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a b s t r a c t

Samples of fault gouge from the San Andreas Fault drill hole (SAFOD), a shale from the North Sea
sedimentary basin and schists from metamorphic rocks in the Alps have been analyzed with high energy
synchrotron X-rays to determine preferred orientation of mica and clay minerals. The method relies on
obtaining 2D diffraction images which are then processed with the crystallographic Rietveld method,
implemented in the software MAUD, allowing for deconvolution of phases and extraction of their
orientation distributions. It is possible to distinguish between detrital illite/muscovite and authigenic
illite/smectite, kaolinite and chlorite, and muscovite and biotite, with strongly overlapping peaks in the
diffraction pattern. The results demonstrate that phyllosilicates show large texture variations in various
environments, where different mechanisms produce the rock microfabrics: fault gouge fabrics are quite
weak and asymmetric with maxima for (001) in the range of 1.5e2.5 multiples of random distribution
(m.r.d.). This is attributed to heterogeneous deformation with randomization, as well as dis-
solutioneprecipitation reactions. Shale fabrics have maxima ranging from 3 to 9 m.r.d. and this is due to
sedimentation and compaction. The strongest fabrics were observed in metamorphic schists
(10e14 m.r.d.) and developed by deformation as well as recrystallization in a stress field. In the analyzed
samples, fabrics of co-existing quartz are weak. All phyllosilicate textures can be explained by orientation
of (001) platelets, with no additional constraints on a-axes.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Phyllosilicates in many rocks are distinctly oriented. In fact, their
alignment often defines themacroscopic schistosity, bedding plane,
and cleavage. Phyllosilicates differ from many other rock-forming
minerals by their dominant platy morphology with (001) as both
sheet and cleavage plane. Also, anisotropy of physical properties is
extreme, with elastic stiffness more than three times higher
parallel to the sheet plane than perpendicular to it. Grain shape and
physical properties play a major role in the alignment of these
minerals, e.g., during compaction of a sediment, ductile deforma-
tion or crystallization under stress. Much early work has been
dedicated to quantify the alignment of mica platelets which can be
easily measured with the universal stage and petrographic micro-
scope (e.g., Sander, 1930). Interestingly, already Sander (1934) used
X-ray diffraction to characterize preferred orientation in shale (e.g.,
his Figure 14). With advances in X-ray diffraction techniques, a pole
figure goniometermethod in transmission geometrywas applied to
fine-grained slates (e.g., Oertel, 1983) and this method was refined
.

All rights reserved.
by Van der Pluijim et al., 1994. The method relies on positioning the
detector at the Bragg angle for a basal reflection diffraction peak
and recording intensity changes with sample orientation.

Thus, a fair amount of information is available about (001)
phyllosilicate pole figures in a variety of rocks, including gneisses,
schists, slates and, more recently, shales. The investigations docu-
ment considerable diversity that depends on formation conditions
and compositions.

With the universal stage and with X-ray pole figure goniometry
only (001) pole figures can be measured, and thus, there is
currently very little information about the orientation of a-axes.
Furthermore, gouge, shales and schists are composed of many
phases with strongly overlapping diffraction peaks. This applies
particularly to the 10 Å peak that is used for most pole figure
goniometry measurements. In shales, the detrital illite/muscovite
peak is overlapped with the authigenic illite/smectite peak; in
schists, the muscovite peak is superposed on the biotite peak, and
these distinct phases cannot be separated. Here a diffraction
method that relies on full diffraction spectra, rather than individual
diffraction peaks has advantages (e.g., Lonardelli et al., 2005) and
we apply it in this study to quantify preferred orientation of major
mineral components of three samples from the drill core of the
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Table 1
Details about sample locations.

SAFOD #1 arkose Box 20, Run 4 (18e20 cm) 3064.5 m, 5025_1_C_4
SAFOD #2 gouge Box 23, Run 5 (14e18 cm) 3067.0 5025_1_C_5
SAFOD #3 sheared sandstone-gouge Hole G, Run 2, Section 4, 3149 m
Kimmeridge shale, North Sea drill hole, 3750 m
Brg 929, Folded graphite schist, Septimer Pass, Cureglia, 2500 m
Brg 1118 Phyllite, folded, Vor dem Berg, Val Bergalga (Avers), 2680 m
Brg 1295 Schist, Plan Väst above Soglio, Bergell Alps, 1850 m
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SAFOD project in the vicinity of the San Andreas fault, a shale, and
three metamorphic schists.

2. Samples, experimental techniques and data analysis

Location information of the samples is summarized in Table 1.
The San Andreas Fault Observatory at Depth (SAFOD) is a project
to investigate mechanical, seismic and chemical processes in situ
at depth, as well as providing samples for detailed laboratory
analysis (Hickman et al., 2004). We analyzed three samples of
clay-rich arkosic composition from shear zones that are, however,
not the main San Andreas fault zone. In the following discussion
we refer to the samples as SAFOD #1 (Box 20, Run 4 (18e20 cm)
3064.5 m, 5025_1_C_4), SAFOD #2 (Box 23, Run 5 (14e18 cm)
3067.0 m, 5025_1_C_5) and SAFOD #3 (Hole G, Run 2, section 4,
3149 m) (see also: http://www.icdp-online.org/contenido/icdp/
front_content.php?idart¼1037). Similar samples were analyzed
for mineralogical composition and microstructure and we will not
go into those details (Schleicher et al., 2006; Solum et al., 2006).
There is considerable heterogeneity, particularly in SAFOD #2 and
Fig. 1. Backscattered SEM images of samples from SAFOD and Kimmeridge shale (Hornby, 19
elements such as pyrite spherulites in shale (d). Dark zones indicate porosity.
#3 with local shear bands. SEM micrographs reveal a complex
microstructure with detrital quartz, feldspars, mica and authigenic
illite/smectite clay (Fig. 1aed). SAFOD #3 displays a very fine-
grained matrix with folded veins of calcite (Fig. 1c).

The shale of Kimmeridge age is from a borehole in the North Sea
at 3750 m depth (Hornby, 1998). It has a porosity of 2.5% and, based
on infrared spectrometry, a composition of 35% illite/smectite/mica,
22% kaolinite, 30% quartz, 5% albite and 4% pyrite was suggested
(new results, discussed below, suggest a somewhat different
composition). The shale has a high elastic anisotropy as determined
from ultrasound velocity measurements (C11¼49.8 GPa,
C33¼ 29.5 GPa, where C33 is perpendicular to the bedding plane).
The microstructure reveals clearly detrital micaceous particles, as
well as authigenic clay (Fig. 1d).

Three schists are from greenschist facies rocks of the upper
Pennine Suretta nappe in the central Alps in Grisons, Switzerland.
Brg 929 is a phyllite from Cureglia (2500 m), near Septimer Pass.
The sample contains muscovite with subordinate chlorite. There is
a fine-grained population and coarser crystals. The larger crystals
are mechanically bent, and occasionally kinked, in fold-like
structures (Fig. 2a). Brg 1118 is a fine-grained muscovite-graphite
schist with albite porphyroclasts from Vor dem Berg (2680 m) in
Val Bergalga (Avers). Fine-grained muscovite is concentrated in
layers and highly aligned. Some clusters of larger muscovite
crystals (up to 0.5 mm) are more randomly oriented (Fig. 2b). Brg
1295 is a fine-grained biotiteemuscovite schist from the base of
the Suretta nappe near Plan Väst, 1850 m and is of higher meta-
morphic grade. Biotite is strongly aligned, muscovite and chlorite
are generally fine-grained and associated with alteration of feld-
spars (Fig. 2c).
98). (a) and (b) SAFOD #2, (c) SAFOD #3, and (d) shale. Bright particles are rich in heavy
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Fig. 2. Optical micrographs of greenschist facies schists. Plane polars. (a) Brg 929 muscoviteechlorite schist with local crenulation folds. (b) Brg 1118 graphite-bearing musco-
viteechlorite phyllite with albite porphyroclast. (c) Brg 1295 biotiteemuscovite chlorite schist. Note the two generations of muscovite, one interlayered with biotite and the second
as alteration of feldspar.
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Samples were first embedded in epoxy. Then 2 mm-thick slices
were prepared with a microsaw, using kerosene as a cooling agent.
The surface of the slice was about 1 cm2. These slices were then
used for synchrotron diffraction experiments in transmission. The
method has been described by Wenk et al. (2008a) in some detail.

The samples were measured at the high-energy beamline
BESSRC 11-ID-C of APS (Advanced Photon Source) of Argonne
National Laboratory, with a monochromatic wavelength of
0.107863�A. At these short wavelengths X-rays can penetrate mm
of material without significant absorption and thus can be used to
analyze large volumes, comparable to neutrons. Contrary to
neutrons, X-ray data collection can be done much faster (100 s
versus hours). Beam-size was 0.5� 0.5 mm and sample to detector
distancewas about 2 m. The sample slabs weremounted on ametal
Fig. 3. Diffraction images of SAFOD #1 fault gouge (illite/smectite and illite/mica), Kimmerid
schist (biotite, muscovite, chlorite). Intensity variations along Debye rings are indicative of
10�A diffraction from (002) illite.
rod approximately perpendicular to the bedding/schistosity plane
and parallel to the horizontal axis of a goniometer. Images were
recorded with a Mar345 image plate detector (3450� 3450 pixels).
Shale and schist samples were translated during data collection,
parallel to the horizontal axis, over 5 spots in 2 mm increment to
obtain a representative average. For fault gouge, because of the high
heterogeneity, local textures were determined.

Three diffraction images are shown in Fig. 3. Intensity variations
along the Debye rings immediately reveal preferred orientation.
Looking at the 10�A illite/mica peak, it is obvious that preferred
orientation is strongest in schist, intermediate in shale and weak in
fault gouge.

Images were recorded at 11 different u tilt angles, tilting the
samples around the horizontal axis in 10� increments (�50�, �40�,
ge shale (chlorite, illite/smectite, illite/muscovite, kaolinite) and Brg 1295 metamorphic
texture. It is particularly evident for the inner rings (high d-spacings). Arrow points to
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�30�, �20�, �10�, 0�, 10�, 20�, 30�, 40�, 50�). In the 0� tilt position,
the sample slab is perpendicular to the beam. Combining images at
different tilt angles provides larger pole figure coverage for texture
analysis. We have tried different coverage strategies and there are
minor influences on results, particularly the shape of the (001)
texture maximum. Initially we rotated around the normal to the
foliation, then chose a direction in the foliation plane. More
recently we prefer a somewhat oblique direction. In the case of the
fairly coarse-grained schists, two sections, cut at right angles and
both perpendicular to the foliation, were combined. At the end of
the analysis, orientation distributions for shale and schists were
rotated to conformwith macroscopic bedding plane and schistosity
plane, respectively. For fault gouge, with locally heterogeneous
textures, orientations are arbitrary.

After data collection, images were further processed in Fit2D
(Hammersley, 1998), following the procedure described at http://
eps.berkeley.edu/wwenk/TexturePage/MAUD.htm. First, a CeO2
powder standard was used to calibrate the sample to detector
distance and detector orientation. For each shale image, the image
center was refined. The image was then divided into 10� azimuthal
sectors and integrated over each sector to obtain spectra, resulting
in 36 spectra for each 2D image and 11�36¼ 396 for each sample
(esg files). These spectra, each representing differently oriented
lattice planes, were later exported from Fit2D and used in the
Rietveld refinement. For the Rietveld refinement, we applied the
program MAUD (Material Analysis Using Diffraction), which is
a code written in Java (Lutterotti et al., 1997). MAUD is unique
among Rietveld codes in that it provides sophisticated methods for
quantitative texture analysis. The d-range used for the analysis is
from 1.2�A to 15�A. Extending the d-range to lower d-spacings did
not improve results. Fig. 4 shows some spectra of SAFOD #3, shale
and schist Brg 1295. The scale is Q (2p/d) to avoid compression of
the spectrum towards low d-spacings. The peak profiles illustrate
the complexity, with many overlapping peaks.

The Rietveld analysis needs, as input, crystal structures for the
mineral phases that are present. For the phyllosilicates, we used for
monoclinic illite/muscovite Gualtieri (2000), based on Collins and
Catlow (1992), for illite/smectite Plançon et al. (1985), for triclinic
kaolinite Bish (1993), based on Bish and Von Dreele (1989), for
montmorillonite Tsipursky and Drits (1984) (see also Lutterotti
et al., 2010), for triclinic chlorite penninite refined by Joswig et al.
(1980), for monoclinic chlorite clinochlore of Rule and Bailey
(1987), for monoclinic 2 M muscovite Guggenheim et al. (1987),
for monoclinic 2 M biotite Redhammer and Roth (2002), and for
triclinic analcite Knowles et al. (1965). The structural data were
imported as “crystallographic information files” (cif) from Amer-
ican Mineralogist Crystal Structure Data Base (Downs and
Hall-Wallace, 2003). In fault gouge, as well as shale, the illite
(002) peak at 10.0�A (Q¼ 0.63�A�1) has an asymmetric extension
towards higher d-spacings (lower Q) and this is due to a combina-
tion of detrital illite/muscovite and illite/smectite with interlayers
and stacking disorder (Fig. 4a, b). For conventions about monoclinic
crystal symmetry, see Matthies and Wenk (2009).

First, instrumental parameters such as the center of the ring, the
background parameters (three for each spectrum), and the scale
parameters (one for each image) were refined. The scale parame-
ters take into account different absorptions and effective sample
volumes with tilt, as well as fluctuations in beam intensity. The
second step is to extract weight fractions for each phase (quanti-
tative phase analysis) and refine structural and microstructural
parameters, including lattice parameters and anisotropic crystallite
size (Popa, 1998). Atomic coordinates, site occupancies and
temperature factors were held constant because of the high
number of variables and the low symmetry of phases. However,
sheet silicate composition was refined, especially adding iron to
illite, which greatly improved the fit. In the last step, a modified
EWIMV algorithm related to WIMV (Matthies and Vinel, 1982) was
used for texture analysis. The continuous 3-dimensional orienta-
tion distribution function (ODF) is divided into a discrete cell
structure with an angular resolution of 10�. Textures were refined
for major phases illite/mica, illite/smectite, montmorillonite, chlo-
rite, kaolinite, muscovite, biotite, graphite and quartz.

Fig. 5 shows 2D map plots of some of the samples for the 0� tilt
angle image. They represent stacks of the 36 diffraction images. The
Rietveld refinements are at the top while observations are at the
bottom. The comparison is excellent, both in peak positions and
intensity variations, and indicates that the refinement is reliable.

Orientation distributions for all phases were exported from
MAUD and further processed in BEARTEX (Wenk et al., 1998). We
note that the second crystallographic is used formonoclinic crystals,
with the y-axis as the unique axis and (010) asmirror plane,whereas
MAUD and BEARTEX use the first setting with the z-axis as the
unique axis. This is a standard inphysics and facilitates calculation of
physical properties. To convert from one setting to the other, proper
transformations need to be done (Matthies andWenk, 2009).While
all calculations are done in first setting, labels on pole figures and
diffractionpatterns refer to themore commonly used second setting
(with (001) corresponding to the phyllosilicate cleavage plane). In
BEARTEX, the ODF was smoothed with a 7.5� filter to alleviate arti-
facts from the ODF cell structure. Pole densities are normalized so
that the integral over a pole figure is 1.0 and densities are expressed
in multiples of a random distribution (m.r.d.). We show (001) and
(100) pole figures for sheet silicates and quartz.

3. Results

All samples have quite complex mineralogical compositions.
Phase proportions (in weight fractions) obtained with the Rietveld
refinement are summarized in Tables 2. For samples that were
analyzed with other methods there is fair agreement, keeping in
mind that these were not identical specimens and there is
considerable heterogeneity. Particularly for Kimmeridge shale our
analysis suggests more 2:1 and less 1:1 phyllosilicates, and less
quartz than Hornby (1998). It is conceivable that in this shale some
silica is amorphous and is not included in our diffraction analysis.
Kimmeridge shale and Brg 1118 schist are mainly composed of
phyllosilicates. In all others, quartz and feldspars dominate. Other
phases are calcite, analcite, pyrite and graphite.

Textures for SAFOD samples are weak and asymmetric (Fig. 6).
Texture strength is higher for detrital illite than for illite/smectite,
but the patterns are similar. This can also be verified on the map
plot (Fig. 5a). The asymmetry is due to the fact that in all samples
there was no obvious macroscopic foliation. The sample was also
quite heterogeneous and we picked local fracture zones to perform
the texture analysis. Fig. 7 shows diffraction images at various
spots. The strongest texture was observed in SAFOD #1 arkose
(Fig. 7a). Especially for sample SAFOD #3 (Fig. 7c, d), with a very
weak texture, most regions were completely random (Fig. 7d). The
insert in Fig. 4a shows details of the 10�A peak. It is composed of
a sharper component at higher Q, due to illite/mica and a broader,
more diffuse peak at lower Q attributed to illite/smectite.

Kimmeridge shale is very rich in phyllosilicates, mainly illite/
smectite and illite/muscovite. But there is a significant amount of
kaolinite (at d¼ 7�A, Q¼ 0.9�A�1) and montmorillonite (small and
broad peak at d¼ 14�A, Q¼ 0.45�A�1). All sheet silicates have a (001)
maximum perpendicular to the bedding plane (Fig. 8). It is stron-
gest for kaolinite (5.6 m.r.d.) and weakest for montmorillonite
(1.7 m.r.d.). Similar to SAFOD #1 and #2, there is a bimodal peak at
d¼ 10�A (Q¼ 0.63�A�1), representing detrital illite at higher Q, and
authigenic illite/smectite at lower Q (see insert in Fig. 5b).
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Fig. 4. Diffraction patterns of (a) SAFOD #1 fault gouge, (b) Kimmeridge shale and (c) Brg 1295 metamorphic schist. Scale is Q (2p/d). Inserted on the right side is an enlargement of
the d¼ 10�A peak which is a superposition of detrital illite/mica and authigenic illite/smectite (a, b) and muscovite and biotite (c). Dots are measurements and solid line the Rietveld
fit. Below each spectrum are diffraction peaks of contributing mineral phases.
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Fig. 5. Two-dimensional map plots comparing observed (bottom) and calculated
spectra (top) for image taken at 0� tilt. The image represents stacks of 36 diffraction
spectra averaged over 10� azimuthal intervals. Diffraction patterns of (a) SAFOD #1 fault
gouge, (b) Kimmeridge shale and (c) Brg 1295 metamorphic schist. Scale is Q (2p/d).

Table 2
Phase proportions (in weight %) for samples analyzed in this study.

SA #1 SA #2 SA#3 Hornby Brg 929 Brg 1118 Brg 1295

Illite/mica 29.9 45.2 14.1 28.7
Biotite 6.0
Muscovite 27.4 52.9 10.3
Illite/smectite 6.9 27.3 20.2 43.2
Montmorillonite 0.9
Chlorite 16.1 16.9 7.9
Kaolinite 4.8
Graphite 0.1
Analcite 4.2
Quartz 18.9 12.4 43.6 14.8 44.8 30.0 42.7
Plagioclase 44.3 15.1 17.9 2.7 11.7 33.1
Pyrite 4.8
Calcite 0.1

Table 3
(001) Pole figure minima (top) and maxima (bottom) (in m.r.d.).

SA #1 SA #2 SA#3 Hornby Brg 929 Brg 1118 Brg 1295

Illite/mica 0.27 0.51 0.85 0.33
1.91 1.79 1.18 3.65

Illite/smectite 0.48 0.50 0.86 0.35
1.97 1.51 1.13 2.35

Kaolinite 0.27
5.59

Montmorillonite 0.33
1.68

Chlorite 0.10 0.19 0.43
13.47 6.87 7.10

Biotite 0.11
10.12

Muscovite 0.19 0.29 0.50
9.43 8.18 4.52

Graphite 0.11
4.54

Quartz 0.80
1.14
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Significantly, quartz displays weak preferred orientation with
c-axes aligned in the bedding plane (1.1 m.r.d.). For fault gouge and
shale, phyllosilicate (100) pole figures display a uniform girdle
around the (001) texture maximum (not shown).

Schists have the strongest textures with 13.5 m.r.d. for (001) of
chlorite in Brg 929 and 10.1 m.r.d. for (001) of biotite in Brg 1295
(Fig. 9). Also, in schists, there are significant peak overlaps, espe-
cially biotite and muscovite (in Brg 1295), and graphite and quartz
(in Brg 1118) but the refinement succeeds in separating them. In
schists Brg 929 and Brg 1118, there is a slight alignment of a-axes of
muscovite and chlorite (Fig. 10). Contrary to shale, the (001) texture
maximum is not quite circular, spreading on a great circle
perpendicular to the lineation. While micas are strongly aligned,
preferred orientation of quartz is almost random (not shown).

4. Discussion

In this study of phyllosilicate textures in seven different rock
samples with synchrotron X-ray diffraction, we succeeded for the
first time in resolving quantitatively overlapping peaks such as
detrital illite/muscovite and authigenic illite/smectite (w10�A),
kaolinite and chlorite (w7�A), and muscovite and biotite (w10�A).
This has not been possible with the conventional transmission pole
figure goniometry method. A wide range of texture strengths were
observed, with maxima on (001) pole figures ranging from
1.10 m.r.d. in fault gouge to 13.5 m.r.d. in schist (Table 3). We
consider all these determinations to be quantitative in the sense
that observed diffraction data compare favorably with the calcu-
lated Rietveld model (e.g., Fig. 5). In the case of lattice parameters
and volume fractions, uncertainties can be described with a stan-
dard deviation. For texture patterns, this is not satisfactory because
the 3D orientation distribution function (ODF) is highly non-linear
and to assign, for example, a standard deviation to a (001) pole
figure maximum is not possible. But we can compare observed and
calculated diffraction intensities for the (001) peak such as in Fig. 5.

It is appropriate to compare the synchrotron Rietveld method
with the conventional X-ray goniometer method. A disadvantage



Fig. 6. Pole figures for detrital illite/muscovite/biotite (left) and authigenic illite/
smectite in SAFOD fault gouge. (a) #1, (b) #2, (c) #3. Equal area projection, linear
contour intervals in multiples of a random distribution. Scale for (c) is different from
(a) and (b).
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is that users have to write proposals and travel to synchrotron
facilities and cannot do measurements in their own laboratories.
However, in 2 days of beamtime many samples can be measured
and many synchrotrons have beamlines and staff with expertise
for experiments such as those described here. Most important
though are the real advantages in quantitative characterization.
One of the difficult tasks is to obtain a reliable background func-
tion in the case of very weak textures and multiple phases,
particularly at low diffraction angles where backgrounds increase.
This background function as function of Q (i.e., d-spacing, Fig. 4)
not only depends on sample tilt but also to a lesser extent on
azimuth (Fig. 5). A Rietveld fit of the background function is
a better approximation than a simple scan across the diffraction
peak in a X-ray goniometer that assumes separated diffraction
peaks. Another issue is normalization of the pole figure to express
maxima in multiples of a random distribution. In pole figure
goniometry, pole figures are incomplete and normalization relies
on arbitrary assumptions about the non-measured part. This is
particularly significant for estimating pole figure minima which is
an important part of texture information. In the seven samples,
(001) minima of phyllosilicates range from 0.10 m.r.d. (in schist
Brg 929) to 0.86 m.r.d. (in SAFOD #3) (Table 3). Finally, pole figure
goniometry of phyllosilicates in rocks has only resolved the
orientation of basal planes. With the Rietveld method, we obtain
full information about the orientation distribution, including
orientation of a-axes.
4.1. Fault gouge

Weak fabrics have been documented for clay minerals in fault
gouge (e.g., Chester and Logan, 1987; Haines et al., 2009; Schleicher
et al. 2009; White, 2001; Yan et al., 2001). The compilation of
Haines et al. describes illite (001) maxima between 2 and 4 m.r.d.,
though there is no information about pole figure minima. This
agrees with our samples, but in addition we can separate detrital
and authigenic phyllosilicates, which have obviously different
histories. Authigenic illite/smectite are also textured, but the
strength is considerably weaker.

In the case of the SAFOD samples, the pole figures are asym-
metric and referred to the orientation of the sample slab. The
“foliation” was difficult to ascertain and preferred orientation is
local and heterogeneous as illustrated by single images (Fig. 7). The
sample SAFOD #2 is from a region with pronounced slicken side
coating (Fig. 7b). Even here the orientation distribution is weak
(001 maximum for illite/mica is 1.79 m.r.d., Fig. 6b). Mineralogic
composition of the samples (Solum et al., 2006), including the
presence of analcite in SAFOD #3, and talc and serpentine (Moore
and Rymer, 2007), as well as amorphous silica (Janssen et al., in
press), suggests alteration with dissolution and precipitation at
low grade hydrothermal conditions.

Significantly, the orientation distribution of quartz is random.
We might have expected that stresses during seismic events may
have activated mechanical Dauphiné twinning (Tullis and Tullis,
1972) which initiates around 100 MPa (Wenk et al., 2007) and
could have then been used as a piezometer (Hickman and Zoback,
2004).

4.2. Shale

Kimmeridge shale displays an (001) maximum for detrital illite
of 3.7 m.r.d. and for kaolinite of 5.6 m.r.d. Minimum pole densities
are 0.33 and 0.27 m.r.d., respectively. The texture of authigenic
illite/smectite is considerably weaker (2.35 m.r.d. and 0.35 m.r.d.).
In addition there is a small amount of poorly oriented montmo-
rillonite (1.59 m.r.d. and 0.41 m.r.d.) established by a weak and
broad 14�A peak. All patterns display axial symmetry about the
bedding normal. The a-axes have rotational freedom in the bedding
plane.

This is comparable to other studies of shales where (001) pole
density maxima range from 2 to 10 (e.g., Aplin et al., 2006; Day-
Stirrat et al., 2008; Ho et al., 1999; Kanitpanyacharoen et al.,
submitted for publication; Lonardelli et al., 2006; Wenk et al.,
2008a,b). In those shales, where both illite and kaolinite have
been measured, there is considerable variation but kaolinite
generally has a stronger texture, as is the case in this Kimmeridge
shale. While kaolinite often displays a sharp (001) texture peak
superposed on a broad random population, the high random
contribution to illite textures (0.33 m.r.d.) is new and more similar
to experimentally compressed illiteekaoliniteequartz mixtures
(Voltolini et al., 2009).

From preferred orientation patterns of platelet-shaped particles
we can use the March (1932) model that relies on rigid particles in
a viscousmatrix to estimate strain e perpendicular to the bedding. If
we allow for volume change during compaction (3¼ rmax

�1/2� 1,
Oertel and Curtis, 1972) then we get compaction strains for
kaolinite of 1.36 and for illite 0.91.

There has been much interest in preferred orientation in shales
because of the influence on elastic anisotropy and corresponding
directionality of acoustic velocities (e.g., Sayers, 1994). We will
analyze the relationship between phyllosilicate textures and elastic
anisotropy of the Kimmeridge shale in a separate study (Militzer
et al., in press).



Fig. 7. Selected diffraction images of SAFOD fault gouge. Note particularly the 10�A diffraction ring (arrow) (a) #1, (b) #2, (c) #3 area A, (d) #3 area B. The strongest texture is
displayed in (a), a very weak texture in (c) corresponding to pole figures in Fig. 6c, and a random texture in (d).
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4.3. Schist

There is considerable information about phyllosilicate fabrics in
slates (e.g., review by Oertel, 1983) but very little about meta-
morphic schists. The classic review of Sander (1950) establishes the
relationship of mica preferred orientation and schistosity but in
many metamorphic rocks this is considerably more complex. There
are often different generations of phyllosilicates, for example, some
coarse porphyroblastic muscovite and fine-grained muscovite
associated with feldspar alteration. What is the difference between
biotite, muscovite and chlorite fabrics? Here we are not going to
come up with general conclusions by analyzing three schists, but
rather demonstrate that the hard X-ray method developed for
shales (Wenk et al., 2006) is applicable to schists as well.

A main emphasis is on quantifying the orientation of mica
a-axes. There are a few neutron diffraction studies suggesting
increasing alignment with deformation in mylonites (Wenk and
Pannetier, 1990; Chateigner et al., 1999); almost random (100) of
biotite in gneiss was documented by Helming et al. (1996).
A follow-up comparative study by Ullemeyer and Weber (1999)
only documents (001) pole figures of biotite in gneisses. Also, an
investigation of slaty cleavage development with muscovite and
chlorite by pole figure goniometry (Ho et al., 1996) does not address
the issue of a-axes. Thus this is a wide-open issue.

In this new study, we are particularly interested in the potential
alignment of a-axes in the lineation direction as suggested by (100)
pole figures of Wenk and Pannetier (1990). We are rotating our
coordinate system so that we are looking down on the schistosity
plane. This gives an undistorted view of the symmetry of the (001)
pole figures. It is clear that there is an elliptical distortion in schists
(Fig. 9) that is not observed in shale (Fig. 8). It is particularly
pronounced in Brg 929 (Fig. 9a), where (100) pole figures show
a slight concentration in the lineation direction (Fig. 10a).

In order to determine if the (100) maximum is simply produced
by the dispersion of (001) and not a true alignment of a-axes, we
exported the ODF of triclinic chlorite in Brg 929 from MAUD and
calculated corresponding pole figures with BEARTEX (Fig. 11a).
Then, we constructed a stochastic ODF by assigning texture weights
to 4000 random orientations. In order to make sure that this
transformation properly represented the original ODF, we con-
verted the stochastic ODF and recalculated pole figures (Fig. 11b).
The two distributions look very similar. The stochastic ODF is
slightly weaker because of the cell structure. Of the 3 Euler angles
that describe an orientation 41 F 42 (in Bunge notation), 41 and F



Fig. 8. (001) Pole figures for Kimmeridge shale: illite, illite/smectite, kaolinite, montmorillonite and quartz. Equal area projection, linear contour intervals. Projection is on the
bedding plane.

Fig. 9. (001) Pole figures for muscovite, biotite, chlorite and graphite in schists. (a) Brg 929, (b) Brg 1118, (c) Brg 1295. Equal area projection, linear contour intervals. Projection is on
the macroscopic foliation and the lineation (L) is indicated.
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Fig. 10. (100) Pole figures for muscovite, biotite, chlorite and graphite in schists. (a) Brg 929, (b) Brg 1118, (c) Brg 1295. Equal area projection, linear contour intervals. Projection is on
the macroscopic foliation and the lineation (L) is indicated.
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specify the orientation of the crystal coordinate system z-axis and
42 specifies the orientation of the x-axis (around the z-axis). For the
convention of assigning a Cartesian coordinate system to a triclinic
crystal see, e.g., Matthies and Wenk (2009). Next, we replace for
each of the 4000 orientations 42 by a random number (between
0� and 360�) and generate additional 12 orientations at 42¼12�

intervals, thus covering the whole circle around the z-axis. From
these 48,000 orientations that do not have a preferential alignment
of a-axes, we then generate an OD and calculate corresponding pole
figures (Fig. 11c). The (100) and (010) pole figures in Fig. 11b and c
are virtually identical, indicating that, at least in this sample, there
is no constraint on x-axis alignment, i.e., platelets have rotational
freedom. Indeed, looking at the microstructure of Brg 929 (Fig. 2a),
we see clear evidence for microfolds and crenulation cleavage. The
slight maximum of (100) in the lineation direction for biotite in
mylonite (Wenk and Pannetier, 1990) may have a similar cause.
A “March-type” orientation for muscovite with rotational freedom
of a-axes was suggested for slates (Sintubin, 1998).

Obviously this may not be the case for all phyllosilicate fabrics
in schists and should be investigated systematically over
a broader range of metamorphic rocks to determine the role of
deformation, grain shape anisotropy and dynamic recrystalliza-
tion on texture development of phyllosilicates in metamorphic
rocks. There is evidence to suggest that micas deform by dislo-
cation glide on the basal plane (e.g., Bell and Wilson, 1981;
Christofferson and Kronenberg, 1993; Kronenberg et al., 1990;
Mares and Kronenberg, 1993; Shea and Kronenberg, 1992, 1993)
and dislocations are produced during kinking (Bell et al., 1986),
but slip on a single slip plane alone is unlikely to be responsible
for the development of preferred orientation. More likely the
high shape anisotropy plays an important role by rigid body
rotation (Wilson and Bell, 1979). Additionally crystallization and
recrystallization under stress are significant (Etheridge and
Hobbs, 1974) and thermodynamic theory predicts an alignment
of (001) lattice planes perpendicular to the compression direc-
tion (e.g., Kamb, 1959; Shimizu, 1997). While there is a strong
tendency for alignment of (001) lattice planes, elastic properties
(e.g., of muscovite) are close to transverse isotropy
(C11¼181 GPa, C22¼178 GPa, Vaughan and Guggenheim, 1986)
and thus unlikely to produce a strong selection for orientation of
a-axes.

In greenschist facies Brg 929 the texture of chlorite (13.7 m.r.d.)
is stronger than that of muscovite (9.4 m.r.d.). Both minerals are
fairly coarse and locally deformed. Greenschist Brg. 1118 is layered
with bimodal distributions of muscovite. Coarser muscovite is in
layers and very strongly oriented. There is a second type of
muscovite in layers of quartz and feldspar porphyroclast (Fig. 2b).
In those layers, muscovite is much more random and also these are
the layers where most of the chlorite occurs. With our method,
which is a volume average, we cannot separate the two types of
muscovite but we note a relatively high level of randomly oriented
crystallites (0.29 m.r.d.). Chlorite occurs mainly in the quartz-rich



Fig. 11. Modeling pole figures for chlorite of Brg 929. (a) Pole figures recalculated from the MAUD ODF (compare with Fig. 9a but different scale is used). (b) ODF of (a) discretized
into 4000 individual orientations and regenerating pole figures. (c) Keeping orientations of c-axes but randomizing orientations of a-axes and recalculating pole figures. Equal area
projection, linear contour intervals.
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layers, and thus, its overall texture strength is weaker than
muscovite. In the muscovite layers, there are small amounts of very
fine-grained graphite with (001) parallel to the schistosity plane.
In the higher grade biotite schist (Brg 1295), fairly large biotite and
muscovite crystals are strongly aligned (Fig. 2c). But there is
a second generation of muscovite and chlorite, replacing older
plagioclase, with a much more random texture. Correspondingly,
muscovite and chlorite pole figures display weaker textures than
biotite pole figures (Fig. 9c) and, as in Brg 1118, with a large
percentage of random orientations (0.43 and 0.50 m.r.d. for chlorite
and biotite, respectively). In the future, phyllosilicate textures in
schists should be examined more systematically. With the method
demonstrated here, this is fairly straightforward.
5. Conclusions

A synchrotron hard X-ray method combined with Rietveld
refinement has been used to quantify preferred orientation of
phyllosilicates in fault gouge, shale and schist. This method has two
major advantages over X-ray goniometry: with the Rietveld fit of
whole spectra we can deconvolute overlapping peaks, for example,
detrital illite/muscovite andauthigenic illite/smectite (in all samples
investigated so far detrital mica is more strongly oriented than
authigenic clay). Secondly, we obtain information about the full
crystal orientation, not just the (001) plane, but in all cases investi-
gated so far there appears to be rotational freedomof (001) platelets,
including in metamorphic schists. Textures in fault gouge are weak,
in shale they are moderate and in schists they are strongest.
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