
Texture analysis of a muscovite-bearing quartzite: a comparison of some
currently used techniques

Klaus Ullemeyera,*, GuÈnter Braunb, Michael Dahmsc, JoÈrn H. Kruhld, Niels é. Olesene,
Siegfried Siegesmunda

aInstitut fuÈr Geologie und Dynamik der LithosphaÈre, Goldschmidtstr. 3, 37077 GoÈttingen, Germany
bInstitut fuÈr Geowissenschaften, Olshausenstr. 40-60, 24118 Kiel, Germany

cGKSS Forschungszentrum, Max-Planckstr. 12, 21502 Geesthacht, Germany
dInstitut fuÈr Geologie, Geotechnik und Baubetrieb, Arcisstr. 21, 80290 MuÈnchen, Germany

eDepartment of Earth Sciences, C.F. Mùllers Alle, 8000 AÊ arhus C, Denmark

Received 14 December 1999; accepted 28 June 2000

Abstract

Four well-established techniques were applied to determine the mineral textures of a muscovite-bearing quartzite: (1) directional measure-

ments on an optical U-stage; (2) X-ray; (3) neutron; and (4) electron diffraction (EBSD). Techniques (1) and (4) are of the `single grain' type

and techniques (2) and (3) of the `statistical' or `volume' type. Experimental pole density diagrams were compared by means of the

construction of pole ®gure differences (`difference pole ®gures'), which led to the observation that EBSD- and U-stage derived pole ®gures

agree well, even in detail. In contrast, pole ®gures derived from X-ray and neutron diffraction are clearly different from pole ®gures derived

from the single grain techniques, visible as pronounced preferred orientation in the difference pole ®gures. Speci®c properties of the applied

techniques may be responsible for the observed differences, such as (1) missing proportionality to the grain volume in the single grain

methods, (2) the accessible sample volume, (3) erroneous data correction, or (4) statistical errors. Also the method of data treatment, which is

basically different for the single grain and statistical methods, should be considered when pole ®gures are evaluated. Apart from purely

economical constraints and availibility of equipment, the decision on the most suitable method for a texture determination should be based on

the scienti®c goals and speci®c properties of particular techniques. Texture measurements of the statistical type are well suited for

determination of bulk textures of rocks (e.g. as required for the calculation of anisotropic physical properties of rocks), whereas single

grain measurements are advantageous for the investigation of local textures and texture forming mechanisms. q 2000 Elsevier Science Ltd.

All rights reserved.

1. Introduction

The lattice preferred orientation, or texture, of rock

forming minerals is related to the deformation history of

the rock and to its physical properties. Texture investi-

gations are routinely performed with the following three

main goals.

1. Deconvolution of the deformation history of rocks on the

basis of the symmetry of the mineral textures, which

commonly re¯ects the symmetry of deformation, has

been the subject of many studies, with a focus on quartz

(e.g. Bouchez and Pecher, 1981; Schmid and Casey,

1986; Law, 1990), carbonates (e.g. Erskine et al., 1993;

Leiss, 1996), phyllosilicates (e.g. Oertel, 1985; O'Brien

et al., 1987), and olivine (e.g. Wedel et al., 1992; Van der

Wal and Vissers, 1996).

2. The modelling of physical anisotropies of rocks. Since all

minerals are anisotropic with regard to physical proper-

ties such as the elastic, thermal and magnetic properties,

the anisotropy of bulk rock also depends upon the texture

(refer to Siegesmund, 1996 for a review). For example,

the elastic properties of rocks are related to the rock

fabric and therefore can support the geological interpre-

tation of geophysical anisotropies in the earth's crust

(e.g. Rabbel et al., 1998) and upper mantle (Weiss et

al., 1999). Texture determinations can also be of impor-

tance to the Society: the mechanical weathering of

marble building stones is partly controlled by the aniso-

tropic intrinsic rock properties (e.g. Siegesmund et al.,

2000).

3. The understanding of the texture-forming processes in

rocks. Lattice preferred orientations result from various
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physical processes (e.g. dislocation slip, diffusion of

material) and external parameters, such as volume frac-

tion, composition and distribution of phases, tempera-

ture, pressure and the type of stress and strain

(Skrotzki, 1994). Such processes are input parameters

for texture simulations which seek to reproduce naturally

observed textures.

Lattice preferred orientations can be measured by deter-

mination of the orientation of selected lattice directions, or

the complete orientation of individual crystals in the sample

(single grain measurements). Optical microscopy and elec-

tron diffraction (backscattered or channeling patterns) are

applied for that purpose. Alternatively, preferred orientation

measurements can be carried out in a statistical diffraction

experiment determining pole density distributions or pole

®gures (integrating volume texture measurements). X-rays

and neutrons are applied most commonly, synchrotron

radiation to a minor extend. All these fundamental methods

possess speci®c restrictions and lead to more or less

complete textural information. In addition, different proce-

dures of data treatment are required to obtain the most

comprehensive texture information from an experimental

data set. This paper gives an overview of these methods

of texture determination. The fundamental physical princi-

ples are brie¯y outlined, and references are given to the

experimental techniques which have been developed in

the last decades. Four techniques frequently applied in

geosciences: optical U-stage; electron backscatter diffrac-

tion (EBSD) technique; X-ray backre¯ection texture

goniometry; time-of-¯ight neutron diffraction, were applied

to determine the texture of a two-phase muscovite±quartzite

(Table 1), and advantages and disadvantages of these methods

of texture determination are discussed based on our data.

Although the paper focuses on the comparison of experimen-

tal pole ®gures, some aspects related to the mathematical

methods of texture analysis are addressed as well.

2. Experimental methods of texture analysis

From the subdivision of experimental methods into

`single grain' methods and `volume' or `statistical' meth-

ods, two principle properties are obvious. The measuring of

single crystals allows the determination of the location para-

meters of each grain in addition to the orientation para-

meters. Hence, grain±grain relationships like orientation

differences are determinable, and the distribution in the

acquisition surface of selected lattice directions (`Achsen-

verteilungsanalyse', Sander 1934) or even complete orien-

tations (Leiss et al., 1994) can be investigated. However, the

measurements are not related to the grain volume except for

the special case of equant grain size. In a `statistical' diffrac-

tion experiment the proportionality to the scattering volume

fraction is given, but it is impossible to locate the orientation

of a single grain. Apart from these joint characteristics,

speci®c properties control the experimental possibilities

and these are summarized below.

2.1. Universal stage measurements (optical methods)

Optical orientation measurements are based on the aniso-

tropic optical properties of the minerals. The properties

depend upon crystal symmetry and can be described by

the optical indicatrix with its axes na, nb, ng, n: refractive

index (Wenk, 1985). Cubic minerals are isotropic, therefore

orientation measurements are not possible. In the case of

trigonal, hexagonal and tetragonal crystal symmetry one

optical axis (direction of isotropy) exists. It corresponds to
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Table 1

Overview of the applied methods and equipment for texture measurements. The references either give an introduction to the measuring principle, to the applied

instrument or to improvements of the basal technique; the last column indicates the resulting data type

Method Applied equipment References Data type

Electron

backscattering

diffraction (EBSD)

SEM with Nordif EBSD system Joy et al., 1982; Lloyd, 1985;

Schmidt and Olesen, 1989

Directions of any lattice plane

normal, mostly with sign

Optical microscopy Leitz U-stage on a Leitz

polarization microscope

Reinhard, 1931; Panozzo-

Heilbronner and Pauli, 1993

Quartz: c-axis orientation

Muscovite: orientation of

optical indicatrix axes na, nb, ng

X-ray diffraction Backre¯ection texture

diffractometer

Schulz, 1949; Braun, 1994 Pole density distribution of one

or more Bragg lines

Time-of-¯ight

neutron diffraction

Multidetector texture

diffractometer

SchaÈfer et al., 1995; Walther et

al., 1995; Ullemeyer et al., 1998

Pole density distribution of one

or more Bragg lines

Fig. 1. Muscovite crystal with optical and crystallographic orientations

(TroÈger, 1971).



the crystallographic c-axis which represents the only

measurable lattice direction. Orthorhombic, monoclinic

and triclinic minerals have two optical axes with different

orientation relationships to the crystal lattice: in orthorhom-

bic minerals, the indicatrix axes parallel the crystallographic

axes; in monoclinic minerals like muscovite, one indicatrix

axis parallels the crystallographic [010] axis (Fig. 1). Tricli-

nic minerals show a variable relationship between orienta-

tion of the indicatrix and the crystallographic axes. In all

these cases there are variations dependending upon the

mineralogical composition. In fact, in order to determine

the complete orientation of low-symmetry minerals the

orientation of speci®c lattice planes must be determined in

addition to the indicatrix axes. Based on these data the

complete orientation may be established by geometrical

constructions (e.g. Burri et al., 1967: plagioclase). However,

all these operations are very time-consuming but can be

accelerated considerably by means of computer codes

(Kruhl, 1987; Benn and Mainprice, 1989; Cumbest, 1990).

Photometric methods (Price, 1973; Panozzo-Heilbronner

and Pauli, 1993) apply image processing to determine orien-

tation distributions automatically with minor manual effort.

They are solely applicable to uniaxial minerals such as

quartz. A major restriction for optical orientation measure-

ments is the grain size, since very small grains (,50 mm)

cannot be measured by an optical microscope.
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Fig. 2. (A) Live, but processed, EBSD image of quartz; 25 kV. (B) Image in (A) is indexed with application of the software package channelq. (C) Live, but

processed, EBSD image of muscovite; 25 kV. (D) Image in (C) is indexed with application of the software package channelq.



2.2. Electron diffraction

When an electron beam hits a crystalline target electrons

penetrate the surface. A fraction of these electrons are back-

scattered (i.e. re¯ected at a high angle) due to interactions

with the nucleus of the atoms. Some of these electrons

succeed in escaping to the surface of the target with energies

close to the original energy. During this escape the organi-

sation of the atoms of the crystalline target is re¯ected in the

spatial variation in the intensity of the backscattered elec-

trons, i.e. the electrons are diffracted by the lattice following

Bragg's law �2d sin Q � l�.
The variation in intensity is best explained considering

the electrons as waves (e.g. Joy et al., 1982). The Bloch

wave theory predicts that electrons travelling parallel to

lattice planes will have a high intensity, while electrons

travelling at an angle to lattice planes which is greater

than the relevant Bragg angle (Q ) have a low intensity. A

dramatic change in intensity takes place across the Bragg

angle itself. Consequently, the spatial variation in the inten-

sity of the backscattered electrons is such that the intensity

is high in a direction parallel to a lattice plane ^ the relevant

Bragg angle (Q ).

The EBSD technique takes advantage of this fact by inter-

cepting the cloud of backscattered electrons with a phosphor

screen, where light bands (with a width corresponding to

2Q ) on a dark background (Fig. 2A, C) re¯ect the three-

dimensional orientation of lattice planes in the crystalline

target. A plane polished specimen is mounted in a scanning

electron microscope and tilted such that the angle between

the beam and the normal to the specimen surface is 708. A

stationary beam hits the surface and backscattered electrons

are diffracted by any crystal lattice hit by this beam. A live

diffraction pattern with a solid angle of approximately 708 is

created on the phosphor screen, which is placed in a vertical

position close to the specimen. The phosphor screen is

viewed from behind by a CCD camera, and after image

processing, such as background subtraction, the live diffrac-

tion pattern may be analysed and indexed (Fig. 2B, D). The

quality of the image of the diffraction pattern depends criti-

cally upon factors such as the quality of the polish of the

acquisition surface, but also of the mineral composition and

lattice structure. Diffraction images of muscovite (Fig. 2C)

are clearly of a lower quality (low contrast and diffuse band

edges) than diffraction images of quartz (Fig. 2A), acquired

from neighbouring grains.

The microstructure of the tilted specimen is viewed as an

absorbed current image, which permits observation of

diffraction patterns from known positions on the acquisition

surface. The spatial resolution is approximately 1 mm

(Hjelen and Nes, 1990). The uncertainty of absolute crystal

lattice orientation determinations are estimated to be about

38 (Hjelen et al., 1993), where the uncertainty is likely to be

.38 in the case of muscovite and ,38 in the case of quartz,

due to the variations in image quality.

In principle, by application of the EBSD (and the related

electron channeling pattern (ECP)) technique, the lattice

orientation of any crystal which is hit by the beam can be

determined to the level of Laue Group symmetry (e.g.

Schmidt and Olesen, 1989, Olesen and Schmidt, 1990).

This means that measurements of quartz permit construction

of fabric diagrams of all crystallographic planes and direc-

tions. All directions are known with sign, with the important

exception of the directions lying in the{11 �20} planes (the

FLMPs of Olesen and Schmidt, 1990), which include the c, r

and z directions. Measurements of muscovite permit

construction of fabric diagrams of all crystallographic

planes and directions as well, and again the directions are

known with sign except for those lying in (010), which is the

plane of symmetry.

2.3. X-ray diffraction

X-ray diffraction is based on the interaction of electro-

magnetic radiation with the hull electrons of the atoms. It

may be treated as mirror re¯ection on virtual lattice planes,

which connect the structurally de®ned atom positions in a

crystal lattice (e.g. Azaroff, 1968). Bragg's law relates the

wavelength l to the lattice spacing d and the scattering

angle Q . For application to pole ®gure measurements, the

angle Q is set to the correct value of the desired Bragg

re¯ection (hkl) and kept constant. Subsequently, the spatial

orientation of the sample is systematically changed in a two-

circle goniometer and the intensity Ir of the re¯ected beam is

measured by an X-ray counter tube at each sample position

(a , b). Since the re¯ected intensity is proportional to the

scattering volume portion DV (a , b ), it represents a measure

for the degree of preferred orientation.

The two standard methods for pole ®gure measurements

have been known since the beginning of diffraction

measurement. In the backre¯ection technique, the scattered

beam is observed at the incident side of the sample (Schulz,

1949). The sample must be impermeable for X-rays to avoid

intensity loss. In transmission mode, the beam passes

through the sample (Decker et al., 1948), which in contrast

to the backre¯ection method must be thin enough (in the

magnitude of 50 mm for most minerals). Each method

requires speci®c corrections of progressive intensity loss

in the course of the experiment. Since the path through

the sample extends with increasing tilt angle, an absorption

correction is obligatory for the transmission technique. A

defocusing correction is required for the backre¯ection

technique because the diffraction peak broadens due to

changing focusing conditions with increasing tilt angle

(Chernock and Beck, 1952; Von Gehlen, 1960; Ortiz and

Hermida, 1981). The worsening of counting statistics limits

the measurable pole angle range. This range is usually .608
(transmission mode) and ,708 (backre¯ection mode),

respectively. The correction coef®cients may be deduced

theoretically from the experiment geometry or from a

random sample measurement of the material investigated.

At least three mutually perpendicular samples measured
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either in backre¯ection or transmission mode are required to

obtain complete pole ®gures. Since in backre¯ection mode

the inner part of the pole ®gure is measured and in transmis-

sion mode the outer one, the combination of a backre¯ection

and a transmission measurement from a single section also

leads to complete pole ®gures. In that case, different sample

preparation techniques and different methods of intensity

correction are required to ensure the proper adaptation of

the two pole ®gure ranges.

More advanced measuring techniques apply position

sensitive detectors in Q which allow the recording of

short diffraction patterns, usually some degrees (2Q ). This

has two advantages: (i) partly overlapping Bragg re¯ections

can be mathematically separated by means of peak pro®le

analysis; and (ii) the peak broadening due to defocusing is

recorded, hence, the measurable pole ®gure range can be

extended up to 858 and often completed by means of an

interpolation procedure. The measurements on the consid-

ered specimen were carried out in a different way: a short

2Q scan within a range of 3.88 was carried out at each

sample position. Separate integration of the intensities to

the left and to the right of the center line of the diffraction

peak (which is assumed to be symmetrical) leads to two

intensity values. Only the one which is free from overlap-

ping is used as a measure for the pole density (Braun, 1994).

By this method, pole ®gure measurements can be carried out

on slightly overlapping Bragg re¯ections with suf®cient

accuracy, although peak separation by curve ®t procedures

is not applied.

2.4. Neutron diffraction

Thermal neutrons with a kinetic energy of 5±500 MeV

are characterized by wavelengths l in the magnitude of the

atomic diameter. Therefore, they are well suited for a

diffraction experiment according to Bragg's law, although

the interaction of neutrons with matter is quite different

compared with X-rays. Neutron scattering is mainly

controlled by the interaction of the neutron with the atomic

nucleus and may be quanti®ed by the scattering length b.

Since the nucleus is very small with respect to the wave-

length l of the radiation, the scattering length b does not

depend on the scattering angle Q . In the case of X-rays b

decreases with increasing Q . Hence, also Bragg re¯ections

with high index may be measured with neutrons. Further-

more, there is no interdependence between the scattering

length b and the atomic number Z (in the case of X-rays it

increases with increasing atomic number). Therefore, the

scattered intensity is not dominated by heavy elements,

which might be of importance for some minerals. For

more details on the fundamentals of neutron scattering

refer to Bacon (1975).

The most signi®cant property of neutrons is their low

absorption in matter. Compared to X-rays, the penetration

depth of neutrons is 102 to 104 times larger for most miner-

als (see Table 2) and therefore much larger sample volumes

(several cubic centimeters) can be investigated. This offers

additional possibilities for texture analysis: coarse-grained

samples can be investigated, as well as samples which are

inhomogeneous with respect to mineral distribution and

texture (Siegesmund et al., 1994). This is especially impor-

tant for the calculation of rock physical anisotropies, which

are controlled by the bulk rock volume. If the sample shape

approximates to a sphere, no absorption correction is

required; cubes, cylinders and also irregular sample shapes

are all suitable for neutron texture measurements. In

contrast to X-ray measurements which require polished

sample surfaces or thin ®lms, no special sample preparation

techniques are necessary and complete pole ®gures can be

measured with only one sample. As a disadvantage, the

relatively low intensity of the neutron beam compared

with the intensity of an X-ray beam must be mentioned.

This results in a longer measuring time to obtain complete

pole ®gures. As a compensation, position-sensitive or multi-

detector systems are installed at many neutron facilities (e.g.

SchaÈfer et al., 1995) and/or all wavelengths are used for the

experiment (time-of-¯ight diffraction; Ullemeyer et al.,

1998). This allows the recording of more or less complete

diffraction patterns, i.e. several pole ®gures can be measured

simultaneously and peak pro®le analyses to deconvolute

partly overlapping Bragg re¯ections are applicable (e.g.

Wenk et al., 1986).

3. Mathematical methods of texture data analysis

The data sets obtained from `single grain' and `volume'

diffraction measurements are of a different nature. In the

®rst case, either the complete spatial orientations or the

spatial orientations of one (or more) lattice directions of a

®nite number of mineral grains are known. In the second

case, spatial pole density variations are obtained. Both

require different methods of data treatment and offer differ-

ent possibilities.

Knowledge of the complete orientation of a crystal allows

calculation of all desired lattice directions on the basis of the

lattice constants. The lattice directions can be plotted

directly in a stereonet, although pole density distributions

are usually calculated from the directional data. Widely
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Table 2

Penetration depth d0.5 for X-rays and neutrons of some rock-forming miner-

als; the parameter d0.5 characterizes the sample thickness, at which the

incoming intensity is reduced to the half (data from Brokmeier, 1994)

Mineral d
X-rays
0:5 , mm dneutrons

0:5 , mm dneutrons
0:5

�
d

X-rays
0:5

Quartz 75.9 24 300 320

Albite 81.0 24 800 306

Calcite 36.0 19 800 550

Biotite 18.1 6410 354

Muscovite 57.9 7940 137

Halite 42.0 8140 194

Amphibole 25.0 9690 388



used in geology is the counting of all measured directions up

to a maximum angular distance from the orientation of a

`counting grid' point, without weighting the direction based

upon the angular distance (Braun, 1969). Alternatively,

weight functions can be applied, e.g. a Gauss distribution

or harmonics (Adam, 1989: cosine between measured direc-

tion and counting grid point). Although the calculated

density data are usually normalized to get multiples of a

random distribution, the quantities obtained from these

methods are usually different. In addition to the properties

of the applied function, the quantities depend upon the

selected maximal distance between direction and counting

grid point, or the critical parameter of the weight function

(e.g. the half width of the Gaussian), or the power applied to

the cosine. Varying these parameters corresponds to a more

or less pronounced smoothing of the pole density distribu-

tion, but there is no obvious criterion which leads to the

`true' one. This fact also hampers the comparison of pole

®gures obtained from `single grain' and `statistical' diffrac-

tion measurements.

The data set obtained from a `statistical' diffraction

experiment consists of pole density distributions (pole

®gures) of one or more lattice planes. To obtain the

complete mineral texture, the three-dimensional orientation

distribution function f(g), g: orientation; (ODF; Bunge,

1982) must be calculated from a number of input pole

®gures, which are two-dimensional projections of the

ODF. Subsequently, all desired lattice directions can be

calculated from the ODF, such as the quartz (001) pole

®gure which is important for texture interpretations but

cannot be measured directly. Calculation of the ODF

requires some mathematical effort. The precision depends

upon the number and quality of the measured pole ®gures

and on the crystal symmetry of the mineral concerned. As an

example, a single incomplete (111) pole ®gure is suf®cient

for minerals with cubic symmetry. The solution of the ODF

equation is further complicated by the fact that anti-parallel

directions cannot be distinguished in a diffraction experi-

ment (Friedel's law). Thus, a range of possible solutions

exists. Only additional assumptions and boundary condi-

tions such as the positivity condition (Dahms and Bunge,

1988) can lead to a unique ODF.

The applied pole ®gure inversion methods can be sepa-

rated into continuous and discrete methods. In the contin-

uous methods, the ODF is developed into a ®nite series of

known continuous functions. In the classical harmonic

method, these functions are generalized spherical harmonics

(Dahms and Bunge, 1989). In the more recent component

method, the texture is described by a ®nite number of single

crystal orientations. Three-dimensional Gauss distributions

are used to describe the intensity decrease with increasing

angular distance from the ideal orientation of the single

crystal (Helming and Eschner 1990, Eschner 1993). The

discrete methods: (1) the vector method (Schaeben et al.,

1985); (2) WIMV (Matthies and Vinel, 1982); and (3)

MENTEX (Schaeben and Siemes, 1996) directly result in

values of the ODF at previously de®ned points in Euler

space. The major advantage of WIMV and MENTEX is

that the positivity condition is included in their basic algo-

rithm. A certain disadvantage is that neighbouring points in

Euler space are not coupled, such that the result of the pole

®gure inversion often has to be smoothed in order to make it

readable. Similar effects are observed using the geometrical

method of crystal-dicing (Braun 1994). The smoothing is
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Fig. 3. Optical micrograph of the sample in the section perpendicular to S and parallel to L. Crossed polarizers. The orientations of schistosity (S) and widely

spaced shear bands (C 0) are indicated. The length of the schistosity bar is 1 mm.
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Fig. 4. Selected experimental pole ®gures obtained with different experimental techniques. Intensities are given as multiples of a random distribution, dots

indicate regions with intensities ,1.0 [m.r.d.]. Minimum and maximum intensity are indicated at the bottom of each plot. For details about the calculation of

density distributions from directional measurements (U-stage and EBSD data), refer to text.



done when transforming the weights of each set of (hkl)

faces (the result of crystal-dicing) into a modelled set of

elementary re¯ections using a range of in¯uence around

each (hkl) position and randomly generated coordinates.

It should be expected that all existing methods lead to

comparable results assuming that pole ®gures are measured

with good quality. In the case of weak textures and input

pole ®gures with a high level of statistical and/or systematic

errors, different methods lead to quantitatively different

ODFs, although qualitative features, e.g. the position of

major texture components, will always be resolved in the

same way. In this case, the positivity method has the

tendency to produce very smooth ODFs, whereas the

component method and crystal dicing result in textures

with enhanced maxima. The question arises whether the

method of ODF calculation in¯uences the interpretation of

the texture.

4. Sample description

A specimen of a ®ne-grained muscovite quartzite was

collected from a rock sequence of the Matreier zone

which is situated in the western Tauern window, Austrian

Alps (Raith et al., 1977). It contains < 50% muscovite,

< 49% quartz, and < 1% other minerals. The quartzite

exhibits a well-developed compositional layering (,1

mm) de®ned by quartz- and muscovite-rich layers (Fig. 3)

and a weak crenulation lineation. The layering is of a

discontinuous nature.

The average grain size of muscovite is approximately 500

mm. In thin section, the muscovite grains display a strong

preferred shape orientation which de®nes the macroscopi-

cally visible schistosity. Moreover, muscovite forms elon-

gated grains with the long axes parallel to the crenulation

lineation, as can be observed in thin sections parallel to the

schistosity. This lineation is interpreted as a stretching linea-

tion due to the perpendicular orientation of the quartz c-axis

girdle. A number of C 0-type shear bands cut across the

schistosity at an angle of 308±408 (Fig. 3). All mica grains

display continuous lattice bending, observed in sections

perpendicular to the schistosity. In sections parallel to the

schistosity, frequent subgrain pattern formations can be

observed which indicate the activity of dislocation glide

and climb.

The quartz microstructure is characterized by two grain

size populations. The ®rst population has an average grain

size of approximately 300 mm and a strong shape-preferred

orientation with aspect ratios ranging from 3:1 to 5:1. It

occupies distinct areas far away from the shear bands. All

these quartz grains display lattice bending ranging from

continuous to abrupt (deformation bands). Some grains

display an incipient polygonisation, in other grains deforma-

tion lamellae are observed. Grain boundaries between

quartz grains are commonly interlobate. The second popu-

lation of equant grains with an average grain size of

approximately 30 mm is observed inside, and close to the

shear bands, indicating grain boundary mobility related to

shear band formation.

5. Results

5.1. Experimental pole ®gures

The pole ®gures are presented as normalized pole density

distributions (multiples of a random distribution, m.r.d.)

with the horizontal line parallel to the schistosity (S) and

the mineral lineation at 908 and 2708. This means that the

shear bands (C 0) are oriented with a clockwise rotation of

308±408 relative to the schistosity. Equal angular projection

mode (circles on the pole sphere are represented as circles in

the pole ®gure) is used to allow better judgement of the

shape of the pole density distributions. The U-stage

measurements of muscovite (001), (010) and (100) are

approximated by the indicatrix axes (Fig. 1) because the

angle between [001] and a and [100] and b , respectively,

is ,28. Such a deviation is accepted, since it is very small

compared with the expected bulk error level. Although

EBSD measurements allow discrimination of the sign of

some of the measured lattice directions, such a discrimina-

tion was not performed to allow comparison of pole ®gures

obtained with different methods.

The general outline of the muscovite texture is character-

ized by a unique maximum of the (001) normal (Fig. 4). The

maximum intensity is very high in the EBSD and U-stage

pole ®gures (22.5 and 29.1 [m.r.d.], respectively), much

higher than in the X-ray experiment (5.3 [m.r.d.]). The opti-

cally determined (010) and (100) poles cover the whole 3608
sector in the foliation plane, however, the intensity distribu-

tions are not uniform. Distinct maxima indicate preferred

orientation of these lattice directions in addition to their

arrangement in the foliation plane. This holds true for the

EBSD derived pole ®gures as well, even for the (025) and

(2114) intensity distributions, although the submaxima are

less pronounced. These two re¯ections are accessible with-

out overlapping in the X-ray and neutron experiment. In

contrast to the `single grain' methods, neither (025) nor

(2114) show such distinct submaxima, which also holds

true for the other neutron pole ®gures presented in Fig. 4.

Furthermore it is observed that the `single grain' measure-

ments are much smoother compared with the `statistical'

diffraction measurements, and the neutron pole ®gures are

smoother compared with the X-ray pole ®gures.

The general outline of the EBSD and U-stage derived

quartz (001) pole ®gure can be described as a rather wide

maximum close the foliation pole which tends to form a

girdle around the lineation. The (110) pole ®gure can be

derived only from the EBSD orientation measurements. It

is characterized by a wide maximum close to the lineation.

Considering also the (101), (011) and (100) pole ®gures, it

appears that the texture as a whole contains a rotational
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component around the lineation. It is only weakly expressed

in some pole ®gures but such a trend is important for the

kinematic interpretation (see discussion below).

The `volume' texture measurements of quartz and musco-

vite by means of X-ray and neutron diffraction are hampered

by numerous overlapping peaks (Fig. 5). This is true for

quartz in particular, where only the (100) re¯ection is freely

accessible. The quartz (101) 1 (011) re¯ection overlaps

with muscovite (006) and (024), and peak deconvolution

by means of the applied X-ray measuring technique

(Braun 1994) was impossible because of the very

close lattice spacings of these re¯ections

(Dd , 0:02 �A). In contrast, the method was applicable

to the quartz (112) and (102) 1 (012) re¯ections, which

could be cleared of the in¯uence of muscovite and

quartz (111). All the X-ray pole ®gures are different

from neutron experiments. The former are more or

less random, whereas the latter show clear preferred

orientations. Obviously, the intensity distributions are

dominated by muscovite because of the intensity

arrangement on small circles with an opening angle

close to the angle, which must be expected from the

lattice constants of muscovite. Two reasons may explain

such an effect: (1) the intensity contribution of musco-

vite to the experimental pole ®gures may be higher for

neutrons as for X-rays because of a higher scattering

length; (2), the preferred orientation of quartz is weak,

and, as a consequence, quartz does not cause any

pronounced maxima. This will be discussed below.

5.2. Axial distribution analysis

An axial distribution analysis (AVA) of quartz c-axes was

performed on four thin sections, all of which are oriented

perpendicular to the foliation and parallel to the stretching

lineation. The analysis is based on four (sub)maxima of the

quartz c-axis pole ®gure, which are colour-coded in Fig. 6.

Without quanti®cation of e.g. spatial distributions, geome-

tries and grain±grain relationships using statistical methods

or fractal geometry, the interpretation by a purely visual

analysis is restricted. The spatial distribution of the differ-

ently oriented grains displays no signi®cant difference

between the four orientation groups. Neither the size nor

the shape or distribution of grains is correlated with a

preferred crystallographic orientation. The spatial distri-

bution of grains with clearly different crystallographic

orientation appears to be homogeneous. Only grains of

the green and blue orientation groups form small clus-

ters which, however, only rarely exceed more than three

grains. In general, the AVA points to a rather homo-

geneous deformation with no strain partitioning on the

thin section scale.

The grain boundary distributions (refer to Duyster,

1991 for de®nitions) show no signi®cant variations

(Fig. 7). The long axes of the averaged grain boundary

tensors enclose an angle of 78±148 with the lineation.

The residual grains (indicated as `gray' in Fig. 7) also

®t this interval (and so does the sum of all grains, of

course). It should be pointed out that the distribution of

the yellow grains can be erroneous due to the small

number of grains. The grain size distribution, given as

grain area in micrometers squared, is rather homo-

geneous as well, with an average grain size ranging

from 1826 to 2497 mm2 for the four considered orienta-

tion groups, of 2009 mm2 for the residual grains, and an

overall average of 2099 mm2.
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Fig. 5. Neutron time-of-¯ight diffraction pattern. Most quartz peaks are overlapped and must be separated during quantitative texture analysis. Moreover, all

muscovite re¯ections are of low intensity and require long measuring times to obtain suf®cient counting statistics.
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6. Discussion

6.1. Quantitative comparison of the pole ®gures

Discussion of the reliability of texture measurements with

different experimental techniques should be based upon the

principal properties of the applied techniques and the differ-

ences between the resulting pole ®gures. Texture differences

can be judged more satisfactorily by means of pole ®gure

differences (`difference pole ®gures') rather than by a

simple visual description, since such pole ®gures visualize

the spatial distribution of intensity differences in a quanti-

tative way.

A quantitative comparison between volume-related pole

density measurements (X-rays and neutrons) and `single

grain' measurements (EBSD and U-stage) is not easy to

achieve. The resulting density distributions of the latter

depend upon the method by which they are calculated

(e.g. Section 3), and no relation to the grain volume is

given except in the case of equant grain size. Since no

mathematical relationship is reported between `statistical'

diffraction data and `single grain' measurements, we intro-

duced the condition that the difference between comparable

pole ®gures should be a minimum. Initially, the `single

grain' data were rotated such that the best coincidence

between the pole ®gures was achieved. Subsequently, the

half width of a Gaussian, which ful®ls this condition, was

determined by an iterative procedure. The procedure could

be applied to the muscovite (025), (2114), (114) and (023)

re¯ections because they are not overlapping. An average

half width of 6.38 was determined and used to calculate

the pole density distributions of all EBSP and U-stage

measurements with the same measuring grid as applied

for the neutron texture measurements. Since the X-ray

measurements are volume-related they were kept

unchanged.

Comparison of the experimental pole ®gures that are not

overlapping (see Fig. 4) shows that the EBSD and U-stage

derived experimental pole ®gures agree quite well, even

quantitively (examples in Fig. 8a). The intensity distribu-

tions in the difference pole ®gures are more or less uniform

and display no pronounced maxima, except for muscovite

(001) where rather large residuals are observed close to the

position of the intensity maximum in the experimental pole

®gures. The residuals can be attributed to different shape of

the maxima which lead to large local gradients, although the

maximum intensities are approximately identical.

In contrast, comparing the X-ray and EBSD derived pole

®gures with the neutron pole ®gures as a reference (U-stage

measurements are omitted since they agree well with the

EBSD measurements), clear preferred orientations are

commonly observed. The principle observations, illustrated

by some examples, are that: (1) the `difference pole ®gures'

show a more or less uniform intensity distribution with no

pronounced intensity maxima, e.g. the muscovite (025) pole

®gure measured by X-rays (Fig. 8b); (2) the intensity distri-

butions in the `difference pole ®gures' re¯ect a similar

intensity distribution as the experimental pole ®gures, but

in two different ways: either maxima in the `difference pole

®gures' coincide with maxima in the experimental pole

®gures (the muscovite (2114) pole ®gure, Fig. 8b), or mini-

mum regions in the `difference pole ®gures' correspond to

maximum regions in the experimental pole ®gures (the

EBSD-derived `difference pole ®gures', Fig. 8c).
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Fig. 6. Quartz c-axis AVA. (a) Pole ®gure from Fig. 4, also given in the section perpendicular to the schistosity and parallel to the lineation and colour-coded to

display the four selected orientation groups. Minimum and maximum intensity are 0.0 and 3.1 [m.r.d.], respectively. (b) Colour-coded microstructure of four

thin sections perpendicular to the schistosity and parallel to the lineation.

Fig. 7. Grain boundary and grain size (area) distribution of the orientation groups of Fig. 6. Gray comprises the residual orientations. The mean grain area

[mm2] is indicated at the bottom.



Several factors may explain the observed phenomena.

First, `single grain' measurements are usually not volume-

related in contrast to `statistical' diffraction experiments. It

is expected that the broader the grain size distribution, the

larger the difference between `single grain' and `statistical'

diffraction pole ®gures. Weighting based upon grain size

should reduce such an in¯uence, but this requires additional

knowledge of the grain size distribution.

Second, `single grain' and X-ray measurements are

performed on the surface of the sample, whereas neutrons

allow access to much larger sample volumes (Table 2). It is

obvious, that the averaging of texture inhomogeneities is

much more pronounced due to the much larger sample

volume that is accessible. This is, however, an advantage

for the calculation of physical rock properties since the

property of the bulk rock has to be characterized. Further-

more, in a `statistical' diffraction experiment with X-rays or

neutrons, the grain size should correlate with the accessible

sample volume to obtain suf®cient grain statistics. Hence,

the mean grain size can be larger in a neutron experiment.

Third, statistical errors play an important role in texture

analysis and may lead to false results. The meaning of the

term `statistics' is different for `single grain' and `volume'

texture measurements. `Single grain' measurements consist

of a number x of integers, and in this case `statistics' refers

to the magnitude of x which must be suf®ciently high to be

representative. The optimum performance is to measure all

grains. In practice, only a small number of grains is consid-

ered, which makes the strategy of grain selection an impor-

tant issue to avoid falsi®cation of the results. `Statistics' in

an X-ray or neutron experiment refers to the level of noise,

which overlaps the scattered intensity and does not originate

from the lattice planes, following Bragg's law. The ratio

between Bragg intensity and noise should be high enough

to keep the error level low. If the peak/noise ratio is too

small, the background determination near the peak of inter-

est may be incorrect, which leads to incorrect pole ®gure

values. A satisfactory peak/noise ratio is usually achieved

by a suf®ciently high exposure time, but low-intensity peaks

(Fig. 5) would require measuring times of such a duration

that a compromise must be found.

6.2. Implications from recalculated (ODF-derived) pole

®gures

From the X-ray and neutron pole ®gures, the muscovite

K. Ullemeyer et al. / Journal of Structural Geology 22 (2000) 1541±15571552

Fig. 8. Pole ®gure differences (a) `EBSD±U-stage', (b) `Neutrons±X-rays' and (c) `Neutrons±EBSD' of some experimental pole ®gures. Negative regions are

indicated by dots, minima and maxima are indicated at the bottom of each stereoplot.

Fig. 9. Selected recalculated pole ®gures obtained by different methods of quantitative texture analysis. The'harmonic' and'WIMV' derived pole ®gures

illustrate the common occurrence of arti®cial intensity maxima. The recalculated pole ®gures from two-phase component ®t display the simpli®ed texture,

which is obtained by this method. The recalculated muscovite (010) pole ®gures display distinct maxima on a small circle around the foliation pole, which is

particularly evident for the X-ray pole ®gures where the maxima could be reproduced by all the algorithms applied (a). In the neutron pole ®gures, the maxima

are weaker but present (b). They are absent in the recalculated pole ®gure from component ®t (c), which can be explained easily from the fundamental model

assumptions of the method, and from the fact that the recalculated pole ®gure is composed of only a few ideal crystal orientations with the (001) direction close

to the foliation pole.
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ODF was calculated applying the harmonic method, WIMV,

`crystal dicing' and texture component ®t. These methods

are widely used in the earth sciences and represent a cross-

section through the basal models for quantitative texture

analysis (Section 3). The goal is to evaluate especially

those pole ®gures which are not accessible in the experi-

ment, and to compare them with the EBSD and optical

measurements.

In addition to the expected girdle in the foliation plane,

the recalculated muscovite (010) pole ®gures display

distinct maxima on a small circle around the foliation pole

(Fig. 9), which is particularly evident for the X-ray pole

®gures where the maxima could be reproduced by all the

algorithms applied (Fig. 9a). In the neutron pole ®gures, the

maxima are weaker but present (Fig. 9b). They are absent in

the recalculated pole ®gure from component ®t (Fig. 9c),

which can be explained easily from the fundamental model

assumptions of the method, and from the fact that the recal-

culated pole ®gure is composed of only a few ideal crystal

orientations with the (001) direction close to the foliation

pole. In the (100) pole ®gures, uncommon maxima are only

observed in the neutron-derived pole ®gures (Fig. 9b) With

the exception of the WIMV-derived X-ray pole ®gure, the

recalculated (001) pole ®gures contain weak maxima close

to the lineation in addition to the expected maximum (Fig.

9a, b), even though they are used as input for the ODF

calculation.

These secondary maxima, described above, are comple-

tely absent in the EBSD and U-stage derived pole ®gures

(Fig. 4). Also, there is no relation to the orientation of the C 0

shear bands (Fig. 3) or any other microstructural feature.

Consequently, the maxima are interpreted as artifacts. The

initial assumption that the artifacts may be attributed to the

method of ODF calculation is unlikely since the algorithms

are quite different but lead to similar results. Any relation to

the experimental technique also appears improbable. Hence,

it must be concluded that the artifacts are caused by the

input data. Similar observations were published recently

by Schaeben et al. (1999), and the interpretation was that

wrong background correction led to an erroneous ODF. If

this interpretation is valid, it seems that `statistical' texture

measurements may be very sensitive to improper data

correction.

The component method (Helming and Eschner, 1990;

Eschner, 1993) is often applied to geological samples

because it offers a minimum of restrictions. The method

deals with any crystal symmetry and allows for simulta-

neous texture analysis of two or more phases (e.g. Sieges-

mund et al., 1994). This latter property enabled us to

determine also the quartz texture from the neutron diffrac-

tion data, despite the occurrence of numerous overlapping

re¯ections, even of quartz and muscovite. The recalculated

pole ®gures (Fig. 9c) are much smoother than the pole

®gures obtained by other methods. This is a consequence

of the simpli®ed texture description. The recalculated

muscovite pole ®gures are based on three axially symmetric

components with the rotation axis parallel to the (001)

normal. The component axes scatter slightly perpendicular

to the lineation, which leads to an elliptical shape of the

(001) intensity maximum. The inclination of the axes also

explains the intensity maxima in the (100) and (010) pole

®gures, which parallels the lineation. The components inter-

sect at this position, i.e. increased pole densities must be

observed. It is obvious that such maxima have no kinematic

signi®cance because their origin is due to calculation only.

The recalculated (001), (110), (011) and (101) quartz pole

®gures (Fig. 9c) are based on at least 16 components

because of the more complicated texture compared to

muscovite. Again, the pole ®gures appear very smooth. In

principle, they show the same tendency as the EBSD-

derived experimental pole ®gures (Fig. 4), but it is notable

that the quartz (001) pole ®gure, which is important for the

kinematic interpretation, displays the most pronounced

simpli®cation. The question arises whether the simpli®ca-

tion of texture reproduction by means of components in¯u-

ences its kinematic interpretation.

6.3. Kinematic signi®cance of the textures gained from

different experimental techniques

Applying the model of Schmid and Casey (1986), the

strain increment which is recorded by the quartz texture

seems to be constrictional. This is indicated by the c-axes

distribution, which may be interpreted as a small circle with

a large opening angle around the lineation. This conclusion

is based upon different amounts of data. In the case of U-

stage measurements, only the c-axis pole ®gure may be

evaluated, and some uncertainty remains whether the

texture as a whole possesses a rotational component. This

cannot be veri®ed by means of optical measurements, but

the EBSD technique offers such a possibility. All quartz

pole ®gures display a tendency to form small circles around

the lineation. Although this tendency is weak and the inten-

sity distribution along the girdles is inhomogeneous, the

larger number of pole ®gures which can be checked

increases the probability that such an interpretation is valid.

In the case of diffraction measurements with X-rays or

neutrons the interpretation of the quartz texture is based

largely upon recalculated pole ®gures, since most pole

®gures that are important for the kinematic interpretation

cannot be measured directly or only as overlapping ®gures.

Simultaneous ODF calculation of both phases is required,

since muscovite±quartz peak overlapping occurs. Recalcu-

lated quartz pole ®gures from two-phase component ®t

show the same trend as the single crystal measurements: a

tendency to form a small girdle around the lineation. Also in

this case, the intensity distribution along the girdles is inho-

mogeneous but the tendency is visible in all pole ®gures.

The X-ray experiment did not result in pole ®gures with

well-de®ned preferred orientations, hence, calculation of

the ODF was not possible. This is attributed, partly to the

small sample volume that is accessible during measurement,
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resulting in bad counting statistics, and partly to the rather

weak preferred orientation of quartz.

The nearly axially symmetric (001) pole ®gure of musco-

vite leads to the assumption that ¯attening strain (exten-

sional ¯ow) was the predominant deformation mode. Such

a conclusion may be derived from (001) pole ®gures

obtained by any experimental technique. Accordingly, all

other lattice directions are arranged on circles around the

(001) intensity maximum. However, the different experi-

mental methods led to different intensity distributions. The

optical and EBSD-derived pole ®gures show distinct

submaxima on the girdles at an angle of about 458 to the

lineation. It is remarkable that the submaxima have almost

identical spatial orientations (Fig. 4) and cannot, therefore,

be artifacts. However, the `volume' texture measurements,

especially the neutron measurements, do not show such

submaxima. It appears that texture inhomogeneities were

recorded by the `single grain' measurements, and the aver-

aging on several cubic centimeters by means of neutron

diffraction is suf®cient in this case to determine the bulk

texture.

7. Conclusions

All commonly applied techniques of texture determina-

tion possess speci®c characteristics, which are related to

their fundamental physical principle. This leads to some

well-known restrictions such as: (1) the complete orienta-

tion of uniaxial minerals cannot be determined by optical

methods; (2) the accessible sample volume in the X-ray

experiment may be too small in relation to the grain size;

and (3) peak overlapping limits the possibilities of X-ray

and neutron diffraction. Of course, there are also well

known advantages such as: (1) access to the grain location

applying `single grain' methods; and (2) integration over

large sample volumes using neutrons.

Choice of the method of analysis should be based upon

the scienti®c goals. An optical quartz c-axis pole ®gure may

be suf®cient to determine the shear sense in a ®ne-grained

quartzite. Phyllosilicate (001) pole ®gures contain informa-

tion about the small-scale foliations of rock (cleavages,

shear bands), and they may be determined easily on a U-

stage or with X-rays. The modelling of physical anisotropies

of rocks from the mineral textures aim to characterize the

bulk rock, hence, it is advantageous to use neutrons since a

better averaging of texture inhomogeneities can be

achieved.

Unfortunately, also external factors play a role in the

decision of which method should be applied for a texture

determination. Optical equipment is cheap, usually avail-

able, and the effort for sample preparation is minor since

the measurements are performed on standard thin sections.

Therefore, optical equipment is used commonly, although

about one working day is required to determine, e.g., a

quartz c-axis distribution. Access to X-ray equipment is

quite easy as well, but the purchase of such equipment is

more expensive. Backre¯ection texture goniometry requires

polished surfaces only, i.e. the effort for sample preparation

is moderate. Scanning electron microscopes are numerous

but EBSD equipment is not, although the number of facil-

ities increases. Much effort is required to prepare a highly

polished acquisition surface. Neutron diffraction texture

measurements are the most expensive, as they usually

require travelling, and access to neutron facilities is limited

due to restricted measuring time. On the other hand, sample

preparation is easy since also irregular sample shapes are

suitable for the neutron experiment. Common to all diffrac-

tion techniques is the amount of time to determine the

texture completely, which is in the order of 24 h. Hence,

the choice of an experimental technique is often a compro-

mise between scienti®c requirements and economical

constraints.

Hopefully, this study may help to decide whether the

`method of best choice' can be replaced by an alternative

method. It is obvious that the general features of the mineral

textures can be reproduced by any method, but differences

in the details are crucial. This refers especially to the

submaxima in the U-stage and EBSD-derived muscovite

(010) and (100) pole ®gures. Obviously the submaxima

represent local preferred orientations, which deviate from

the global texture. Considering also the different degree of

preferred orientation of the (001) pole ®gures gained with

the different techniques, large discrepancies must be

expected for any modeled anisotropic physical property of

bulk rocks. Hence, we cannot recommend `single grain'

measurements for the modelling of rock physical anisotro-

pies. A better approximation of the global texture may be

achieved by X-rays, although it is obvious that counting

statistics is close to the acceptable level. Since counting

statistics largely depends upon the grain size and volume

fraction of the mineral of study, the grain size of the musco-

vite-bearing quartzite, i.e. 300±500 mm, together with a

volume fraction of about 50% seems to represent the limit

for X-ray pole ®gure measurements. This is in agreement

with our experience from numerous texture measurements

with X-rays. On the other hand, information about local

textures is dif®cult to achieve from `volume' texture

measurements. Although very small sample volumes may

be examined using suitable slit systems, applications are

restricted to suf®ciently ®ne-grained materials because of

the statistical nature of `volume' texture measurements.

Access to single grains is impossible. It may be achieved

by `single grain' methods, which therefore are the better

choice if local textures, grain±grain relationships etc. are

to be investigated.

The commonly applied methods for quantitative texture

analysis led to similar texture reproduction, even in detail,

except for the component method which generates a simpli-

®ed ODF. In the case of the muscovite texture, simpli®ca-

tion seems to be justi®ed because the diffraction

measurements contain no indication for any reorientation
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mechanism in addition to (001) slip. The quartz texture is

dif®cult to evaluate, since there is no reference ODF. The

rotational feature of the texture may be reproduced also by

texture components, but we cannot ®nd an equivalent for the

prominent c-axis maxima in the foliation plane. The conclu-

sion is that a simpli®ed ODF should be treated carefully.

Especially in the case of weak textures, such as in the

studied sample, a much larger number of texture compo-

nents as we could ®nd may be required to describe the main

textural features. The observation of artifacts in the recalcu-

lated muscovite pole ®gures, which are clearly caused by the

input data and not by the applied algorithm, indicate that the

best possible correction of the experimental data should be

achieved to avoid the risk of misinterpretations.
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