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Abstract (บทคัดย่อ) 
------------------------------------------------------------------------------------------------------------ 
Project Code (รหัสโครงการ) : TRG5880240  
 
Project Title : Mechanical Behaviors and Fracture Anisotropy of Shale  
(ชื่อโครงการ)    พฤติกรรมกลศาสตร์และรูปแบบการเรียงตัวของรอยแตกในหินดินดาน 
 
Investigator (ชื่อนักวิจัย) : อาจารย์ ดร.วรัญทร คณิตปญัญาเจรญิ  
 
E-mail Address : Waruntorn.K@chula.ac.th 
 
Project Period (ระยะเวลาโครงการ) : 2 ปี  
  

หินดินดาน (Shale) และหินชนวน (Slate) เป็นหินที่มีความเป็นแอนไนซอทรอปีสู้ง เนือ่งจากหิน
ทั้งสองชนิดนี้มีกลุ่มแร่แผ่นขนาดเล็กเป็นองค์ประกอบหลัก โดยหินชนวนเกิดจากการแปรสภาพของ
หินดินดาน แต่หินชนวนมีพื้นผิวทีล่ะเอียด และแข็งแรงทนทานกว่าหินดินดานเหมาะส าหรับน าไปใช้ใน
อุตสาหกรรมท ากระเบื้องมุงหลังคา หรอืกระเบื้องปูพื้น แต่ในปัจจุบันหินดินดานและหินชนวนน้ัน ยังไม่ได้
รับการศึกษาในเชิงลึกอย่างแพรห่ลาย เนื่องจากหินเหล่ามอีงค์ประกอบที่ซบัซ้อนและต้องใช้เทคนิคข้ันสูง
ในการศึกษาระดบัจลุภาค 

งานวิจัยน้ีจงึมีจุดมุ่งหมายทีจ่ะศึกษาองค์ประกอบ ลักษณะทางกายภาพ และลักษณะเชิงกล 
โดยเฉพาะรปูแบบและปรมิาณการจัดเรียงตัวแบบจ าเพาะของระนาบผลึก (crystal preferred 
orientation) และรปูร่างของแร่ (shape preferred orientation) และแนวรอยแตกในรูปแบบ 3 มิติ
ของหินชนวนจากเหมอืงหินลา ฟอร์เทล เมืองอาเดนส์ ประเทศเบลเยี่ยม โดยใช้เทคนิคการเลี้ยวเบน และ
การถ่ายภาพตัดขวางด้วยรังสเีอ็กซ์ ซินโครตรอน ซึง่ผลการวิจัยพบว่า หินชนวนจากเหมืองหินลา ฟอร์เทล 
ประเทศเบลเยี่ยม มีองค์ประกอบหลัก คือแรม่ัสโคไวท์ แร่คลอไรต์ และแร่ควอทซ์ ซึง่แรม่ัสโคไวท์มี
ปริมาณการจัดเรียงตัวแบบจ าเพาะของระนาบผลึกมากกว่า 100 m.r.d. ซึ่งเป็นสถิติใหมท่ี่สงูทีสุ่ด เมื่อ
เปรียบเทียบกับแรป่ระกอบหินชนิดอื่นๆและโลหะ แต่การจัดเรียงตัวแบบจ าเพาะของระนาบผลึกแร่
ควอทซ์มีปริมาณที่ต่ ามาก หรือเรียกว่าการจัดเรียงตัวของผลึกแบบสุม่ นอกจากนั้นโครงสร้างภายใน
รูปแบบ 3 มิติของหินชนวน แสดงใหเ้ห็นถึงการจัดเรียงตวัแบบจ าเพาะของรูปร่างแร่ ทัง้ 3 ชนิด โดย
รูปร่างของแร่มสัโคไวท์ และแร่คลอไรตม์ีลักษณะแบนยาว และจัดเรียงตัวขนานกับแนวแตกเรียบตามช้ัน
หิน แต่แร่ควอทซ์มีรปูร่างเป็นแบบเลนส์ยาว และแบบสี่เหลีย่มคางหมู ซึ่งเกิดจากถูกกัดกร่อนขอบแร่อย่าง
ฉับพลัน เนื่องจากแรงกดอันในกระบวนการทางธรณี 

ลักษณะจ าเพาะของแร่ทัง้ 3 ชนิดแสดงให้ถึงกระบวนการเกิดของหินชนวน ซึ่งถูกแปรสภาพมา
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จากหินดินดานที่ถกูกดอันและเสียดสีด้วยกระบวนการทางธรณี และส่งผลให้เกิดการสลายตัวของแร่
ควอทซ์ (dissolution) ตามลักษณะการเรียงตัวแบบจ าเพาะของผลึกแร่ควอทซ์แบบสุม่ รวมทั้งก่อใหเ้กิด
ผลึกแร่แผ่นชนิดใหม่ (recrystallization) ที่มีการจดัเรียงตัวแบบจ าเพาะของระนาบผลึกได้ดียิ่งขึ้น 
ลักษณะทางกายภาพที่ได้จากการท าการทดลองด้วยรังสีเอก็ซ์ซินโครตรอนทัง้สองวิธี แสดงใหเ้ห็นถึงความ
จ าเป็นที่จะต้องท าการวิเคราะห์องค์ประกอบภายในทั้งในรปูแบบ 2 และ 3 มิติ เนื่องจากแตล่ะวิธีมี
ความสามารถในการแสดงข้อมูลจ าเพาะที่ไม่เหมอืนกัน ซึ่งแบบแผนการท าการวิเคราะห์ข้อมูลในโครงการ
นี้ สามารถเป็นแนวทางปฎิบัติใหม่ในการวิเคราะห์ข้อมลูของลักษณะทางกายภาพของหินระดับจุลภาคใน
เชิงลึกได้อย่างมีประสิทธิภาพ 
 

This report describes microstructures and preferred orientation of a Devonian 

slate from the Belgian Ardennes (La Fortelle quarry). The sample, composed largely of 

muscovite, chlorite, and quartz, displays extraordinary texture strength of muscovite, 

exceeding 100 multiples of random distribution (m.r.d.) for (001) pole figures and thus 

setting a new record for preferred orientation in rocks. Quantitative texture analysis was 

performed with the Rietveld method on synchrotron X-ray diffraction images. 

Interestingly, quartz also displays strong shape preferred orientation (SPO) as revealed by 

synchrotron X-ray microtomography and SEM imaging but largely random crystallographic 

preferred orientation (CPO). Microstructural evidence suggests that this fine-grained rock 

formed by recrystallization of shale under stress, with growth of phyllosilicates and 

dissolution and growth of quartz. 

 
Keywords : Slate; Preferred orientation; Muscovite; Chlorite; Quartz 
(ค าหลัก) 
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Introduction (บทน า) 
----------------------------------------------------------------------------------------------------------------------------- 
 

Large parts of the Earth display strong elastic anisotropy, as revealed by seismic 

data. This applies to much of the crust, the upper mantle, the lowermost mantle and 

the inner core. The causes of seismic anisotropy are still poorly understood, but there is 

consensus that crystal preferred orientation (CPO or texture) plays a crucial role. There is 

a broad effort to quantitatively link microstructures to macroscopic properties with 

physical models. Microstructural information of rock-forming materials relies strongly on 

high energy synchrotron X-ray diffraction for crystal preferred orientation and synchrotron 

X-ray microtomography for pore structures and shape preferred orientation (SPO). 

Rocks with oriented sheet-silicates (e.g. shales, slates, schists, gneisses and serpentinites) 

are common in the Earth’s crust and are a major cause of anisotropy for propagation of 

seismic waves. Crustal anisotropy is observed because sheet-silicates have a very high 

single crystal elastic anisotropy, and the crystals with platelet morphology are often 

strongly aligned. A better understanding of crystal preferred orientation is thus necessary, 

e.g. for identifying hydrocarbon reservoirs associated with shales, and for understanding 

anisotropy observed in subduction zones and associated with serpentinites. In particular, 

seismologists are eager to know the alignment and proportion of sheet-silicate minerals 

in the mantle to better explain tectonic activities. 

Twenty years ago Van der Pluijm et al. (1998) wrote a challenging discussion 

“Contradictions of slate formation resolved?”. We decided to return to this topic, 

highlighting some of the extraordinary properties of slate, particularly preferred 

orientation of component minerals in this fine-grained rock. Alignment of minerals in 

polycrystalline aggregates or “texture” was first introduced by D’Halloy (1833) in his 

book on structural geology. Since then "texture" has become universally adapted in 

materials science while structural geology prefers to refer to "crystal preferred orientation 

(CPO)" (e.g. Passquier and Trouw, page 2, Box 1.1). Here the two terms are used 

synonymously. The orientation of crystals relative to the sample is quantitatively 
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described by the statistical orientation distribution function (ODF) that relates crystal 

coordinates to sample coordinates by three rotations. Texture and associated anisotropy 

of physical properties have become important topics in materials science, structural 

geology, and geophysics.   

The strength of texture is described by comparing the ODF of a textured sample 

with the alignment in an aggregate with random preferred orientation (multiples of 

random distribution or m.r.d.). Sander (1950) provided a comprehensive compilation of 

mineral textures in deformed rocks, and quartz c-axis alignment in a recrystallized 

granulite from Saxony displayed a maximum with ~20 m.r.d. This was exceeded when 

Bunge (1969) introduced quantitative texture analysis and described a recrystallized 

aluminum wire with ~28 m.r.d. The texture type, described as cube texture resembling a 

single crystal, was referred to by Hutchinson (2011) as “a great wonder of nature” and 

can produce extreme alignment of >1000 m.r.d. (Hutchinson and Nes, 1992). In geology 

Haerinck et al. (2015) observed a pole density maximum for muscovite (001) in slate 

from Britanny higher than 39 m.r.d. This provided the stimulus to further investigate 

these extraordinary rocks and here we describe textures and microstructures of a 

Devonian slate from the Belgian Ardennes with a (001) maximum of muscovite of 123 

m.r.d. It is part of a more systematic survey of preferred orientation patterns in slates 

from a variety of geological settings. 

Slates are distinguished from other rocks by their extraordinary cleavage and, 

because of this anisotropic property, have long been used for tiles in roofs and floors. 

There are detailed reviews of world-wide slate localities and the composition of these 

special rocks (e.g. Wagner et al., 1995, Cardenes et al., 2014) but there is not much 

information about the unique slate fabric. An extensive literature in structural geology 

discusses slaty cleavage (e.g. Ishii, 1988; Merriman et al., 1990; Tullis, 1976; Wood and 

Oertel, 1980). Slates are primarily composed of phyllosilicates (white mica, chlorite, and 

occasionally chloritoid) and quartz. They represent low-grade metamorphic recrystallized 

sedimentary shales. There are some studies of quantitative texture analysis using an X-
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ray pole figure goniometer, all emphasizing (001) pole figures of muscovite (e.g. Oertel, 

1983; Oertel and Phakey; 1972, Ho et al., 2001). This method is limited by providing only 

incomplete pole figure coverage and difficulties in separating overlapping diffraction 

peaks, particularly for polyphase systems. 

There are different methods to measure crystal orientation such as Electron Back-

Scatter Diffraction (EBSD) with an SEM and Laue microdiffraction are difficult for sheet 

silicates due to their structural defects and distorted diffractions. Conventional pole-

figure goniometry is impossible for materials with many constituent phases. Neutron 

scattering cannot quantify very strong textures. High energy synchrotron X-ray diffraction 

has been identified as an excellent method to determine both composition and 

alignment of components in fine-grained composites and is used increasingly by mineral 

physicists and materials scientists.  

Applying new quantitative methods of texture analysis developed for shales (e.g. 

Kanitpanyacharoen et al. 2011, 2012, Wenk et al., 2014) to slates revealed extreme 

preferred orientation of muscovite, much stronger than that observed in shales and 

gneiss (e.g. Wenk et al., 2010). This report focuses on microstructures and orientation 

patterns of a slate from the La Fortelle quarry in the Belgian Ardennes (e.g. Voisin, 1987; 

Schavemaker et al., 2012), investigating the fabric with scanning electron microscopy 

(SEM), shape preferred orientation (SPO) with synchrotron X-ray microtomography, and 

crystallographic preferred orientation (CPO) patterns with high energy synchrotron X-ray 

diffraction. 
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Study Area (พื้นท่ีศึกษา) 
----------------------------------------------------------------------------------------------------------------------------- 
 

A slate sample is obtained from the La Fortelle quarry in the Belgian Ardennes 

(e.g. Voisin, 1987; Schavemaker et al., 2012). The High-Ardenne slate belt (HASB) forms 

the southernmost exposed domain in the Ardenne-Eifel area (France, Belgium, 

Luxembourg, Germany) of the Ardenne allochthon, part of the Rhenohercynian foreland 

fold-and-thrust belt (Oncken et al. 1999), which is located at the northern of the Central 

European Variscides. The HASB is composed of siliciclastic, predominantly argillaceous 

rock formations of early Devonian age. Largely, these relatively incompetent rock 

formations controlled the Variscan deformation, which eventually led under low-grade 

metamorphic conditions to the development of a slaty cleavage, the dominant 

structural feature in the HASB. This thick, Lower Devonian sequence reflects the rapid 

syn-rift basin fill, particularly active during the Pragian (Oncken et al. 1999), in the 

northern part of the developing Rhenohercynian ocean. Deformation in the HASB took 

place during the late Visean-early Serpukhovian – Sudetic – stage of the Variscan 

orogeny (Fielitz & Mansy 1999, Piqué et al. 1984). Greenschist-facies metamorphism is 

recorded in the Lower Devonian metasediments in the central part of the HASB 

(Beugnies 1986). This metamorphism is believed to be pre- to early synkinematic with 

respect to the prograding Variscan deformation and is considered to primarily have a 

burial origin (Fielitz & Mansy 1999). These metamorphic conditions persisted during the 

Variscan orogeny. 
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Fig. 1: A geological map of the western part of the High-Ardenne slate belt according to 

Asselberghs (1946) and Schavemaker et al. (2012). 

Methodology (ระเบียบวิธีวิจัย) 
----------------------------------------------------------------------------------------------------------------------------- 
 

1. Scanning Electron Microscopy (SEM) 

A sample slab was polished and carbon-coated for scanning electron microscope 

(SEM) investigations and examined with a Zeiss Evo MA10 SEM equipped with an EDAX 

energy-dispersive spectroscopy (EDS) system at the University of California, Berkeley. The 

brightness variations of the backscattered (BE) SEM image, ranging from low (black) to 

high (white), is mainly due to the contrast in atomic number.  

 

2. Synchrotron X-ray Microtomography 

In order to explore the three-dimensional microstructures of component 

minerals, particularly shape preferred orientation (SPO), phase proportion, and aspect 

ratio, a cylindrical piece was analyzed by synchrotron X-ray microtomography at 

beamline 8.3.2 of the Advanced Light Source (ALS) of Lawrence Berkeley National 

Laboratory. A monochromatic X-ray with an energy of 18 keV was used to penetrate 

through a 1 mm diameter cylindrical sample and record digital radiographs on a CCD 

detector (2048 x 2048 pixels). The sample was continuously rotated in 0.12° increments 
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until radiographs representing ~180° of rotation were collected. A total of 1,500 

tomographic radiographs were obtained and each radiograph exposure was 2 seconds, 

thus a full 3D tomographic data collection takes ~30 minutes. A 10x optical lens was 

used in the measurements to obtain a high spatial resolution of ~0.65 µm/pixel. A 

volume of interest of 260 x 260 x 80 µm3 was selected for data segmentation of SPO, 

phase proportion, and 3D aspect ratio. More details of data collection and analysis are 

described in Kanitpanyacharoen et al. (2013). 

 

3. Synchrotron X-ray Diffraction 

Another small cylinder, approximately 2 mm in diameter and 10 mm long, with the 

axis perpendicular to the cleavage plane, was prepared for synchrotron high-energy X-ray 

diffraction experiments conducted at beamline 11-ID-C of the Advanced Photon Source 

(APS) of Argonne National Laboratory. A monochromatic X-ray beam with a wavelength 

of 0.10789 Å (114.9 KeV), was collimated to 1x1 mm and the sample was analyzed in 

transmission mode. During X-ray exposure, the sample was translated over 2 mm along 

the horizontal axis (and perpendicular to the cleavage plane) to cover a representative 

sample volume and adequate grain statistics. Diffraction images were recorded with a 

Perkin Elmer amorphous silicon detector (2048 x 2048 pixels) positioned about 2 m away 

from the sample. Figure 3a displays a diffraction image and Figure 4 shows a 

corresponding diffraction pattern obtained by an azimuthal average of a diffraction 

image, illustrating the multiphase composition.  

The X-ray diffraction patterns (in total 36 x 7 = 252), with a 2q range from 0.4° to 

5.0° (d range 24 Å-1.3 Å)  were then analyzed by the Rietveld method (Rietveld, 1969) 

implemented in the software MAUD and described in detail by Lutterotti et al. (2014) 

and Wenk et al. (2014). A polynomial function with five coefficients was used to refine 

the background of each image and three minerals were considered, with corresponding 

crystallographic information from the literature: 2M-muscovite (Guggenheim et al., 1987, 

amcsd 0001076), quartz (Antao et al., 2008, amcsd 0006212), and monoclinic chlorite 
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(Zanazzi et al., 2007, amcsd 0004284). Refined parameters include instrument geometry, 

lattice parameters of phases, grain size, volume fractions of phases, and the 

crystallographic preferred orientation distribution (OD).  
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Results (ผลการวิจัย) 
----------------------------------------------------------------------------------------------------------------------------- 

 

 The brightness variations of the backscattered (BE) SEM image (Fig. 1), ranging 

from low (black) to high (white), is mainly due to the contrast in atomic number. Bright 

gray grains correspond to chlorite with high atomic numbers, intermediate shades are 

muscovite, and darker areas represent quartz. The brightest white spots are pyrite and 

rutile. EDS was employed to identify phases based on chemical composition. There are 

minor components of calcite and apatite. In the section perpendicular to the foliation, 

the grain size ranges from ~10-20 mm in length to ~1-5 mm in thickness with 2D aspect 

ratios for most grains, including phyllosilicates and quartz, at ~5:1. 

 

 
Fig. 1. Back-scattered electron SEM image of La Fortelle slate. Polished section cut 

perpendicular to the foliation; foliation plane is horizontal. Dark is quartz (Q), medium 

gray is muscovite (Mu), light gray is chlorite (Ch), and white is pyrite and rutile. 
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The software Avizo (FEI Visualization Sciences Group) was used for segmentation 

and graphical representation. Grayscales or X-ray absorption values of tomographic 

images range from -18 to 100 and can be distinctly segmented into five phases: pore, 

quartz, muscovite, chlorite, and pyrite, in the order from low to high grayscale values, 

respectively. High X-ray absorbing materials such as pyrite and chlorite, which contain a 

significant amount of iron, appear bright in the images whereas low absorbing materials 

such as quartz and muscovite appear in dark gray tones (Fig. 2a-c). Pore and pyrite are 

present in low amounts (<1 vol.%) and are not the focus of this study. Figures 2d-f 

display the 2D and 3D microstructures of muscovite (orange), chlorite (green), and quartz 

(purple) which are the main phases of this slate. Quartz is the most abundant phase and 

constitutes 49 Vol% while muscovite composes 28 Vol% and chlorite 23 Vol%. The 2D 

reconstructed image (Fig. 2a) and segmented data (Fig. 2d) display complex and irregular 

shapes of minerals in the XY plane that corresponds roughly to the cleavage plane. 
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Fig. 2. X-ray microtomography of slate. (a–c): gray shades illustrating different X-ray 

absorption values of phases. (d–f): segmentation into minerals includes quartz (purple), 

chlorite (green), and muscovite (orange). Pore and pyrite are present in low amounts 

(white dots in a–c). The cleavage plane is roughly in the xy plane.  

Conversely, in the XZ direction (Fig. 2b, e) and YZ plane (not shown), the shapes of 

quartz, chlorite, and muscovite are elongated and subparallel to the cleavage plane. The 

3D reconstruction and segmentation of the sample clearly shows strong shape preferred 

orientation of all three minerals (Fig. 2c, f). The average 3D aspect ratios of muscovite, 

chlorite, and quartz are 2.7, 2.9, and 2.7, respectively. Note that the calculation of aspect 

ratio excludes grains that are smaller than 20 µm3. These aspect ratios are smaller than 

estimates from the SEM image which may be related to the limited resolution of 

tomography or the fact that a different region of the sample was explored. 

In the diffraction image (Fig. 3a), X-ray intensity variations along Debye-rings are 

indicative of texture; for example the (002) peak of muscovite and and (001) peak of 

chlorite show a strong maximum in the horizontal direction that is perpendicular to the 

foliation/cleavage plane. In contrast, diffraction rings for quartz display almost uniform 

intensity (e.g. (100) peak)). Note that the apparent intensity differences in the quartz 

(101) peak (at 2q=1.9°) are due to superposition with the muscovite (006) peak (Fig. 3b). 

Seven images were recorded by rotating the sample around the horizontal axis, from –

90° to 90° in 30° increments, to provide adequate orientation coverage for texture 

analysis. Each image was integrated over 10° azimuthal sectors to obtain 36 diffraction 

patterns. 
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Fig. 3. (a) X-ray diffraction image. Foliation plane is vertical. (b) Stack of 36 diffraction 

spectra integrated over 10° sectors, corresponding to (a), bottom: experimental spectra, 

top: Rietveld refinement. Some diffraction peaks are indexed: Q is quartz, Mu is 

muscovite, and Ch is chlorite. 

 
Fig. 4. X-ray diffraction pattern of slate with some peak identifications: Q is quartz, Mu is 

muscovite, and Ch is chlorite. This pattern is an azimuthal average over the diffraction 
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images in Fig. 3a. Note that the dots outline the experimental profile and the black line 

is the refinement. 

 

The ODs were obtained from variations in diffraction intensities with the method 

WIMV (Matthies and Vinel, 1982), using a 5º grid for muscovite and chlorite and a 10º grid 

for quartz. The ODs were exported from MAUD and introduced into BEARTEX (Wenk et 

al., 1998) to rotate the sample such that the center of the pole figure is the normal to 

the cleavage plane, and to calculate and plot pole figures (Fig. 5). There is very strong 

alignment of (001) planes of muscovite and chlorite in the foliation plane, but b = (010) 

poles rotate freely in the (001) plane. Quite surprising is the absence of significant 

crystallographic preferred orientation of quartz, in spite of strong shape preferred 

orientation. Table 1 summarizes OD maxima and (001) pole figure maxima and minima 

for the main phases. Figure 3b shows a stack of measured diffraction spectra (bottom) 

and corresponding Rietveld fits (top). There is excellent agreement between the 

measured and modeled spectra, giving confidence in the refinement. The Rietveld 

refinement determines phase proportions to be 36 Vol% muscovite, 17 Vol% chlorite, 

and 47 Vol% quartz, similar to the microtomography results. 

 

https://www.sciencedirect.com/science/article/pii/S0191814117302948#fig3
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Fig. 5. Pole figures of muscovite, chlorite, and quartz on the foliation plane. Equal area 

projection, log scale for pole densities in multiples of random distribution (m.r.d.). 

 

Table 1. Summary of tomography and Rietveld analysis: Composition (volume %), CPO 

(ODF maximum, (001) maximum-minimum, in m.r.d.), and 3D aspect ratio of slate. 

 
Discussion (อภิปรายผลการวิจัย) 

----------------------------------------------------------------------------------------------------------------------------- 
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In the introduction it was mentioned that the (001) muscovite texture of fine-

grained La Fortelle slate with three major components exceeds any other recorded 

polycrystal texture in rocks with a maximum of 123 m.r.d.. The alignment of (001) 

muscovite and chlorite platelets in the cleavage plane is very high (Table 1). For 

muscovite the measured width of the (001) pole figure maximum at half the full 

intensity is 5.2°. which should be considered a maximum, partially due to the ODF 

resolution (5°), azimuthal averaging (10°) and limited pole figure coverage. The b-axes (or  

(010) poles) rotate freely in the cleavage plane, consistent with microtomography data 

that show no evidence of a morphologic lineation. 

         How does such an extraordinary pattern develop? One interpretation of slate 

texture (e.g. Oertel, 1983) has been mechanical rotation of rigid platy particles deforming 

in a viscous matrix, like a stack of cards (Jeffery, 1923; March, 1932) and this concept has 

been applied to derive plastic strain during deformation of an aggregate. It may be 

applicable to phyllosilicates in shales but is unlikely for slates where microstructures 

indicate growth during recrystallization (Fig. 1). The crystal orientation during growth 

under stress is controlled by thermodynamic considerations, especially for single crystals 

with highly anisotropic elastic properties (e.g. Kamb, 1959; Paterson, 1973; Shimizu, 1992). 

This provides a mechanism for the strong alignment of muscovite and chlorite particles. 

The stiffness of muscovite ranges from 58 to 187 GPa (Vaughan and Guggenheim, 1986) 

and for chlorite from 54 to 186 GPa (Aleksandrov and Ryzhova, 1961), with the softest 

direction perpendicular to (001). It should be mentioned that also the crystallinity of 

muscovite and chlorite is very high, with sharp X-ray peaks and width at half maximum 

of 0.022° 2q for (002) muscovite and 0.025° for (001) chlorite, comparable to (100) quartz 

(0.022°) and indicative of equilibrium crystallization (e.g. Eberl and Velde, 1989, Merriman 

et al. 1990, Warr and Cox, 2016). 

The random CPO of quartz is more difficult to explain. Quartz and phyllosilicates 

are the main components of shales from which slates formed and during this 

transformation there has been large grain growth. Quartz grows to similar and even larger 
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size than muscovite. Perhaps the lack of significant CPO is due to the much lower single 

crystal elastic anisotropy with stiffness of quartz crystals ranging from 76 to 128 GPa 

(Ohno et al., 2006). The shape preferred orientation (SPO) of quartz may be caused by 

pressure solution (e.g. Plessmann, 1966; Powell, 1972; Durney, 1976; Rutter, 1976; 

Engelder et al., 1980), though in the case of this sample no dependence of crystal shape 

with crystal orientation could be established. Quartz may dissolve as a result of pressure 

solution and reprecipitate in between phyllosilicate grains. . The Devonian slate may 

have undergone more than one recrystallization event (e.g. Schavemaker et al., 2012) 

and locally was subjected to secondary deformation inducing kinking, but not in this 

sample. 

This example described here may inspire others to apply the new quantitative 

methods for determining CPO and SPO to a wide range of slate problems, as already 

stipulated by van der Pluijm et al. (1998), for example, to document changes during the 

transition from shales to slates (e.g. Powell, 1972, Ishii, 1988, Merriman et al., 1990), 

effects of subsequent deformations imposed on the original slate fabric (e.g. Wood and 

Oertel, 1980; Knipe, 1981; Van Noten et al., 2012), and the transformation of slates to 

schists during high temperature metamorphism (e.g. Siddans, 1979; Ortoleva et al., 1992). 

Not all slates show extreme texture strength as the La Fortelle sample. Of about a 

dozen randomly selected slates in a preliminary survey all show strong CPO, some 

coming close to the sample described here, while others range from 20-40 m.r.d. The 

reasons for this need to be explored in the future.  
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Conclusions (สรุปผลการวิจัย) 
----------------------------------------------------------------------------------------------------------------------------- 

 
The slate investigated in this study shows striking evidence of extreme preferred 

orientation of phyllosilicates that could only be quantified with new synchrotron X-ray 

diffraction methods and corresponding Rietveld data analysis. Equally surprising has been 

the virtual absence of crystallographic preferred orientation in highly flattened quartz. In 

the future a wide range of slates from the Belgian Ardennes and also from different 

geologic environments should be explored, to better understand the details of the 

microstructural evolution, including the transition from shale to slate during diagenesis 

and low-grade metamorphism. Experimental methods and data analysis are 

straightforward and can be applied to this fascinating system. 
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A B S T R A C T

This report describes microstructures and preferred orientation of a Devonian slate from the Belgian Ardennes
(La Fortelle quarry). The sample, composed largely of muscovite, chlorite, and quartz, displays extraordinary
texture strength of muscovite, exceeding 100 multiples of random distribution (m.r.d.) for (001) pole figures and
thus setting a new record for preferred orientation in rocks. Quantitative texture analysis was performed with the
Rietveld method on synchrotron X-ray diffraction images. Interestingly, quartz also displays strong shape pre-
ferred orientation (SPO) as revealed by X-ray microtomography and SEM imaging but largely random crystal-
lographic preferred orientation (CPO). Microstructural evidence suggests that this fine-grained rock formed by
recrystallization of shale under stress, with growth of phyllosilicates and dissolution and growth of quartz.

1. Introduction

Twenty years ago van der Pluijm et al. (1998) wrote a challenging
discussion “Contradictions of slate formation resolved?”. We decided to
return to this topic, highlighting some of the extraordinary properties of
slate, particularly preferred orientation of component minerals in this
fine-grained rock. Alignment of minerals in polycrystalline aggregates
or “texture” was first introduced by Omalius d'Halloy (1833) in his
book on structural geology. Since then “texture” has become uni-
versally adapted in materials science while structural geology prefers to
refer to “crystal preferred orientation (CPO)” (e.g. Passchier and Trouw,
2005; page 2, Box 1.1). Here the two terms are used synonymously. The
orientation of crystals relative to the sample is quantitatively described
by the statistical orientation distribution function (ODF) that relates
crystal coordinates to sample coordinates by three rotations. Texture
and associated anisotropy of physical properties have become im-
portant topics in materials science, structural geology, and geophysics.

The strength of texture is described by comparing the ODF of a
textured sample with the alignment in an aggregate with random pre-
ferred orientation (multiples of random distribution or m.r.d.). Sander
(1950) provided a comprehensive compilation of mineral textures in
deformed rocks, and quartz c-axis alignment in a recrystallized granu-
lite from Saxony displayed a maximum with ∼20 m.r.d. This was ex-
ceeded when Bunge (1969) introduced quantitative texture analysis
and described a recrystallized aluminum wire with ∼28 m.r.d. The
texture type, described as cube texture resembling a single crystal, was
referred to by Hutchinson (2012) as “a great wonder of nature” and can

produce extreme alignment of> 1000 m.r.d. (Hutchinson and Nes,
1992). In geology Haerinck et al. (2015) observed a pole density
maximum for muscovite (001) in slate from Brittany higher than
39 m.r.d. This provided the stimulus to further investigate these ex-
traordinary rocks and here we describe textures and microstructures of
a Devonian slate from the Belgian Ardennes with a (001) maximum of
muscovite of 123 m.r.d. It is part of a more systematic survey of pre-
ferred orientation patterns in slates from a variety of geological set-
tings.

Slates are distinguished from other rocks by their extraordinary
cleavage and, because of this anisotropic property, have long been used
for tiles in roofs and floors. There are detailed reviews of world-wide
slate localities and the composition of these special rocks (e.g. Wagner
et al., 1995; Cardenes et al., 2014) but there is not much information
about the unique slate fabric. An extensive literature in structural
geology discusses slaty cleavage (e.g. Ishii, 1988; Merriman et al., 1990;
Tullis, 1976; Wood and Oertel, 1980). Slates are primarily composed of
phyllosilicates (white mica, chlorite, and occasionally chloritoid) and
quartz. They represent low-grade metamorphic recrystallized sedi-
mentary shales. There are some studies of quantitative texture analysis
using an X-ray pole figure goniometer, all emphasizing (001) pole fig-
ures of muscovite (e.g. Oertel, 1983; Oertel and Phakey, 1972; Ho et al.,
2001). This method is limited by providing only incomplete pole figure
coverage and difficulties in separating overlapping diffraction peaks,
particularly for polyphase systems.

Applying new quantitative methods of texture analysis developed
for shales (e.g. Wenk et al., 2014) to slates revealed extreme preferred
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orientation of muscovite, much stronger than that observed in shales
and gneiss (e.g. Wenk et al., 2010). This report focuses on micro-
structures and orientation patterns of a slate from the La Fortelle quarry
in the Belgian Ardennes (e.g. Voisin, 1987; Schavemaker et al., 2012),
investigating the fabric with scanning electron microscopy (SEM),
shape preferred orientation (SPO) with synchrotron X-ray micro-
tomography, and crystallographic preferred orientation (CPO) patterns
with high energy synchrotron X-ray diffraction.

2. Experimental methods and results

A sample slab was polished and carbon-coated for scanning electron
microscope (SEM) investigations and examined with a Zeiss Evo MA10
SEM equipped with an EDAX energy-dispersive spectroscopy (EDS)
system at the University of California, Berkeley. The brightness varia-
tions of the backscattered (BE) SEM image (Fig. 1), ranging from low
(black) to high (white), is mainly due to the contrast in atomic number.
Bright gray grains correspond to chlorite with high atomic numbers,
intermediate shades are muscovite, and darker areas represent quartz.
The brightest white spots are pyrite and rutile. EDS was employed to
identify phases based on chemical composition. There are minor com-
ponents of calcite and apatite. In the section perpendicular to the fo-
liation, the grain size ranges from ∼10 to 20 μm in length to ∼1–5 μm
in thickness with 2D aspect ratios for most grains, including phyllosi-
licates and quartz, at ∼5:1.

In order to explore the three-dimensional microstructures of com-
ponent minerals, particularly shape preferred orientation (SPO), phase
proportion, and aspect ratio, a cylindrical piece was analyzed by syn-
chrotron X-ray microtomography at beamline 8.3.2 of the Advanced
Light Source (ALS) of Lawrence Berkeley National Laboratory. A
monochromatic X-ray with an energy of 18 keV was used to penetrate
through a 1 mm diameter cylindrical sample and record digital radio-
graphs on a CCD detector (2048 × 2048 pixels). The sample was
continuously rotated in 0.12° increments until radiographs representing
∼180° of rotation were collected. A total of 1500 tomographic radio-
graphs were obtained and each radiograph exposure was 2 s, thus a full
3D tomographic data collection takes ∼30 min. A 10× optical lens was
used in the measurements to obtain a high spatial resolution of ∼0.65
μm/pixel. A volume of interest of 260 × 260 × 80 μm3 was selected for
data segmentation of SPO, phase proportion, and 3D aspect ratio. More
details of data collection and analysis are described in

Fig. 1. Backscatter electron SEM image of La Fortelle slate. Polished section cut per-
pendicular to the foliation; foliation plane is horizontal. Dark is quartz (Q), medium gray
is muscovite (Mu), light gray is chlorite (Ch), and white is pyrite and rutile.

Fig. 2. X-ray microtomography of slate. (a–c): gray shades illustrating different X-ray absorption values of phases. (d–f): segmentation into minerals includes quartz (purple), chlorite
(green), and muscovite (orange). Pore and pyrite are present in low amounts (white dots in a–c). The cleavage plane is roughly in the xy plane. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Kanitpanyacharoen et al. (2013).
The software Avizo (FEI Visualization Sciences Group) was used for

segmentation and graphical representation. Grayscales or X-ray ab-
sorption values of tomographic images range from −18 to 100 and can
be distinctively segmented into five phases: pore, quartz, muscovite,
chlorite, and pyrite, in the order from low to high grayscale values,
respectively. High X-ray absorbing materials such as pyrite and chlorite,
which contain a significant amount of iron, appear bright in the images
whereas low absorbing materials such as quartz and muscovite appear
in dark gray tones (Fig. 2a–c). Pore and pyrite are present in low
amounts (< 1 vol%) and are not the focus of this study. Fig. 2d–f dis-
play the 2D and 3D microstructures of muscovite (orange), chlorite
(green), and quartz (purple) which are the main phases of this slate.
Quartz is the most abundant phase and constitutes 49 vol% while
muscovite composes 28 vol% and chlorite 23 vol%. The 2D re-
constructed image (Fig. 2a) and segmented data (Fig. 2d) display
complex and irregular shapes of constituent minerals in the xy plane
that corresponds roughly to the cleavage plane. Conversely, in the xz
(Fig. 2b, e) and yz planes (not shown), the shapes of quartz, chlorite,
and muscovite are elongated and more or less parallel to the cleavage
plane. The 3D reconstruction and segmentation of the sample clearly
shows strong shape preferred orientation of all three minerals (Fig. 2c,
f). The average 3D aspect ratios of muscovite, chlorite, and quartz are
2.7, 2.9, and 2.7, respectively. Note that the calculation of aspect ratio
excludes grains that are smaller than 20 μm3. These aspect ratios are
smaller than estimates from the SEM image which may be related to the
limited resolution of tomography or the fact that a different region of
the sample was explored.

Another small cylinder, approximately 2 mm in diameter and
10 mm long, with the axis perpendicular to the cleavage plane, was
prepared for synchrotron high-energy X-ray diffraction experiments
conducted at beamline 11-ID-C of the Advanced Photon Source (APS) of
Argonne National Laboratory. A monochromatic X-ray beam with a
wavelength of 0.10789 Å (114.9 KeV), was collimated to 1 × 1 mm and
the sample was analyzed in transmission mode. During X-ray exposure,
the sample was translated over 2 mm along the horizontal axis (and
perpendicular to the cleavage plane) to cover a representative sample
volume and adequate grain statistics. Diffraction images were recorded
with a Perkin Elmer amorphous silicon detector (2048 × 2048 pixels)
positioned about 2 m away from the sample. Fig. 3a displays a dif-
fraction image and Fig. 4 shows a corresponding diffraction pattern
obtained by an azimuthal average of a diffraction image, illustrating the
multiphase composition. In the diffraction image (Fig. 3a), X-ray in-
tensity variations along Debye-rings are indicative of texture; for ex-
ample the (002) peak of muscovite and (001) peak of chlorite show a
strong maximum in the horizontal direction that is perpendicular to the

foliation/cleavage plane. In contrast, diffraction rings for quartz display
almost uniform intensity (e.g. (100) peak)). Note that the apparent
intensity differences in the quartz (101) peak (at 2θ = 1.9°) are due to
superposition with the muscovite (006) peak (Fig. 3b). Seven images
were recorded by rotating the sample around the horizontal axis, from
−90° to 90° in 30° increments, to provide adequate orientation cov-
erage for texture analysis. Each image was integrated over 10° azi-
muthal sectors to obtain a total of 36 diffraction patterns.

The X-ray diffraction patterns (in total 36 × 7 = 252), with a 2θ
range from 0.4° to 5.0° (d range 24 Å-1.3 Å) were then analyzed by the
Rietveld method (Rietveld, 1969) implemented in the software MAUD
and described in detail by Lutterotti et al. (2014) and Wenk et al.
(2014). A polynomial function with five coefficients was used to refine
the background of each image and three minerals were considered, with
corresponding crystallographic information from the literature: 2M-
muscovite (Guggenheim et al., 1987; amcsd 0001076), quartz (Antao
et al., 2008; amcsd 0006212), and monoclinic chlorite (Zanazzi et al.,
2007; amcsd 0004284). Refined parameters include instrument geo-
metry, lattice parameters of phases, grain size, volume fractions of
phases, and the crystallographic preferred orientation distribution
(OD). Fig. 3b shows a stack of measured diffraction spectra (bottom)
and corresponding Rietveld fits (top). There is excellent agreement
between the measured and modeled spectra, giving confidence in the
refinement. The Rietveld refinement determines phase proportions to
be 36 vol% muscovite, 17 vol% chlorite, and 47 vol% quartz, similar to
the microtomography results.

The ODs were obtained from variations in diffraction intensities
with the method WIMV (Matthies and Vinel, 1982), using a 5° grid for
muscovite and chlorite and a 10° grid for quartz. The ODs were ex-
ported from MAUD and introduced into BEARTEX (Wenk et al., 1998)
to rotate the sample such that the center of the pole figure is the normal
to the cleavage plane, and to calculate and plot pole figures (Fig. 5).
There is very strong alignment of (001) planes of muscovite and chlorite
in the foliation plane, but b = (010) poles rotate freely in the (001)
plane. Quite surprising is the absence of significant crystallographic
preferred orientation of quartz, in spite of strong shape preferred or-
ientation. Table 1 summarizes OD maxima and (001) pole figure
maxima and minima for the main phases.

3. Discussion

In the introduction it was mentioned that the (001) muscovite tex-
ture of fine-grained La Fortelle slate with three major components ex-
ceeds any other recorded polycrystal texture in rocks with a maximum
of 123 m.r.d.. The alignment of (001) muscovite and chlorite platelets
in the cleavage plane is very high (Table 1). For muscovite the

Fig. 3. (a) X-ray diffraction image. Foliation plane is vertical. (b) Stack of 36 diffraction spectra integrated over 10° sectors, corresponding to (a), bottom: experimental spectra, top:
Rietveld refinement. Some diffraction peaks are indexed: Q is quartz, Mu is muscovite, and Ch is chlorite.
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measured width of the (001) pole figure maximum at half the full in-
tensity is 5.2°, which should be considered a maximum, partially due to
the ODF resolution (5°), azimuthal averaging (10°) and limited pole
figure coverage. The b-axes (or (010) poles) rotate freely in the cleavage
plane, consistent with microtomography data that show no evidence of
a morphologic lineation.

How does such an extraordinary pattern develop? One interpreta-
tion of slate texture (e.g. Oertel, 1983) has been mechanical rotation of
rigid platy particles deforming in a viscous matrix, like a stack of cards
(Jeffery, 1923; March, 1932) and this concept has been applied to de-
rive plastic strain during deformation of an aggregate. It may be ap-
plicable to phyllosilicates in shales but is unlikely for slates where
microstructures indicate growth during recrystallization (Fig. 1). The
crystal orientation during growth under stress is controlled by ther-
modynamic considerations, especially for single crystals with highly
anisotropic elastic properties (e.g. Kamb, 1959; Paterson, 1973;
Shimizu, 1992). This provides a mechanism for the strong alignment of
muscovite and chlorite particles. The stiffness of muscovite ranges from
58 to 187 GPa (Vaughan and Guggenheim, 1986) and for chlorite from
54 to 186 GPa (Aleksandrov and Ryzhova, 1961), with the softest di-
rection perpendicular to (001). It should be mentioned that also the
crystallinity of muscovite and chlorite is very high, with sharp X-ray
peaks and width at half maximum of 0.022° 2θ for (002) muscovite and
0.025° for (001) chlorite, comparable to (100) quartz (0.022°) and in-
dicative of equilibrium crystallization (e.g. Eberl and Velde, 1989;
Merriman et al., 1990; Warr and Cox, 2016).

The random CPO of quartz is more difficult to explain. Quartz and
phyllosilicates are the main components of shales from which slates
formed and during this transformation there has been large grain
growth. Quartz grows to similar and even larger size than muscovite.
Perhaps the lack of significant CPO is due to the much lower single
crystal elastic anisotropy with stiffness of quartz crystals ranging from
76 to 128 GPa (Ohno et al., 2006). The shape preferred orientation
(SPO) of quartz may be caused by pressure solution (e.g. Plessmann,
1966; Powell, 1972; Durney, 1976; Rutter, 1976; Engelder et al., 1980),
though in the case of this sample no dependence of crystal shape with
crystal orientation could be established. Quartz may dissolve as a result
of pressure solution and reprecipitate in between phyllosilicate grains. .
The Devonian slate may have undergone more than one recrystalliza-
tion event (e.g. Schavemaker et al., 2012) and locally was subjected to

secondary deformation inducing kinking, but not in this sample.
This example described here may inspire others to apply the new

quantitative methods for determining CPO and SPO to a wide range of
slate problems, as already stipulated by van der Pluijm et al. (1998), for
example, to document changes during the transition from shales to
slates (e.g. Powell, 1972; Ishii, 1988; Merriman et al., 1990), effects of
subsequent deformations imposed on the original slate fabric (e.g.
Wood and Oertel, 1980; Knipe, 1981; Van Noten et al., 2012), and the
transformation of slates to schists during high temperature meta-
morphism (e.g. Siddans, 1979; Ortoleva et al., 1982). Not all slates
show extreme texture strength as the La Fortelle sample. Of about a
dozen randomly selected slates in a preliminary survey all show strong
CPO, some coming close to the sample described here, while others
range from 20 to 40 m.r.d. The reasons for this need to be explored in
the future.

4. Conclusions

The slate investigated in this study shows striking evidence of ex-
treme preferred orientation of phyllosilicates that could only be quan-
tified with new synchrotron X-ray diffraction methods and corre-
sponding Rietveld data analysis. Equally surprising has been the virtual
absence of crystallographic preferred orientation in highly flattened
quartz. In the future a wide range of slates from the Belgian Ardennes
and also from different geologic environments should be explored, to
better understand the details of the microstructural evolution, including
the transition from shale to slate during diagenesis and low-grade me-
tamorphism. Experimental methods and data analysis are straightfor-
ward and can be applied to this fascinating system.
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