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Figure 8 Pole figure coverage obtained by rotating the sample around
the x-axis. Each line corresponds to a single diffraction profile used
in the Rietveld refinement 1) ω = 0◦, 2) –10◦, 3) –30◦, 4) –50◦, 5)
10◦, 6) 30◦ and 7) 50◦.

these be adequately deconvoluted and resolved, including the
illite-smectite and illite-mica peak at Q = 0.6 Å−1 (see enlarged
inset).

The orientation distribution, which defines the crystallite
orientation relative to sample coordinates, was then exported
from MAUD and imported into the BEARTEX software
(Wenk et al. 1998) to further process the orientation data.
It is important to emphasize that both MAUD and BEAR-
TEX rely on the first-setting (c-axis is the unique axis) for the
monoclinic system. But for the pole figures (Figs 11–14), we
give Miller indices for the more conventional second setting
with (001) as the cleavage plane (see Kocks, Tomé and Wenk
(2000) for a detailed explanation of pole figures, which rep-
resent the distribution of crystal directions relative to sample
coordinates). The orientation distribution was smoothed with
a 7.5◦ filter to minimize artefacts from the orientation distri-
bution cell structure. Then the sample was rotated so that pole
figures are represented as projections on the bedding plane.
The pole densities are expressed as multiples of random dis-
tribution (m.r.d.) where a value of 1 corresponds to a random
or isotropic distribution and a high value in a particular di-
rection suggests a strong orientation along that direction. Pole
densities are normalized in such a way that the integral over
the whole pole figure is 1.0. In clay minerals the basal plane
(001) is most significant, thus we show the (001) pole fig-

Figure 9 Map 2D plots of a stack of calculated (top) and experi-
mental (bottom) diffraction spectra for a) Qu1, b) Qu2 and c) Qu3
samples, corresponding to images in Fig. 7. The grey shades illustrate
the intensity variation in the diffraction images.

ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
phyllosilicates are more or less parallel to the bedding plane.

Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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Figure 7 Diffraction images showing variation of intensity along Debye rings, which indicate preferred orientation of kaolinite (001), illite-
smectite (001), illite-mica (002) and chlorite (001). The quartz (101) diffraction ring displays uniform intensity, indicating lack of preferred
orientation. The samples are inclined arbitrarily relative to the bedding plane.

tilt image. It clearly shows peak intensity variations with the
azimuth. A Q range of 0.37–3.70 Å−1 (d-spacing 1.80–
16.98 Å) was used for the refinement. Note that we ex-
press spectra as a function of Q = 2π /d rather than d
(lattice spacing), where everything becomes compressed to-
wards small spacings, or θ (scattering angle), which depends
on wavelength. For each sample (Qu1, Qu2 and Qu3), we pre-
pared 252 spectra (7 images × 36 spectra) and then processed
the data with Material Analysis Using Diffraction (MAUD)
(Lutterotti et al. 1997), a very flexible Rietveld code (Rietveld
1969) that allows quantitative texture analysis. In the Rietveld
refinement, one uses a least-squares approach to minimize the
difference between experimental diffraction data and a cal-
culated diffraction model. The calculated model is defined
by several factors such as instrumental parameters, scattering
background, crystal structure, microstructure, weight fraction
of each phase and its preferred orientation. This technique al-
lows to successfully resolve overlapping peaks of multiphase
samples. The spectrum of Qusaiba shale is indeed composed
of over seven mineral phases (Fig. 10, bottom).

In the Rietveld refinement, parameters of the crystallo-
graphic structures are required. We used parameters for tri-
clinic kaolinite from Bish (1993), parameters for triclinic
chlorite-penninite from Joswig et al. (1980), for monoclinic
illite-mica from Gualtieri (2000) and for monoclinic illite-
smectite (based on a muscovite-phengite composition) from
Plançon, Tsipurski and Drits (1985) by importing correspond-
ing crystallographic information files from the American Min-
eralogist Database and we used quartz, K-feldspar and pyrite
structures from the data base contained in MAUD. Mon-

oclinic phyllosilicate phases are generally described in the
‘second setting’ with b = [010] as the unique axis and (001)
as the cleavage plane. However, for texture analysis the first
setting (c = [001] as the unique axis and (100) as the cleavage
plane) has to be used (Matthies and Wenk 2009) and this re-
quires some transformations. Our labels on figures and values
in Table 2 refer to the second setting. The instrumental pa-
rameters (detector distance and orientation, wavelength etc.)
were entered into MAUD and calibrated with the CeO2 stan-
dard. Subsequently, 252 spectra of the sample were imported
and refined with polynomial background functions and scale
parameters for each image in 21 consecutive cycles. Phase pa-
rameters such as volume fraction and lattice parameters were
refined but atomic coordinates were kept constant. The peak
shapes and widths are governed by microstructural param-
eters and thus were modelled by refining an isotropic crys-
tallite size and microstrain. The data quality was not suffi-
cient to use an anisotropic model for crystallite size. Texture
analysis, which is the main interest of this study, was com-
puted by the EWIMV algorithm (Matthies and Vinel 1982),
using 10◦ resolution for the orientation distribution deter-
mination, without imposing sample symmetry. The refined
model diffraction spectra (top: Calc.) are compared with ex-
perimental spectra (bottom: Exp.) in Fig. 9, which shows a
close similarity, indicative of an excellent fit, both in inten-
sities as well as position of diffraction peaks. This is further
quantified in Fig. 10, which shows the average spectra for the
0◦ tilt images with dots for experimental data and a thin solid
line giving the calculated fit. Note that many diffraction peaks
contribute to these spectra. Only with the Rietveld method can
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Figure 8 Pole figure coverage obtained by rotating the sample around
the x-axis. Each line corresponds to a single diffraction profile used
in the Rietveld refinement 1) ω = 0◦, 2) –10◦, 3) –30◦, 4) –50◦, 5)
10◦, 6) 30◦ and 7) 50◦.

these be adequately deconvoluted and resolved, including the
illite-smectite and illite-mica peak at Q = 0.6 Å−1 (see enlarged
inset).

The orientation distribution, which defines the crystallite
orientation relative to sample coordinates, was then exported
from MAUD and imported into the BEARTEX software
(Wenk et al. 1998) to further process the orientation data.
It is important to emphasize that both MAUD and BEAR-
TEX rely on the first-setting (c-axis is the unique axis) for the
monoclinic system. But for the pole figures (Figs 11–14), we
give Miller indices for the more conventional second setting
with (001) as the cleavage plane (see Kocks, Tomé and Wenk
(2000) for a detailed explanation of pole figures, which rep-
resent the distribution of crystal directions relative to sample
coordinates). The orientation distribution was smoothed with
a 7.5◦ filter to minimize artefacts from the orientation distri-
bution cell structure. Then the sample was rotated so that pole
figures are represented as projections on the bedding plane.
The pole densities are expressed as multiples of random dis-
tribution (m.r.d.) where a value of 1 corresponds to a random
or isotropic distribution and a high value in a particular di-
rection suggests a strong orientation along that direction. Pole
densities are normalized in such a way that the integral over
the whole pole figure is 1.0. In clay minerals the basal plane
(001) is most significant, thus we show the (001) pole fig-

Figure 9 Map 2D plots of a stack of calculated (top) and experi-
mental (bottom) diffraction spectra for a) Qu1, b) Qu2 and c) Qu3
samples, corresponding to images in Fig. 7. The grey shades illustrate
the intensity variation in the diffraction images.

ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
phyllosilicates are more or less parallel to the bedding plane.

Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
phyllosilicates are more or less parallel to the bedding plane.

Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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TEX rely on the first-setting (c-axis is the unique axis) for the
monoclinic system. But for the pole figures (Figs 11–14), we
give Miller indices for the more conventional second setting
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figures are represented as projections on the bedding plane.
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tribution (m.r.d.) where a value of 1 corresponds to a random
or isotropic distribution and a high value in a particular di-
rection suggests a strong orientation along that direction. Pole
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the intensity variation in the diffraction images.

ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
phyllosilicates are more or less parallel to the bedding plane.

Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
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Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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Figure 10 Average diffraction spectra, obtained by integrating over the whole Debye ring, compare experimental data (crosses) and calculated
models (solid line) for a) Qu1, b) Qu2 and c) Qu3 in the Rietveld refinement. The inset shows the illite-smectite (001) peak being separated
from the illite-mica (002) peak. At the bottom are the positions of diffraction peaks for the various mineral phases.

fractures may have originated as stress relief features and
from poor preservation (the core had been stored under am-
bient conditions for a short time), or alternatively have been
opened as a result of core extraction and sample prepara-
tion. As the rock was cemented and had a long history of

diagenesis in the subsurface, the probability of substantial
damage to the texture and clay structure of the sample due
to storage conditions was considered, to be minor. A cylin-
drical plug with an axis normal to the bedding plane was
drilled from this core. Note that this sample is not identical
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maximum in the centre, indicating that (001) lattice planes of
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ering can be observed in the mm scale. A number of
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Figure 10 Average diffraction spectra, obtained by integrating over the whole Debye ring, compare experimental data (crosses) and calculated
models (solid line) for a) Qu1, b) Qu2 and c) Qu3 in the Rietveld refinement. The inset shows the illite-smectite (001) peak being separated
from the illite-mica (002) peak. At the bottom are the positions of diffraction peaks for the various mineral phases.

fractures may have originated as stress relief features and
from poor preservation (the core had been stored under am-
bient conditions for a short time), or alternatively have been
opened as a result of core extraction and sample prepara-
tion. As the rock was cemented and had a long history of

diagenesis in the subsurface, the probability of substantial
damage to the texture and clay structure of the sample due
to storage conditions was considered, to be minor. A cylin-
drical plug with an axis normal to the bedding plane was
drilled from this core. Note that this sample is not identical
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Figure 13 (100) and (001) pole figures for illite-smectite from the OD
of Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

straightforward, accurate and reliable picks of arrival times,
on which the derived velocity values are based.

Within the test apparatus, the sample was evacuated, sat-
urated with tap water and after two weeks loaded stepwise
with 4 MPa steps to a maximum net stress condition, fol-
lowed by a low rate simultaneous increase of pore pressure
and total stress while maintaining the system at a constant net
stress. Note that net stress refers to the difference between the
applied total stress and pore fluid pressure. Each step was fol-
lowed by a hold period of 48 hours to equilibrate pore fluid
pressure and strain throughout the sample. Standard strain
versus

√
time plots as introduced by Hornby (1998) were not

found to be feasible to validate that the sample has reached
equilibrium. Also, the variation in velocities was relatively
small, less than 0.5% per 48 hours during hold periods at
high stress. Sensitivity to stress was approximately 2% per
50 MPa change in net stress. The total stresses, corresponding
to in situ conditions, are 80 MPa in the axial direction and
66 MPa in the radial direction, with a 71 MPa mean value. The
in situ condition was chosen to characterize the sample ma-

Figure 14 (100) and (001) pole figures for chlorite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

terial for comparison between measured ultrasonic velocities,
sonic velocities as measured in the borehole and velocities cal-
culated from synchrotron X-ray analysis. The maximum net
stresses selected for the experiment were 27 MPa in the ax-
ial direction and 13 MPa in the horizontal direction, with an
18 MPa mean value. The corresponding pore pressure was
53 MPa, which is higher than the actual in situ pore pres-
sure of 37 MPa – the measurement was thus taken at an
overpressure situation. Measurements at lower net stresses in
combination with the measurement at 53 MPa overpressure
were used to extrapolate velocities to the values at in situ con-
dition. This procedure avoids inelastic irreversible effects to
be expected at or beyond in situ conditions. Velocities were
calculated from selected arrival times and the dimension of
the sample. Calibration has been performed with aluminium
samples. The arrival times in calibration runs and, as shown
in Fig. 15 during actual measurements, could be determined
without problems as data quality was good for the calibra-
tion material as well as for this low porosity shale and the
interference of other arrivals was minimal.
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Figure 8 Pole figure coverage obtained by rotating the sample around
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(001) is most significant, thus we show the (001) pole fig-
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rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
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Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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Figure 10 Average diffraction spectra, obtained by integrating over the whole Debye ring, compare experimental data (crosses) and calculated
models (solid line) for a) Qu1, b) Qu2 and c) Qu3 in the Rietveld refinement. The inset shows the illite-smectite (001) peak being separated
from the illite-mica (002) peak. At the bottom are the positions of diffraction peaks for the various mineral phases.

fractures may have originated as stress relief features and
from poor preservation (the core had been stored under am-
bient conditions for a short time), or alternatively have been
opened as a result of core extraction and sample prepara-
tion. As the rock was cemented and had a long history of

diagenesis in the subsurface, the probability of substantial
damage to the texture and clay structure of the sample due
to storage conditions was considered, to be minor. A cylin-
drical plug with an axis normal to the bedding plane was
drilled from this core. Note that this sample is not identical
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Figure 13 (100) and (001) pole figures for illite-smectite from the OD
of Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

straightforward, accurate and reliable picks of arrival times,
on which the derived velocity values are based.

Within the test apparatus, the sample was evacuated, sat-
urated with tap water and after two weeks loaded stepwise
with 4 MPa steps to a maximum net stress condition, fol-
lowed by a low rate simultaneous increase of pore pressure
and total stress while maintaining the system at a constant net
stress. Note that net stress refers to the difference between the
applied total stress and pore fluid pressure. Each step was fol-
lowed by a hold period of 48 hours to equilibrate pore fluid
pressure and strain throughout the sample. Standard strain
versus

√
time plots as introduced by Hornby (1998) were not

found to be feasible to validate that the sample has reached
equilibrium. Also, the variation in velocities was relatively
small, less than 0.5% per 48 hours during hold periods at
high stress. Sensitivity to stress was approximately 2% per
50 MPa change in net stress. The total stresses, corresponding
to in situ conditions, are 80 MPa in the axial direction and
66 MPa in the radial direction, with a 71 MPa mean value. The
in situ condition was chosen to characterize the sample ma-

Figure 14 (100) and (001) pole figures for chlorite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

terial for comparison between measured ultrasonic velocities,
sonic velocities as measured in the borehole and velocities cal-
culated from synchrotron X-ray analysis. The maximum net
stresses selected for the experiment were 27 MPa in the ax-
ial direction and 13 MPa in the horizontal direction, with an
18 MPa mean value. The corresponding pore pressure was
53 MPa, which is higher than the actual in situ pore pres-
sure of 37 MPa – the measurement was thus taken at an
overpressure situation. Measurements at lower net stresses in
combination with the measurement at 53 MPa overpressure
were used to extrapolate velocities to the values at in situ con-
dition. This procedure avoids inelastic irreversible effects to
be expected at or beyond in situ conditions. Velocities were
calculated from selected arrival times and the dimension of
the sample. Calibration has been performed with aluminium
samples. The arrival times in calibration runs and, as shown
in Fig. 15 during actual measurements, could be determined
without problems as data quality was good for the calibra-
tion material as well as for this low porosity shale and the
interference of other arrivals was minimal.
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Figure 11 (100) and (001) pole figures for kaolinite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

to the samples used for the X-ray diffraction study but the
samples have been taken in close proximity of each other
and can hence be expected to have similar properties on
the cm scale. The plug measured 36 mm in diameter and
52.1 mm in length. Tap water was used as a coolant while
drilling the plug and in a later stage as a saturation fluid of
the sample during the ultrasonic measurements. Tap water
was considered warranted because the reservoirs adjacent to
the Qusaiba samples have near fresh water conditions. Fluid
compatibility tests under ambient conditions did not reveal
visible chemical reactions, swelling or disaggregation. The ma-
terial was water wet, which facilitates saturation of the sample
at the beginning of the ultrasonic test.

The velocity measurements were performed in a biaxial
compaction apparatus, where the plug is mounted between
titanium end-caps and enclosed in a Viton

R©
sleeve. Within

that sleeve, the sample is wrapped in metal gauze in order
to allow radial drainage and enhanced pressure equilibration
via a permeable shell around the circumference of the plug.
This method is widely employed in shale testing and described

Figure 12 (100) and (001) pole figures for illite-mica from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

in detail in the literature (e.g., Hornby 1998; Jacobsen et al.
2000; Dewhurst et al. 2006; Fjaer et al. 2008).

The apparatus is rated at 100 MPa with an independent
control of axial stress, confining or radial stress and pore fluid
pressure, in order to mimic the in situ vertical stress, horizon-
tal stress and pore pressure. Pairs of piezoelectric transmitters
and receivers for ultrasonic P- and S-wave are embedded in
the end caps. In addition, P-wave transducers are mounted
to the outside of the Viton

R©
sleeve. The pulse transmission

technique is employed to measure elastic P-wave velocity in
the radial direction (parallel to bedding) (Fig. 15a) and P-
and S-wave velocities in the axial direction (normal to the
bedding plane and along the symmetry axis) (Fig. 15b–d).
The measurement frequency is ∼1 MHz. The signals (am-
plifier output in volts) were recorded at the ultrasonic re-
ceivers after pulse transmission travelling through the sam-
ple and end-cap (axial), as well as through the sample and
sleeve assembly (radial). The time scale has its origin at the
trigger for the pulse transmission. The original, transmitted
pulse is clearly maintained in the received signals. This allows

C© 2011 European Association of Geoscientists & Engineers, Geophysical Prospecting, 59, 536–556



Texture in shales
Texture and anisotropy analysis of Qusaiba shales 543

Figure 8 Pole figure coverage obtained by rotating the sample around
the x-axis. Each line corresponds to a single diffraction profile used
in the Rietveld refinement 1) ω = 0◦, 2) –10◦, 3) –30◦, 4) –50◦, 5)
10◦, 6) 30◦ and 7) 50◦.

these be adequately deconvoluted and resolved, including the
illite-smectite and illite-mica peak at Q = 0.6 Å−1 (see enlarged
inset).

The orientation distribution, which defines the crystallite
orientation relative to sample coordinates, was then exported
from MAUD and imported into the BEARTEX software
(Wenk et al. 1998) to further process the orientation data.
It is important to emphasize that both MAUD and BEAR-
TEX rely on the first-setting (c-axis is the unique axis) for the
monoclinic system. But for the pole figures (Figs 11–14), we
give Miller indices for the more conventional second setting
with (001) as the cleavage plane (see Kocks, Tomé and Wenk
(2000) for a detailed explanation of pole figures, which rep-
resent the distribution of crystal directions relative to sample
coordinates). The orientation distribution was smoothed with
a 7.5◦ filter to minimize artefacts from the orientation distri-
bution cell structure. Then the sample was rotated so that pole
figures are represented as projections on the bedding plane.
The pole densities are expressed as multiples of random dis-
tribution (m.r.d.) where a value of 1 corresponds to a random
or isotropic distribution and a high value in a particular di-
rection suggests a strong orientation along that direction. Pole
densities are normalized in such a way that the integral over
the whole pole figure is 1.0. In clay minerals the basal plane
(001) is most significant, thus we show the (001) pole fig-

Figure 9 Map 2D plots of a stack of calculated (top) and experi-
mental (bottom) diffraction spectra for a) Qu1, b) Qu2 and c) Qu3
samples, corresponding to images in Fig. 7. The grey shades illustrate
the intensity variation in the diffraction images.

ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
phyllosilicates are more or less parallel to the bedding plane.

Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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Figure 10 Average diffraction spectra, obtained by integrating over the whole Debye ring, compare experimental data (crosses) and calculated
models (solid line) for a) Qu1, b) Qu2 and c) Qu3 in the Rietveld refinement. The inset shows the illite-smectite (001) peak being separated
from the illite-mica (002) peak. At the bottom are the positions of diffraction peaks for the various mineral phases.

fractures may have originated as stress relief features and
from poor preservation (the core had been stored under am-
bient conditions for a short time), or alternatively have been
opened as a result of core extraction and sample prepara-
tion. As the rock was cemented and had a long history of

diagenesis in the subsurface, the probability of substantial
damage to the texture and clay structure of the sample due
to storage conditions was considered, to be minor. A cylin-
drical plug with an axis normal to the bedding plane was
drilled from this core. Note that this sample is not identical
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Figure 13 (100) and (001) pole figures for illite-smectite from the OD
of Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

straightforward, accurate and reliable picks of arrival times,
on which the derived velocity values are based.

Within the test apparatus, the sample was evacuated, sat-
urated with tap water and after two weeks loaded stepwise
with 4 MPa steps to a maximum net stress condition, fol-
lowed by a low rate simultaneous increase of pore pressure
and total stress while maintaining the system at a constant net
stress. Note that net stress refers to the difference between the
applied total stress and pore fluid pressure. Each step was fol-
lowed by a hold period of 48 hours to equilibrate pore fluid
pressure and strain throughout the sample. Standard strain
versus

√
time plots as introduced by Hornby (1998) were not

found to be feasible to validate that the sample has reached
equilibrium. Also, the variation in velocities was relatively
small, less than 0.5% per 48 hours during hold periods at
high stress. Sensitivity to stress was approximately 2% per
50 MPa change in net stress. The total stresses, corresponding
to in situ conditions, are 80 MPa in the axial direction and
66 MPa in the radial direction, with a 71 MPa mean value. The
in situ condition was chosen to characterize the sample ma-

Figure 14 (100) and (001) pole figures for chlorite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

terial for comparison between measured ultrasonic velocities,
sonic velocities as measured in the borehole and velocities cal-
culated from synchrotron X-ray analysis. The maximum net
stresses selected for the experiment were 27 MPa in the ax-
ial direction and 13 MPa in the horizontal direction, with an
18 MPa mean value. The corresponding pore pressure was
53 MPa, which is higher than the actual in situ pore pres-
sure of 37 MPa – the measurement was thus taken at an
overpressure situation. Measurements at lower net stresses in
combination with the measurement at 53 MPa overpressure
were used to extrapolate velocities to the values at in situ con-
dition. This procedure avoids inelastic irreversible effects to
be expected at or beyond in situ conditions. Velocities were
calculated from selected arrival times and the dimension of
the sample. Calibration has been performed with aluminium
samples. The arrival times in calibration runs and, as shown
in Fig. 15 during actual measurements, could be determined
without problems as data quality was good for the calibra-
tion material as well as for this low porosity shale and the
interference of other arrivals was minimal.
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Figure 11 (100) and (001) pole figures for kaolinite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

to the samples used for the X-ray diffraction study but the
samples have been taken in close proximity of each other
and can hence be expected to have similar properties on
the cm scale. The plug measured 36 mm in diameter and
52.1 mm in length. Tap water was used as a coolant while
drilling the plug and in a later stage as a saturation fluid of
the sample during the ultrasonic measurements. Tap water
was considered warranted because the reservoirs adjacent to
the Qusaiba samples have near fresh water conditions. Fluid
compatibility tests under ambient conditions did not reveal
visible chemical reactions, swelling or disaggregation. The ma-
terial was water wet, which facilitates saturation of the sample
at the beginning of the ultrasonic test.

The velocity measurements were performed in a biaxial
compaction apparatus, where the plug is mounted between
titanium end-caps and enclosed in a Viton

R©
sleeve. Within

that sleeve, the sample is wrapped in metal gauze in order
to allow radial drainage and enhanced pressure equilibration
via a permeable shell around the circumference of the plug.
This method is widely employed in shale testing and described

Figure 12 (100) and (001) pole figures for illite-mica from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

in detail in the literature (e.g., Hornby 1998; Jacobsen et al.
2000; Dewhurst et al. 2006; Fjaer et al. 2008).

The apparatus is rated at 100 MPa with an independent
control of axial stress, confining or radial stress and pore fluid
pressure, in order to mimic the in situ vertical stress, horizon-
tal stress and pore pressure. Pairs of piezoelectric transmitters
and receivers for ultrasonic P- and S-wave are embedded in
the end caps. In addition, P-wave transducers are mounted
to the outside of the Viton

R©
sleeve. The pulse transmission

technique is employed to measure elastic P-wave velocity in
the radial direction (parallel to bedding) (Fig. 15a) and P-
and S-wave velocities in the axial direction (normal to the
bedding plane and along the symmetry axis) (Fig. 15b–d).
The measurement frequency is ∼1 MHz. The signals (am-
plifier output in volts) were recorded at the ultrasonic re-
ceivers after pulse transmission travelling through the sam-
ple and end-cap (axial), as well as through the sample and
sleeve assembly (radial). The time scale has its origin at the
trigger for the pulse transmission. The original, transmitted
pulse is clearly maintained in the received signals. This allows
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Figure 11 (100) and (001) pole figures for kaolinite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

to the samples used for the X-ray diffraction study but the
samples have been taken in close proximity of each other
and can hence be expected to have similar properties on
the cm scale. The plug measured 36 mm in diameter and
52.1 mm in length. Tap water was used as a coolant while
drilling the plug and in a later stage as a saturation fluid of
the sample during the ultrasonic measurements. Tap water
was considered warranted because the reservoirs adjacent to
the Qusaiba samples have near fresh water conditions. Fluid
compatibility tests under ambient conditions did not reveal
visible chemical reactions, swelling or disaggregation. The ma-
terial was water wet, which facilitates saturation of the sample
at the beginning of the ultrasonic test.

The velocity measurements were performed in a biaxial
compaction apparatus, where the plug is mounted between
titanium end-caps and enclosed in a Viton

R©
sleeve. Within

that sleeve, the sample is wrapped in metal gauze in order
to allow radial drainage and enhanced pressure equilibration
via a permeable shell around the circumference of the plug.
This method is widely employed in shale testing and described

Figure 12 (100) and (001) pole figures for illite-mica from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

in detail in the literature (e.g., Hornby 1998; Jacobsen et al.
2000; Dewhurst et al. 2006; Fjaer et al. 2008).

The apparatus is rated at 100 MPa with an independent
control of axial stress, confining or radial stress and pore fluid
pressure, in order to mimic the in situ vertical stress, horizon-
tal stress and pore pressure. Pairs of piezoelectric transmitters
and receivers for ultrasonic P- and S-wave are embedded in
the end caps. In addition, P-wave transducers are mounted
to the outside of the Viton

R©
sleeve. The pulse transmission

technique is employed to measure elastic P-wave velocity in
the radial direction (parallel to bedding) (Fig. 15a) and P-
and S-wave velocities in the axial direction (normal to the
bedding plane and along the symmetry axis) (Fig. 15b–d).
The measurement frequency is ∼1 MHz. The signals (am-
plifier output in volts) were recorded at the ultrasonic re-
ceivers after pulse transmission travelling through the sam-
ple and end-cap (axial), as well as through the sample and
sleeve assembly (radial). The time scale has its origin at the
trigger for the pulse transmission. The original, transmitted
pulse is clearly maintained in the received signals. This allows
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Figure 8 Pole figure coverage obtained by rotating the sample around
the x-axis. Each line corresponds to a single diffraction profile used
in the Rietveld refinement 1) ω = 0◦, 2) –10◦, 3) –30◦, 4) –50◦, 5)
10◦, 6) 30◦ and 7) 50◦.

these be adequately deconvoluted and resolved, including the
illite-smectite and illite-mica peak at Q = 0.6 Å−1 (see enlarged
inset).

The orientation distribution, which defines the crystallite
orientation relative to sample coordinates, was then exported
from MAUD and imported into the BEARTEX software
(Wenk et al. 1998) to further process the orientation data.
It is important to emphasize that both MAUD and BEAR-
TEX rely on the first-setting (c-axis is the unique axis) for the
monoclinic system. But for the pole figures (Figs 11–14), we
give Miller indices for the more conventional second setting
with (001) as the cleavage plane (see Kocks, Tomé and Wenk
(2000) for a detailed explanation of pole figures, which rep-
resent the distribution of crystal directions relative to sample
coordinates). The orientation distribution was smoothed with
a 7.5◦ filter to minimize artefacts from the orientation distri-
bution cell structure. Then the sample was rotated so that pole
figures are represented as projections on the bedding plane.
The pole densities are expressed as multiples of random dis-
tribution (m.r.d.) where a value of 1 corresponds to a random
or isotropic distribution and a high value in a particular di-
rection suggests a strong orientation along that direction. Pole
densities are normalized in such a way that the integral over
the whole pole figure is 1.0. In clay minerals the basal plane
(001) is most significant, thus we show the (001) pole fig-

Figure 9 Map 2D plots of a stack of calculated (top) and experi-
mental (bottom) diffraction spectra for a) Qu1, b) Qu2 and c) Qu3
samples, corresponding to images in Fig. 7. The grey shades illustrate
the intensity variation in the diffraction images.

ures and in addition (100) pole figures to establish if there are
constraints on the orientation of a-axes [100] or if they have
rotational freedom in the (001) plane (Figs 11–14). The same
scale is used for all phases. (001) pole figures have a strong
maximum in the centre, indicating that (001) lattice planes of
phyllosilicates are more or less parallel to the bedding plane.

Velocity measurements

Elastic wave velocities and P-wave anisotropy were exper-
imentally obtained for Qusaiba shale at in situ stress con-
ditions at Shell’s Geomechanics Laboratory in Rijswijk, the
Netherlands. Plugs were taken from the core in the cm-dm
scale. The core was quite homogeneous, with a num-
ber of visible horizontal fractures. Heterogeneity and lay-
ering can be observed in the mm scale. A number of
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Figure 10 Average diffraction spectra, obtained by integrating over the whole Debye ring, compare experimental data (crosses) and calculated
models (solid line) for a) Qu1, b) Qu2 and c) Qu3 in the Rietveld refinement. The inset shows the illite-smectite (001) peak being separated
from the illite-mica (002) peak. At the bottom are the positions of diffraction peaks for the various mineral phases.

fractures may have originated as stress relief features and
from poor preservation (the core had been stored under am-
bient conditions for a short time), or alternatively have been
opened as a result of core extraction and sample prepara-
tion. As the rock was cemented and had a long history of

diagenesis in the subsurface, the probability of substantial
damage to the texture and clay structure of the sample due
to storage conditions was considered, to be minor. A cylin-
drical plug with an axis normal to the bedding plane was
drilled from this core. Note that this sample is not identical
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Figure 13 (100) and (001) pole figures for illite-smectite from the OD
of Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

straightforward, accurate and reliable picks of arrival times,
on which the derived velocity values are based.

Within the test apparatus, the sample was evacuated, sat-
urated with tap water and after two weeks loaded stepwise
with 4 MPa steps to a maximum net stress condition, fol-
lowed by a low rate simultaneous increase of pore pressure
and total stress while maintaining the system at a constant net
stress. Note that net stress refers to the difference between the
applied total stress and pore fluid pressure. Each step was fol-
lowed by a hold period of 48 hours to equilibrate pore fluid
pressure and strain throughout the sample. Standard strain
versus

√
time plots as introduced by Hornby (1998) were not

found to be feasible to validate that the sample has reached
equilibrium. Also, the variation in velocities was relatively
small, less than 0.5% per 48 hours during hold periods at
high stress. Sensitivity to stress was approximately 2% per
50 MPa change in net stress. The total stresses, corresponding
to in situ conditions, are 80 MPa in the axial direction and
66 MPa in the radial direction, with a 71 MPa mean value. The
in situ condition was chosen to characterize the sample ma-

Figure 14 (100) and (001) pole figures for chlorite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

terial for comparison between measured ultrasonic velocities,
sonic velocities as measured in the borehole and velocities cal-
culated from synchrotron X-ray analysis. The maximum net
stresses selected for the experiment were 27 MPa in the ax-
ial direction and 13 MPa in the horizontal direction, with an
18 MPa mean value. The corresponding pore pressure was
53 MPa, which is higher than the actual in situ pore pres-
sure of 37 MPa – the measurement was thus taken at an
overpressure situation. Measurements at lower net stresses in
combination with the measurement at 53 MPa overpressure
were used to extrapolate velocities to the values at in situ con-
dition. This procedure avoids inelastic irreversible effects to
be expected at or beyond in situ conditions. Velocities were
calculated from selected arrival times and the dimension of
the sample. Calibration has been performed with aluminium
samples. The arrival times in calibration runs and, as shown
in Fig. 15 during actual measurements, could be determined
without problems as data quality was good for the calibra-
tion material as well as for this low porosity shale and the
interference of other arrivals was minimal.
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Figure 11 (100) and (001) pole figures for kaolinite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

to the samples used for the X-ray diffraction study but the
samples have been taken in close proximity of each other
and can hence be expected to have similar properties on
the cm scale. The plug measured 36 mm in diameter and
52.1 mm in length. Tap water was used as a coolant while
drilling the plug and in a later stage as a saturation fluid of
the sample during the ultrasonic measurements. Tap water
was considered warranted because the reservoirs adjacent to
the Qusaiba samples have near fresh water conditions. Fluid
compatibility tests under ambient conditions did not reveal
visible chemical reactions, swelling or disaggregation. The ma-
terial was water wet, which facilitates saturation of the sample
at the beginning of the ultrasonic test.

The velocity measurements were performed in a biaxial
compaction apparatus, where the plug is mounted between
titanium end-caps and enclosed in a Viton

R©
sleeve. Within

that sleeve, the sample is wrapped in metal gauze in order
to allow radial drainage and enhanced pressure equilibration
via a permeable shell around the circumference of the plug.
This method is widely employed in shale testing and described

Figure 12 (100) and (001) pole figures for illite-mica from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

in detail in the literature (e.g., Hornby 1998; Jacobsen et al.
2000; Dewhurst et al. 2006; Fjaer et al. 2008).

The apparatus is rated at 100 MPa with an independent
control of axial stress, confining or radial stress and pore fluid
pressure, in order to mimic the in situ vertical stress, horizon-
tal stress and pore pressure. Pairs of piezoelectric transmitters
and receivers for ultrasonic P- and S-wave are embedded in
the end caps. In addition, P-wave transducers are mounted
to the outside of the Viton

R©
sleeve. The pulse transmission

technique is employed to measure elastic P-wave velocity in
the radial direction (parallel to bedding) (Fig. 15a) and P-
and S-wave velocities in the axial direction (normal to the
bedding plane and along the symmetry axis) (Fig. 15b–d).
The measurement frequency is ∼1 MHz. The signals (am-
plifier output in volts) were recorded at the ultrasonic re-
ceivers after pulse transmission travelling through the sam-
ple and end-cap (axial), as well as through the sample and
sleeve assembly (radial). The time scale has its origin at the
trigger for the pulse transmission. The original, transmitted
pulse is clearly maintained in the received signals. This allows
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Figure 11 (100) and (001) pole figures for kaolinite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

to the samples used for the X-ray diffraction study but the
samples have been taken in close proximity of each other
and can hence be expected to have similar properties on
the cm scale. The plug measured 36 mm in diameter and
52.1 mm in length. Tap water was used as a coolant while
drilling the plug and in a later stage as a saturation fluid of
the sample during the ultrasonic measurements. Tap water
was considered warranted because the reservoirs adjacent to
the Qusaiba samples have near fresh water conditions. Fluid
compatibility tests under ambient conditions did not reveal
visible chemical reactions, swelling or disaggregation. The ma-
terial was water wet, which facilitates saturation of the sample
at the beginning of the ultrasonic test.

The velocity measurements were performed in a biaxial
compaction apparatus, where the plug is mounted between
titanium end-caps and enclosed in a Viton

R©
sleeve. Within

that sleeve, the sample is wrapped in metal gauze in order
to allow radial drainage and enhanced pressure equilibration
via a permeable shell around the circumference of the plug.
This method is widely employed in shale testing and described

Figure 12 (100) and (001) pole figures for illite-mica from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

in detail in the literature (e.g., Hornby 1998; Jacobsen et al.
2000; Dewhurst et al. 2006; Fjaer et al. 2008).

The apparatus is rated at 100 MPa with an independent
control of axial stress, confining or radial stress and pore fluid
pressure, in order to mimic the in situ vertical stress, horizon-
tal stress and pore pressure. Pairs of piezoelectric transmitters
and receivers for ultrasonic P- and S-wave are embedded in
the end caps. In addition, P-wave transducers are mounted
to the outside of the Viton

R©
sleeve. The pulse transmission

technique is employed to measure elastic P-wave velocity in
the radial direction (parallel to bedding) (Fig. 15a) and P-
and S-wave velocities in the axial direction (normal to the
bedding plane and along the symmetry axis) (Fig. 15b–d).
The measurement frequency is ∼1 MHz. The signals (am-
plifier output in volts) were recorded at the ultrasonic re-
ceivers after pulse transmission travelling through the sam-
ple and end-cap (axial), as well as through the sample and
sleeve assembly (radial). The time scale has its origin at the
trigger for the pulse transmission. The original, transmitted
pulse is clearly maintained in the received signals. This allows
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Figure 13 (100) and (001) pole figures for illite-smectite from the OD
of Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

straightforward, accurate and reliable picks of arrival times,
on which the derived velocity values are based.

Within the test apparatus, the sample was evacuated, sat-
urated with tap water and after two weeks loaded stepwise
with 4 MPa steps to a maximum net stress condition, fol-
lowed by a low rate simultaneous increase of pore pressure
and total stress while maintaining the system at a constant net
stress. Note that net stress refers to the difference between the
applied total stress and pore fluid pressure. Each step was fol-
lowed by a hold period of 48 hours to equilibrate pore fluid
pressure and strain throughout the sample. Standard strain
versus

√
time plots as introduced by Hornby (1998) were not

found to be feasible to validate that the sample has reached
equilibrium. Also, the variation in velocities was relatively
small, less than 0.5% per 48 hours during hold periods at
high stress. Sensitivity to stress was approximately 2% per
50 MPa change in net stress. The total stresses, corresponding
to in situ conditions, are 80 MPa in the axial direction and
66 MPa in the radial direction, with a 71 MPa mean value. The
in situ condition was chosen to characterize the sample ma-

Figure 14 (100) and (001) pole figures for chlorite from the OD of
Qu1, Qu2 and Qu3 samples. Equal area projection on the bedding
plane. Contours in multiples of a random distribution (m.r.d.).

terial for comparison between measured ultrasonic velocities,
sonic velocities as measured in the borehole and velocities cal-
culated from synchrotron X-ray analysis. The maximum net
stresses selected for the experiment were 27 MPa in the ax-
ial direction and 13 MPa in the horizontal direction, with an
18 MPa mean value. The corresponding pore pressure was
53 MPa, which is higher than the actual in situ pore pres-
sure of 37 MPa – the measurement was thus taken at an
overpressure situation. Measurements at lower net stresses in
combination with the measurement at 53 MPa overpressure
were used to extrapolate velocities to the values at in situ con-
dition. This procedure avoids inelastic irreversible effects to
be expected at or beyond in situ conditions. Velocities were
calculated from selected arrival times and the dimension of
the sample. Calibration has been performed with aluminium
samples. The arrival times in calibration runs and, as shown
in Fig. 15 during actual measurements, could be determined
without problems as data quality was good for the calibra-
tion material as well as for this low porosity shale and the
interference of other arrivals was minimal.

C© 2011 European Association of Geoscientists & Engineers, Geophysical Prospecting, 59, 536–556



Crystal structure solution by texture

• Problems: 

• two experiments and two analyses (first texture measurement, than high resolution 
collection for few sample orientations) 

• time consuming experiment 

• as texture becomes sharper (better for resolving), errors in sample positioning/
orientation compromise the solution 

• With sharp texture, Rietveld Texture Analysis with EWIMV is needed

Wessels T., Baerlocher Ch. and McCusker L.B., Science, 284, 477-479, 1999
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Crystal structure solution
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Isotactic polypropylene:RTA

Texture



Isotactic polypropylene:RTA
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H-R Wenk, I Lonardelli, S Merkel, L Miyagi, J Pehl, S Speziale and C E Tommaseo 
Deformation textures produced in diamond anvil experiments, 

analysed in radial diffraction geometry 
J. Phys.: Condens. Matter 18 (2006) S933–S947

MgSiO3 perovskite at 43 GPa



Rietveld texture analysis (RTA)
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The powder pattern intensity:
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Rietveld texture analysis (RTA)
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Harmonic method:
� 

Pk (χ,φ) = f (g,ϕ)dϕ
ϕ
∫

Harmonic coefficients

The powder pattern intensity:



WIMV

The ODF space is discretized in cells:
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WIMV

The ODF space is discretized in cells:
 Always positive 
 Ghost conditional corrections 
 Complex and sharp textures 
 Works for lower symmetries

Rietveld iteration Phkl extraction by Le Bail

ODF by WIMV/EWIMV

Interpolation in 5˚x5˚ (WIMV only)

Phkl calc. from ODF

The Rietveld integration:



EWIMV
f n+1(g) = f n (g) Ph

exp (y)
Ph
calc,n (y)
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MTex in MAUD

• This was possible because of Florian 

• Florian developed a Java interface for MTex (the binary 
executables, version 4.5.1) 

• The Florian interface is used inside for a so-called MTex 
model along with the others texture model 

• Each Rietveld iteration cycle, MAUD extracts pole 
figures, selects a subset and from them MTex calculates 
and ODF. From the ODF MTex calculates the value of the 
pole figure for each reflection of each pattern on request.
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2D fitting of calcite patterns
Using EWIMV texture model



Texture analysis of calcite
Extracted (experimental) pole figures (some)

Recalculated pole figures (using EWIMV, 10˚ as texture model)



2D fitting of calcite patterns
Using MTEX texture model



Texture analysis of calcite
Extracted (experimental) pole figures (some)

Recalculated pole figures, using MTEX (6˚, De La Vallee Poussin) as texture model)
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The model in MAUD



Testing different options in MTex

Extracted (experimental) 
pole figures (some)

MTEX (6˚, De La Vallee 
Poussin), reflection cut 

at 2.0 Angstrom

MTEX (8˚, Von Mises), 
reflection cut at 1.7 

Angstrom

MTEX (10˚, Von Mises), 
reflection cut at 1.5 

Angstrom



NIST 1976a 
standard 

(Corundum plate, 
fiber texture)

• Data measured in Lab (Trento) 

• Eulerian goniometer, high brilliance micro source 
and Dectris 1M 2D detector 

• 2D images permit faster collection of texture data



2D fitting (EWIMV)



2D fitting (EWIMV)



Texture analysis and 
comparison

Extracted

EWIMV

Exponential 
harmonics

MTEX



Monoclinic glauconite (C2/m)



Monoclinic glauconite (C2/m)



MAUD and MTEX
• The basic procedure is working, there are plenty of 

improvements possible 

• MTEX is not optimise for MAUD (more like inverse pole 
figures: several hkl but fewer points in the pole figure 
space) 

• There are some problems to obtain the correct ODF 
(not correct options? Old version of MTEX?) 

• The monoclinic does not work at all (may be on the new 
MTEX)


