution of flatness in A3 is similar 356 

to that in A4. We should note that quartz and calcite have similar distributions of anisotropy, 357 

elongation and flatness in A1 and A2. 358 

Concerning the pore spaces (Fig. 6), the distribution of anisotropy and flatness are delicate to interpret 359 

due to a high proportion of very anisotropic and flattened pores in A1 and A5. These pores may in 360 

fact correspond to microcracks present in A1 and A5. Elongation of the pore spaces is similar for the 361 

five samples. 362 

 363 

As significant results, we thus retain common shape features of quartz and calcite grains in samples 364 

A1 and A2, the change of quartz shape between A1 and A2 solely, contrasting with the continuous 365 

and regular evolution of calcite shape across the five samples. We also note that quartz grains seem 366 

to be more deformed in sample A3. It has been verified that the specific segmentation thresholds (cf. 367 

segmentation paragraph) for each phase have no influence on the evolution of shape parameters. 368 

 369 

4.3 Shape preferred orientation of quartz, calcite and pores. 370 

 371 
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We plot density contours of the short (L3) and long (L1) axes corresponding to thousands of objects 372 

(grains, pore spaces) in equal area and lower hemisphere projections representing a geographic 373 

coordinate system (North-East-Down) (Fig. 7-8), using the OpenStereo software (Grohmann & 374 

Campanha, 2010). In fabric analysis, it is generally common to assign L3 as the pole of foliation (Fig. 375 

7) and L1 as the lineation (Fig. 8). Poles of the bedding and cleavage planes measured on the XCT 376 

images from the alignment of grains (Fig. 4) are also reported onto these stereographic plots in a 377 

common geographic coordinate system (North-East-Down).  378 

 379 

In the cleavage-free domain (sample A1), all objects display foliation parallel to the bedding plane 380 

(Fig. 7). Pore spaces are well-organized with a maximum density near 30% around the pole of 381 

bedding. Quartz and calcite display almost the same degree of dispersion and have maximum 382 

densities coinciding with the pole of bedding (3.5% and 3.8% respectively, which mean 3.5%/1% 383 

area and 3.8%/1% area respectively). Lineation of individual ellipsoid long axes (L1) spread sub-384 

horizontally in the bedding plane with a slight NW-SE trend (Fig. 8). At the onset of the pencil-385 

cleavage domain (sample A2), all poles of foliation spread near the bedding pole. Here again, quartz 386 

and calcite have similar maximum densities (3.3% and 3.7% respectively). Poles of the pores are 387 

more disorganized. No evident lineation is observed but we can notice a slight preference towards 388 

NW-SE for quartz and calcite (Fig. 8). Lineation is related to bedding. In the pencil-cleavage domain, 389 

where cleavage is oblique to bedding (sample A3), we observe notable differences. Quartz displays a 390 

scattered foliation related to the bedding pole with a maximum density of 2.2% (Fig. 7). Calcite shows 391 

a NNE-SSW directed girdle of the pole of foliation between the pole of cleavage and the pole of 392 

bedding. However, calcite foliation mostly indicate a cleavage related fabric with a maximum density 393 

of 3.0% around the pole of cleavage. The pole of foliation of pore spaces seems to be scattered 394 

between the pole of cleavage and the pole of bedding. The lineation is sub-horizontal and related to 395 

bedding for quartz grains but still displays a preference towards NW-SE as in A1 and A2 (Fig. 8). As 396 

of now, the lineation tends ESE-WNW for calcite grains and correspond to an intersection lineation 397 

of bedding and cleavage planes. Calcite lineation also displays incipient contours in the cleavage 398 

plane. The lineation of pore spaces cannot be assessed. In the slaty cleavage domain, where cleavage 399 

is strongly oblique to bedding (sample A4), we also observe notable differences. Quartz displays a N-400 

S directed girdle of the pole of foliation between the pole of cleavage and the pole of bedding (Fig. 401 

7). Quartz grains are thus influenced by these two planes. In contrast, calcite grains and pore spaces 402 

have a well concentrated foliation near the pole of cleavage. At this strain state, quartz and calcite 403 

show different maximum densities around the pole of cleavage, 2.3% for quartz compared to 6.6% 404 

for calcite. The lineation tends slightly E-W for quartz, close to an intersection lineation (Fig. 8). For 405 

calcite and pore spaces, the intersection lineation mostly lies E-W sub-horizontally but is also 406 
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depicting the cleavage great circle with some steep lineations within the cleavage plane. In the slaty-407 

cleavage domain, where bedding and cleavage are parallel to each other (sample A5), all foliation 408 

poles are grouped parallel to the bedding/cleavage pole (Fig. 7). However, quartz foliation is still 409 

quite disorganized and show a weak maximum density of 2.9%. Maximum density at the pole of 410 

cleavage reaches 11.4% for calcite foliation. The dispersion of the quartz foliation may indicate that 411 

bedding and cleavage planes are not exactly parallel. The pole of foliation of pores is well defined 412 

and displays a maximum density of 38.2%. The lineation is relatively scattered, sub-horizontal in 413 

trend for quartz but also with a girdle around the dip of the cleavage plane (Fig. 8). Calcite and pore 414 

spaces display a down-dip stretching lineation with a maximum density of 4.0% and 7.0% 415 

respectively. We should note as a general trend that foliation of grains and pore spaces is better defined 416 

than their lineation.  417 

 418 

5 Discussion 419 

 420 

Results of this microscale study are fully consistent with field data. Cleavage development along the 421 

strain gradient is well recorded in XCT images and is demonstrated by our microstructural approach 422 

on quartz, calcite and pores. Although we have worked on a small rock volume (volume of interest 423 

between 1 to 6 mm3), results are well correlated to field observations and show clear trends, indicating 424 

that the samples are representative. The representativeness of sample is also illustrated by the volume 425 

distribution remarkably similar for calcite and quartz, independently of strain. Moreover, the amount 426 

of investigated objects from XCT data of each sample (~10000 for quartz and calcite, more than 100 427 

for pores) makes the study statistically robust. 428 

 429 

In the cleavage-free domain (A1), quartz and calcite have similar shape features (Fig. 6) and SPO 430 

(Fig. 7-8-9). In these shales, quartz grains may mostly be provided by detrital inputs whereas calcite 431 

grains may be provided by carbonates pelagic particles. Grain shape may result from compaction both 432 

during burial/diagenesis and tectonic compression. SPO of quartz and calcite is governed by a typical 433 

bedding-parallel fabric with short axis L3 normal to the bedding plane and no specific orientation of 434 

the long axis L1 (Fig. 7). SPO of pores is also governed by the bedding. 435 

 436 

At the onset of pencil-cleavage domain (A2), we observe similar shape features (Fig. 6) and SPO 437 

(Fig. 7-8-9) for quartz and calcite but they have evolved with respect to the undeformed sample A1. 438 

Particles are more deformed (Fig. 6) but their foliation remains close to the pole of bedding, lineation 439 

is almost the same as in A1. No specific change in SPO is recorded in this low strain intensity area. 440 
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Grain shape may change due to microfracturing, as illustrated in Fig. 10. Evolution of grain shape 441 

and SPO is reported in a sketch presented in fig. 10 that follows this discussion. 442 

 443 

In the pencil-cleavage domain (A3), where cleavage is oblique to the bedding orientation, shape 444 

features and SPO differ between quartz and calcite. Quartz and calcite grains are more deformed in 445 

this sample as shown by the distribution of shape parameters (Fig. 6). Quartz SPO is still related to 446 

bedding but disturbed (Fig. 7-8-9). Calcite SPO is developing a cleavage foliation and is depicting an 447 

intersection lineation. Some calcite grains might still be related to the bedding as described by the 448 

girdle of L3. The fabric of pore spaces in this sample is more difficult to interpret because of the weak 449 

number of pore spaces. Mechanical rotation, pressure-solution and new crystallization of 450 

phyllosilicates grains have been commonly proposed as the major processes acting during cleavage 451 

development associated to the transition from mudstones to shales and slates (Engelder & Marshak, 452 

1985; Lee et al., 1986; Ho et al., 1995, 1996; Passchier & Trouw, 2005). van der Pluijm et al. (1998) 453 

discussed the possible roles of thermal and strain energy in determining which process dominates. 454 

Generally, mechanical rotation is said to be the dominant process affecting detrital grains in early 455 

stages of cleavage development, as proposed by works on phyllosilicates grains (Ho et al., 1995, 456 

1996; Hirt et al., 2004) and on magnetite grains (Housen & van der Pluijm, 1991). This would be 457 

consistent with our observations on the quartz and calcite grains in the pencil-cleavage domain. 458 

Changes in shape features and SPO of quartz and calcite may result from mechanical processes such 459 

as grain rotation. Alternatively, one could assume that grain rotation does not take place during 460 

deformation (Fig. 10), especially for grains located in between the cleavage domains. Since both 461 

scenarios are end-members in between we can find intermediate models that may explain the 462 

dispersion of the poles of foliation and low maximum densities. Brittle fracturing of grains may also 463 

erode grain contours and affect their shape. At this intermediate strain intensity, we cannot detect 464 

evidences for pressure-solution in the XCT image so we propose that grain rotation and grain 465 

fracturing are the dominant deformation processes to accommodate shortening. However, we do not 466 

exclude the play of pressure-solution. It is important to note that this strain state shows the weakest 467 

maximum densities of foliation and lineation which attest for the most disturbed shape fabrics of 468 

grains and pores. 469 

 470 

In the slaty-cleavage domain (A4), where cleavage is strongly oblique to the bedding orientation, 471 

shape features and SPO differ between quartz and calcite. The shape of the quartz grains remains the 472 

same as in A2, while the calcite grains continue to deform (Fig. 6). The major step in the SPO 473 

evolution of grains is apparent in this sample and well demonstrated by differences in the maximum 474 

density of quartz and calcite foliations (Fig. 9). Quartz foliation is now related to poles of both 475 
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bedding and cleavage (Fig. 7). More precisely, one third of the total quartz grains keep a bedding 476 

influenced fabric in this sample, compared to calcite and pores particles which are strictly governed 477 

by cleavage. We have compared the shape of the quartz grain population related to both the pole of 478 

cleavage and the pole of bedding, by selecting particles having a dip above or under 45°, but no 479 

differences have been observed in their respective size distribution. Therefore, these different 480 

orientations are not related to the size of the quartz grains. In this sample, we have seen some evidence 481 

for pressure-solution such as and truncated calcite grains (Fig. 5 & Fig. S3). It should be noticed that 482 

in XCT data, truncated grain and its pressure shadows (tails) are assimilated as one grain because of 483 

equal densities, as opposed to what can be seen in optical microscopy. Furthermore, fine grains 484 

present in pressure shadows are beyond XCT image resolution. It explains the high degree of 485 

anisotropy of calcite grains obtained by XCT data processing which encompass many sub-486 

micrometric grains to define one grain. In this sample, the increasing deformation of calcite grains 487 

and changes in their SPO could be explained by pressure-solution. We suppose that this process may 488 

be the reason of the divergent evolution of the shape features and SPO between quartz and calcite in 489 

A3 (Fig. 10). Pressure-solution may proceed on calcite grains but may be less effective or may not 490 

happen for quartz grains. It is well-known that pressure solution is a function of the thermodynamics 491 

conditions, especially temperature (Houseknecht, 1984; Bjorkum, 1996; Tournier, 2010), of the size 492 

and the composition of grains as well as of the stress conditions (Gratier et al., 2013). Another 493 

paramount parameter is the role of phyllosilicate in enhancing dissolution process of grains such as 494 

calcite and quartz (Dewers & Ortoleva, 1991; Renard et al., 1997; Meyer et al., 2006). More precisely, 495 

illite and mica are known to favor quartz dissolution in sandstones (Weyl, 1959; Houseknecht, 1988; 496 

Bjorkum, 1996; Tournier, 2010; Kristiansen et al., 2011). Even though both types of these 497 

phyllosilicates are present in our shales, the results of this study is not conclusive on their role in 498 

quartz dissolution. These shales have only experienced a peak temperature near 180°C (Izquierdo-499 

Llavall et al., 2013) and we can propose that the thermodynamics conditions were prone to pressure-500 

solution of calcite while they were not for quartz grains, or at least to a lesser extent. In particular, 501 

temperature may be the limiting parameter for quartz dissolution. It should be noticed that the 502 

distribution of the size of quartz and calcite (Fig. S2) remains similar in the five samples, which is 503 

particularly stunning considering the amount of strain recorded by the samples in the slaty-cleavage 504 

domain. It seems that even though calcite grains are affected by pressure-solution processes, these 505 

processes have no influence on the grain size. The grain shape evolves due to the processes mentioned 506 

above but the removed material is probably only redistributed and grain size remains stable. 507 

 508 

In the slaty-cleavage domain (A5), where cleavage and bedding are parallel, shape features and SPO 509 

of quartz and calcite are still displaying differences. Quartz shows the same shape as in A2 and A3 510 
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while calcite becomes more strained (Fig. 6). Quartz SPO is mostly related to cleavage but still 511 

scattered both in terms of foliation and lineation (Fig. 7-8). Calcite and pores’ foliation are governed 512 

by cleavage and are well defined. Calcite lineation, which is close to the dip of cleavage, may 513 

correspond to a stretching lineation. Evidences for pressure-solution on calcite grains are also 514 

highlighted in this sample A5 (Fig. 5 & Fig. S3). Thus, evolution of calcite shape and enhancement 515 

of its SPO at this strain state could be explained by pressure-solution (Fig. 10). Here also, quartz 516 

grains might not be affected by this process. 517 

 518 

Information issued from textural analysis, e.g. by means of the electron backscatter diffraction 519 

(EBSD) technique, could complete this study. In particular, EBSD would provide more information 520 

on the type of grains (authigenic vs detrital) and their relations and overgrowths patterns for 521 

authigenic grains. This approach could also be completed and compared with the study of preferred 522 

orientation of matrix phyllosilicates at a higher resolution thanks to XCT synchrotron devices or the 523 

well-established X-ray texture goniometry. Also, the analysis of phyllosilicates and their interactions 524 

with quartz and calcite could be useful, to determine if they play a role in the pressure-solution 525 

process. Overall, this work offers new perspectives of investigations for the study of fine-grained rock 526 

fabric in 3D and in various geological contexts. 527 

 528 

6 Conclusions 529 

 530 

The combination of XCT and EDS data is a reliable and fast way to produce a three-dimensional 531 

chemical and structural characterization of a representative volume of a fine-grained rock sample at 532 

a micrometric scale. It is possible to identify the major rock constituents, to extract shape parameters 533 

and to gain insight in shape-preferred orientation of thousands of mineral grains and hundreds of 534 

pores. Therefore, investigating fine-grained rock fabric by means of XCT appears as a promising tool. 535 

According to this approach, we document for the first time the 3D shape fabrics of quartz and calcite 536 

and their evolution across a km-long strain gradient in the South Pyrenean foreland: 537 

 538 

In five gradually more deformed calcareous shale samples (A1 to A5), we demonstrate that: 539 

- quartz and calcite grains embedded in the matrix have analogous shape and SPO in the 540 

cleavage-free and at onset of pencil-cleavage domain (A1 and A2); 541 

- quartz and calcite have distinct shape and SPO in the pencil-cleavage domain (A3) and in the 542 

slaty-cleavage domain (A4 and A5); 543 

- pore fabric mimics calcite fabric along the strain gradient. 544 
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We envisage grain fracturing, grain rotation and pressure-solution as dominant processes acting in 545 

the matrix but affecting differently quartz and calcite. Quartz deformation may be mostly induced by 546 

grain fracturing and rigid rotation of grains and occurs preferentially in the first stages of cleavage 547 

development (onset of pencil-cleavage domain and pencil-cleavage domain). Detrital quartz grains 548 

could appear as rigid markers of strain. Calcite deformation may be favored by pressure-solution in 549 

the slaty-cleavage domain whereas it is not the case for quartz. Calcite could be a useful strain gauge 550 

as shown by its regular shape fabric evolution according to strain intensity. 551 

 552 
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 769 

Fig. 1: (a) Simplified geological map between Sigües and Salvatierra in the Southern Pyrenees, Spain 770 

(adapted from Puigdefàbregas (1975)). Sampling locations are indicated on the map. (b) North-south 771 

cross-section corresponding to the A-A’ profile on the geological map (adapted from Labaume et al. 772 

(1985). Projected positions of the samples with respect to the cross-section are indicated. Poles of 773 

bedding (S0) and cleavage (S1) measured in the field are reported onto equal area and lower 774 

hemisphere projections using density contouring. 775 
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 776 

Fig. 2: Outcrop pictures of (a) cleavage-free domain (A1), (b) onset of cleavage (A2), (c) pencil-777 

cleavage domain (A3), (d) slaty-cleavage domain with cleavage oblique to bedding (A4), (e) slaty-778 

cleavage domain with superimposition of cleavage on bedding (A5). Distance from the thrust 779 

decreases from (a) to (e). 780 
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 781 

Fig. 3: Workflow of XCT-EDS combination method used in this study. a) drill core extracted from 782 

field sample with indication of the strike (‘T’ shaped marker on the top) measured in the field ; b) 783 

XCT acquisition followed by image processing to isolate phases of interest; c) drill core polishing for 784 

EDS analysis; d) chemical map obtained on the polished surface; e) data fusion corresponds to the 785 

registration of the XCT volume and the EDS map; f) selection of a volume of interest inside the XCT 786 

volume, each segmented tomographic phase is chemically identified; g) each grain or pore space in 787 

the volume of interest is approximated by a best-fit ellipsoid for shape fabric analysis (L1 ≥ L2 ≥ L3). 788 
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 789 

Fig. 4: XCT cross sections through the five samples (A1 to A5) in a common geographic coordinate 790 

system. The odd shape of the contours reflects that the presented north-south oriented plane intersects 791 

each cylindrical sample in a different way. Ca: calcite, ps: pore space, py: pyrite, qz: quartz. Strain 792 

intensity increases from A1 to A5. Cleavage and bedding planes in A5 are subparallel but cannot be 793 

differentiated. 794 
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 795 

Fig. 5: Truncated calcite grain with pressure-shadows (tails) formed in the cleavage plane, observation 796 

by optical microscopy using in-plane-polarized transmitted light. Tails are filled by fine-grained 797 

calcite. 798 
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 799 

Fig. 6: Normalized histograms of anisotropy, elongation and flatness measured for quartz, calcite and 800 

pores in the five samples. Number of bins: 15. The number of considered objects in the samples is 801 

indicated below each subtitle. 802 
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 803 

Fig. 7: Equal area and lower hemisphere projections of ellipsoids’ short axes (L3) for quartz, calcite 804 

and pores in the five samples. White squares: pole of bedding; white circles: pole of cleavage. Note 805 

that in A5 the two poles are superimposed. The poles are deduced from the preferred alignment of 806 

grains in the XCT images. n: number of considered objects. Contours shown by gray scale in legends 807 

are indicated by %/1% area. 808 
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 809 

Fig. 8: Equal area and lower hemisphere projections of ellipsoids’ long axes (L1) for quartz, calcite 810 

and pores in the five samples. Dark squares: pole of bedding; dark circles: pole of cleavage; white 811 

stars: maximum density. Note that in A5 the two poles are superimposed. The poles are deduced from 812 

the preferred alignment of grains in the XCT images. n: number of considered objects. Contours 813 

shown by gray scale in legends are indicated by %/1% area. 814 
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 815 

Fig. 9: Evolution of the maximum density of the pole of foliation showing contrasting SPO patterns 816 

of quartz and calcite across the section perpendicular to the thrust. At the bottom, the sample's distance 817 

from the thrust with indication of the orientation of bedding and cleavage planes is schematically 818 

represented. 819 
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 820 

Fig. 10: Interpretative sketch of the dominant processes that affect the shape fabric of quartz and 821 

calcite in the matrix from the cleavage-free domain to the slaty-cleavage domain. Note that this sketch 822 

accounts for changes in grain SPO as changes in terms of their foliation. The sample's distance from 823 

the thrust is schematically represented at the bottom, with indication of the orientation of bedding and 824 

cleavage planes. For each type of grain (quartz or calcite), two scenarios are envisaged from A3 825 

onwards, a first one featuring grain rotation and a second one without grain rotation. A1: no deformed 826 

grain; A2: grain fracturing; A3: grain fracturing, pressure-solution may occur; A4: no further 827 

deformation of quartz grain, pressure-solution of calcite grain; A5: no further deformation of quartz 828 

grain, enhanced pressure-solution of calcite grain. 829 


