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SUMMARY

If a crystal lattice is subjected to a stress, it becomes distorted and no longer represents the
ideal crystal symmetry, and if the stress introduces defects such as dislocations, some of this
distortion is preserved after the applied stress is removed. In this study, we investigate lattice
distortion in quartz at the micron scale with synchrotron X-ray Laue diffraction. From Laue
images the local deviatoric strain tensor is derived and corresponding stresses are calculated
based on elastic properties. The method is applied to metasedimentary quartzites from the
Bergell Alps that were deformed at conditions of greenschist facies metamorphism. The
residual palaeostrain is represented in maps of the deviatoric strain tensor components and
with deviatoric strain axis pole figures. Data suggest overall shortening perpendicular to the
schistosity plane but with considerable asymmetry relative to foliation and lineation, probably
attributed to simple shear. Crystallographic pole figures from Laue diffraction agree with
neutron diffraction and EBSD measurements and display quartz c-axes girdle distributions
with maxima also perpendicular to schistosity. The method shows promise to be used as a
palaeo-piezometer to unravel the stress field during tectonic deformation.

Key words: Defects; Elasticity and anelasticity; Geomechanics; Mechanics, theory, and
modelling; Microstructures.

1 INTRODUCTION

If a crystalline material is subjected to stress, the crystal structure
becomes distorted. For example, in the case of cubic crystals lattice
angles are no longer 90° and the unit cell constants are no longer
equal. If stresses are low and within the elastic limit, the lattice
returns to the original shape upon reversal. However, if stresses are
higher, they impose local defects in crystals such as dislocations,
disclinations, twins, planar defects, grain boundary structures (e.g.
Kroner & Anthony 1975). In this case, upon removal of stress, some
of the lattice strain is preserved, being trapped by the defects. Lattice
distortion can be imposed by macroscopic deformation, caused by
temperature—pressure changes or by phase transitions.

Residual stress has been an important topic in materials science
and was studied in great depth in metals, since lattice distortions
reduce the mechanical stability of materials (e.g. Noyan & Cohen
1987; Hosford 2005; Withers 2007). How does residual stress affect
material performance? Concerns range from stresses in thin films
(e.g. Kang et al. 2003), welds (e.g. Staron et al. 2002), to railway
rails (e.g. Kelleher et al. 2003) and bridges (e.g. Van Puymbroeck
et al. 2019).

© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society.

There is a range of methods to measure residual strain (e.g. Scha-
jer 2013). Most important are diffraction methods which directly
observe lattice distortion through peak shifts and peak broadening.
Among those methods are neutron diffraction (e.g. Pintschovius &
Jung 1983; Clausen et al. 1999; Withers & Webster 2001; Hutch-
ings et al. 2005), X-ray diffraction peak broadening (e.g. Ungar
et al. 2001), synchrotron X-ray diffraction (e.g. Stefanescu et al.
2004; Ice et al. 2011), high resolution electron backscatter diffrac-
tion (EBSD) with a scanning electron microscope (e.g. Wilkinson
et al. 2006; Britton & Wilkinson 2011; Britton et al. 2013; Wallis
et al. 2017) and focused ion beam (FIB) milling (e.g. Kruhl et al.
2013; Lunt & Korsunsky 2015).

In this study, we are using microfocus synchrotron Laue diffrac-
tion to investigate potential residual strains preserved in deformed
metamorphic rocks. We originally became interested in Laue
diffraction by investigating metamorphic quartzites from the Alps
and observing strong spreading of diffraction peaks, attributed to
lattice distortions (Wenk 1966). Much later we used Laue diffraction
more quantitatively to explore magnitudes of residual lattice strains
in deformed granite, documenting lattice strains of ~900 micros-
trains, corresponding to residual stress of ~50 MPa (Kunz et al.
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Figure 1. Hand specimen of sample Sci690 with foliation and pronounced
lineation. The black line marks strike and dip in the field.

2009). We followed up with quartz associated with the San Andreas
fault and observed stresses of ~120 MPa (Chen et al. 2015) and the
Vredefort meteorite impact site with stresses up to 250 MPa (Chen
et al. 2011). These studies focused on stress magnitudes but infor-
mation from Laue images also provides stress orientations relative
to sample coordinates. An exploratory investigation was carried out
on deformed quartz from the classical locality in Bastogne, Belgian
Ardennes, where boudinage was first described (Lohest et al. 1908).
Interestingly Laue diffraction results (Chen et al. 2016b) indicated
that quartz in Bastogne boudins was subjected to compression along
the boudinage axis, rather than extension, as in layered metamor-
phic rocks (e.g. Goscombe et al. 2004; Fossen 2016), which is
in agreement with strains inferred by Bruehl (1969) for Bastogne
boudinage.

This first application of Laue diffraction to map the orientation of
the residual strain ellipsoid encouraged a more systematic investiga-
tion, advancing and generalizing the technique to evaluate general
states of residual lattice strain. Here we apply the method to a series
of metamorphic quartzites from the central Alps for which textures
and microstructures have been analysed with neutron diffraction
and EBSD (Wenk et al. 2019).

2 EXPERIMENTS AND DATA ANALYSIS

2.1 Samples

This study relies on seven samples of quartzite from Val Bregaglia
in the central Alps. They were originally Triassic sandstones that
deformed at greenschist facies metamorphic conditions during the
Alpine orogeny 20-60 Ma, producing characteristic microstructures
and crystallographic preferred orientation. The quartzite samples
display a strong foliation and a lineation (Fig. 1), indicating complex
deformation conditions. Preferred orientation was studied in detail
by neutron diffraction and scanning electron microscopy with elec-
tron backscatter diffraction (EBSD, Wenk et al. 2019). In this inves-
tigation, we rely on thin sections cut perpendicular to the foliation
plane and parallel to the lineation. Optical microscopy shows mi-
crostructures with significant recrystallization (Fig. 2). Most quartz
displays flattened grains with undulatory extinction due to signifi-
cant plastic deformation. In many samples quartz also has optically
visible deformation lamellae (e.g. Brg1137 in Fig. 2) indicative of

high stress (e.g. Christie and Ardell 1974; Hamers & Drury 2011,
Derez et al. 2015, Chen et al. 2016a). Muscovite alignment defines
the schistosity plane. In Sci881 the muscovite microstructure also
suggests some simple shear deformation. TEM studies on similar
samples revealed high dislocation densities, sometimes with con-
centrations near subgrain boundaries (Fig. 3, Liddell et al. 1976).
Some details about the samples are listed in Table 1, including lo-
calities with Swiss geographic coordinates (in km), scan geometry
and quartz preferred orientation based on neutron diffraction.

2.2 Laue diffraction experiments

X-ray microdiffraction (uXRD) measurements in Laue (polychro-
matic) mode were conducted on beamline 12.3.2 of the Advanced
Light Source synchrotron at Lawrence Berkeley National Labora-
tory. A polychromatic (5-24 keV) X-ray beam is focused to a spot
size of 1 um x 1 um using a pair of Kirkpatrick-Baez mirrors.
The samples consist of uncovered petrographic thin sections ~30
um in thickness mounted with epoxy on a glass slide. Each sample
was then mounted on a translational scanning stage tilted 45°, and
positioned at the focal point of the X-ray beam (Fig. 4). Since the
polychromatic X-ray beam size is much smaller than the crystal
size, in most cases more or less single crystal Laue diffraction pat-
terns are recorded in reflection geometry at each position with a 2-D
Pilatus 1 M detector, placed about 15 cm above the specimen, at
90° with respect to the incident X-ray beam. The X-ray penetrates
the 30 «m thin section and causes a dark alteration in the glass
beneath it and therefore diffraction pattern averages over the sam-
ple thickness. The experimental geometry (detector distance and
orientation, incident X-ray beam position) were calibrated using a
synthetic silicon crystal or a quartz single crystal assumed to be
strain-free.

A question which is often asked: Why using Laue diffraction with
polychromatic X-rays rather than monochromatic X-rays which are
standard for most crystallographic studies? The answer is Bragg’s
law 2dn sind = A, relating the wavelength A to the angle 20 at
which diffraction occurs on a lattice plane hkl with a spacing dq-
But Bragg’s law also requires that the lattice plane has to be in
a reflection orientation. In general this condition is not satisfied
and the crystal needs to be rotated to get diffraction; or a powder
is used where some crystallites have the correct orientation. With
microdiffraction, where we are investigating the crystal lattice at a
micron scale, we can not tilt or rotate significantly without changing
the analysed volume and increasing the time greatly (currently ~1s
per spot). Thus we are returning to polychromatic radiation where
the Bragg conditions are relaxed, and without which Friedrich et al.
(1912) could not have recorded the first diffraction images.

Some microfocus Laue diffraction images of quartz are shown
in Fig. 5. Note that the Pilatus detector divides the image into
10 sectors with blind stripes in between. Diffraction from a quartz
single crystal used as a standard produces very sharp spots (Fig. 5a).
Such patterns can be indexed and define the quartz crystal lattice
(some spots are labeled). On Laue images from deformed quartzites
there is a wide range of patterns with significant streaking, indicative
of bending of the lattice (Figs 5b—d). Some images display splitting
of reflections suggesting differently oriented domains (Fig. 5b).

Exposure times are ~1 s and scans are performed by translating
the sample in small increments over a chosen area (Table 1). The
scanned area includes several crystals. Scanning over 1 mm? in 10
um steps takes several hours and produces a large set of data that
need to be analysed.
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Sci881

Figure 2. Microstructures of quartzites observed with optical microscopy, crossed polarized light. Note planar deformation lamellae in several samples.
Schistosity s and lineation 1.
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Figure 3. TEM image of dislocation structures in quartzite Sci881 (from
Liddell et al. 1976). D is a point with dislocation interaction, S a subgrain
boundary and L a dislocation loop.

2.3 From lattice distortion to strain tensor geometry

Lattice distortion in deformed samples can arise from either elastic
or plastic deformation. In general elastic deformation causes devi-
ations in lattice parameters and unit cell angles (Fig. 6a) that are
restored once the force causing it is removed. But if deformation
causes irreversible microstructural defects such as disclinations and
dislocations like those illustrated in Fig. 3, deformation lamellae
(Fig. 2), microscopic twins, stacking faults or point defects (e.g.
associated with OH substitution of oxygen), it can impart elastic
strains which are preserved (residual strains) and correspondingly
also residual stresses. This residual strain manifests as a shifting
of the diffraction spots from their unstrained, or reference, posi-
tions. The angular deviation imparted by this shift is then used to
determine the strain within the crystal lattice (Tamura 2014).

In order to investigate the residual strain, we must determine the
lattice distortion and compare it with an unstrained, or reference,
lattice. Since the energies associated with each diffraction spot are
not known, the Laue method cannot detect dilatational changes
of the unit cell volume (s{") but instead probes the lattice shape
distortion represented by the deviatoric strain tensor eidf“. The total
strain tensor is the sum of these two parts:

&ij = Eidj“' + Eidjev’ (1)
where ¢/ is represented as:

Eidj”' = %Eé‘ii. (2)
By transforming the deviatoric strain tensor from the Cartesian co-
ordinates attached to the unit cell with orientation matrix L, via
Elm = ng LT, to the sample frame (x, y, z), we can then determine

the orientation of the principal axes of the strain ellipsoid in the sam-
ple reference frame by standard eigen decomposition. The elastic
strain distortion can then be geometrically visualized as an ellipsoid
that has transformed from a unit sphere (Fig. 6b, e.g. Nye 1957).
This analysis is performed generally as follows:

Given any symmetric second-rank tensor,

Exx  Exy  Exz
Aj= ey ey & 1] =xYy,z 3

Ezx Ezy €2z

The eigenvalues are determined by solving the linear transfor-
mation equation (4), where for nontrivial solutions the determinant
of coefficients on nj must vanish, leading to (5) which yields a
characteristic polynomial of n = 3. Each solution A corresponds to
a principal strain value for the system, here in the convention of
most negative as compressive, most positive as extensive, with the
intermediate value between these two.

Aij nj = A§n; — (Aij —Adj) nj= 0 )
|Aij — 28| =0 5)
(Aij = 2i8ij) nj = 0. ©)

The associated directions, or eigenvectors nj, for each principal
strain A are determined by (6).

Combined, these two entities (eigenvalues and associated eigen-
vectors) provide the geometry of the deviatoric strain ellipsoid
(Fig. 6b), whose axes are the eigenvectors scaled by the eigen-
values. As mentioned above, this analysis is equivalent to a lin-
ear transformation applied to a unit sphere, or idealized spherical
‘grain’, becoming distorted into an ellipsoid where the acting linear
operator is the deviatoric strain tensor. Given that this procedure
can be performed over a sample area, one can then reconstruct the
overall state of strain for the given sample.

The position of the Laue spots (reflections) provide the shape of
the deformed unit cell using a non-linear optimization algorithm
that minimizes the distances between the measured angular posi-
tions of the Laue spots and those calculated from a deformed unit
cell at constant volume (Tamura 2014). This provides the unit cell
deformation T:

T =R Ry, )

where Ry and R are the transformation matrices converting Carte-
sian coordinates into unit cell coordinates for the undeformed and
deformed unit cell, respectively.

The deviatoric strain tensor can then be obtained through the
relation:

85’1‘”@ = dijs ®)
where &;; is the Kronecker symbol.

If we are only interested in the magnitudes of strain, from the
tensor we can calculate an ‘equivalent strain’ eeq (9), which is
commonly expressed in units of microstrain x (10%) (Liu 2005).
This approach was applied in previous work on residual strain in
quartz (e.g. Kunz et al. 2009, Chen et al. 2015)

Eeq = <(8XX - EV)’)Z + (exx — 522)2 + (Syy - EZZ)Z

@iy

+6 (efy +e2, + 852) ) . 9)
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Table 1. List of samples. Quartz vein from Bastogne boudinage (Chen et al. 2016a) and seven quartzite samples from
the Bergell with locations and Swiss coordinates (km), scan size and step size as well as maximum (0001) pole densities

(mrd) from neutron diffraction measurements (Wenk et al. 2019).

Sample # Location Coordinates Scan size, steps um Neutron mrd
Be-D1 Bastogne 1000 x 3000, 10

Brg 1126 Avers 757.3/149.4 1500 x 1000, 10 3.6

Brg 1127 Campsut 756.1/151.5 500 x 500,3 34

Brg 1135 Septimer 767.6/142.7 1500 x 1000, 10 2.3

Brg 1137 Val Turba 768.1/142.6 1500 x 1000, 10 39

Brg 1477 Bugna 760.9/135.45 1500 x 1000, 10 2.9

Sci 690 Innerferrera 756.0/152.1 2000 x 1500, 10 5.8

Sci 881 Passo Turbine 757.0/136.0 2000 x 1500, 10 3.9

2D detector

.t . —

X-ray
microbeam

Figure 4. Schematic sketch of Laue diffraction measurements with syn-
chrotron X-ray microdiffraction at ALS; xyz is the sample coordinate system.
The sample is mounted on a translational stage tilted 45°.

From here, with knowledge of the elastic properties for the material
in question, the residual stress associated with the deviatoric por-
tion of the residual strain can then be computed with generalized
Hooke’s law oij = Cijii &, Where Ciji is the 4th rank stiffness
constant tensor. Note that we use the stiffness tensor of ideal quartz
(e.g. Levien et al. 1980; Ogi et al. 2006), which is only an ap-
proximation, since the true tensor in the polycrystal with defects
varies.

In previous studies we have discovered that the ey, component
of the strain tensor is quite sensitive to the reflection geometry
described above and the sample alignment. Misalignments generally
manifest as anomalously high values for this component. Here,
we concentrate on the directions of strain rather than the overall
magnitudes and explore the possibility to use lattice distortion as a
direction-sensitive palaeo-piezometer.

2.3 Laue image analysis with XMAS

The large number of Laue diffraction images are analysed using
the software package XMAS (Tamura 2014; Kou et al. 2018) to
determine the crystal orientation and elastic strain tensor at each
position. Input is the 2-D diffraction image (Fig. 5), the calibration

of the instrument (obtained with the Si standard or a single crystal
quartz standard), the unstrained lattice parameters of quartz, as well
as diffraction intensities based on the crystal structure (the crystal
data of Gualtieri 2000, are used), and elastic properties of quartz
to convert strain to stress (Ogi et al. 2006). The XMAS analysis
follows a multiple step procedure:

First, the Laue image is corrected to remove bad pixels and a
background (typically low for quartz as there is no significant fluo-
rescence signal) is fitted and subtracted.

Secondly, the reflections are automatically found and fitted to 2-D
Gaussian functions and classified in decreasing integrated intensity
order.

Thirdly, each Laue pattern is indexed to determine the orientation
of the crystal lattice relative to sample coordinates, which is defined
in XMAS by a matrix. The diffraction intensities have to be taken
into account to obtain the correct orientation of trigonal quartz
crystal with a hexagonal lattice (Chen et al. 2012).

In a fourth step, the difference between the observed positions
of diffraction peaks and the ones computed based on the unstrained
lattice are used to calculate the deviatoric strain tensor &’ (¢’ = ey
— ¢, et = total strain, ¢ = hydrostatic strain component, eq. 1)
relative to sample coordinates x, y, z. Deviatoric strain is expressed
by a 3 x 3 symmetric matrix with 6 components XX, YY, ZZ, XY,
XZ and YZ, relative to sample coordinates X, y, z, similar to the
crystal orientation matrix, as described in Section 2.2.

The steps are applied iteratively to all the Laue images. As index-
ing is by far the most time consuming process, parallel computing
on a cluster is performed to analyse the scans at a faster rate (Zhou
et al. 2018).

3 TEST WITH BOUDINAGE SAMPLE
Be-D1

XMAS produces a binary file (.seq) with results from the Laue
indexing for each spot on the sample. This includes position of
the image in sample coordinates X, y, matrices defining the crystal
axes and strain axes relative to sample coordinates, and parameters
describing the quality of the fit, for example the number of indexed
reflections on an image. For better visualization of the data, this
information is then processed with a MATLAB code XtalCAMP
(Li et al. 2015)). Before proceeding to metamorphic quartzites we
will first test experimental procedures and data analysis by returning
to a quartzite sample from Bastogne with a vertical string of boudins
(Be-D1, Fig. 7a, Chen et al. 2016a).

Matrix notation for crystal orientation is converted to Euler an-
gles that are conventionally used in texture analysis. The three Euler
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Figure 5. (a—d). Four typical Laue diffraction patterns observed in scans. Streaking is indicative of lattice distortion. (a) Single crystal standard, (b) Brg1126
with splits of an individual crystal into two domains, (c) Brg1477 with minor streaking and (d) Sci690 strong streaking.
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Figure 6. (a) Unit cell of a cubic crystal (black, lattice parameters ag, bo, co) distorted by strain into a triclinic shape (red, a, b, c). (b) A sphere is distorted
into a strain ellipsoid (red) relative to sample coordinates x, y, z. Eps1, Eps2 and Eps3 are ellipsoid axes. (c) Ellipsoid axis described by a vector V relative to
sample coordinates X, y, z. The vector is then projected on the sample plane (Vyy). This method will be used to map directional strain.




Residual lattice strain in quartzites 7

Figure 7. Sample Be-D1 from a quartz layer in Bastogne boudinage (Chen et al. 2016a). (a) Boudinage string in the field. (b) Laue microfocus scans displaying
the microstructure with Bunge Euler angles (¢1 ® ¢2). Dauphiné twins are visible in the ¢, map (e.g. arrow). (c) Map of compressive strain. Arrows are
projections of the principal compressive strain axis projected on the sample plane. The tip of the arrow indicates how the vector points up. (d) Same for
extensional strain. Units are 1000 x microstrains. White areas could not be indexed.

angles are three rotations that define the orientation relationship be-
tween the crystal coordinate system and the sample coordinate sys-
tem xyz. Of the three angles in Bunge convention ¢, ®, ¢, (Bunge
1969, see also Matthies et al. 1988 for trigonal crystal symmetry),
@1 1s the azimuth and the angle @ the pole distance to define the
orientation of the crystal c-axis relative to sample coordinates, and
¢, 1s the rotation around c that defines the orientation of the crystal
a-axis.

Maps of the three Bunge angles are shown for a quartz layer be-
tween boudin fragments (Fig. 7b). On these maps we can recognize
different grains. White areas indicate positions where Laue images
could not be satisfactorily indexed, that is images where fewer than
20 spots could be indexed. In ¢, maps, some grains are divided into
two colours (e.g. black arrow). The colour difference can be identi-
fied as a 60° rotation around ¢ and corresponds to Dauphiné twins
(both host and twin share the c-axis). These twins are common in
quartz, both as growth twins and as deformation twins (e.g. Minor
et al. 2018).

Below the Euler angle plots that display the microstructure there
are two maps that display with colour the magnitudes of the prin-
cipal residual strain ellipsoid axes, compression (blue, Fig. 7c) and
extension (red, Fig. 7d), ranging from —2000 microstrains to +2000
microstrains. As the colour pattern indicates the residual strain mag-
nitudes are not uniform. Superposed on the colour pattern are arrows
that represent the orientation of the strain axes projected on the xy
map (Fig. 6¢). The arrow length indicates how much the axis is tilted
out of the xy plane and the tip of the arrow indicates that it is tilted up
(in the +z direction). You can visualize such maps in a similar way
as the orientation of schistosity planes or lineation directions are
represented on macroscopic geological maps to provide a 3-D as-
sessment of geological structures. Contrary to principle strain axes
in Figs 7(c) and (d) with arrows pointing out of the xy plane, lin-
eations in rocks (e.g. Fig. 1) on geological maps are pointing down.

Compressive strain axes are dominantly aligned along y (Fig. 7¢),
which is parallel to the boudin axis (Fig. 7a). Extensional strain axes
are dominantly aligned along x but there are local deviations. This



8 H.-R. Wenk et al.

conforms with earlier observations on Bastogne boudinage (Chen
et al. 2016a).

4 APPLICATION TO QUARTZITE
Brg1127

We next apply the method to a tectonically deformed quartzite
Brg1127 (Fig. 8). The thin section was scanned over an area 1.5 mm
x 1.5 mm, in 3 um steps which is a high resolution. For tectonic
quartzites with relatively large plastic strain, Laue images are much
more complex (Fig. 5) compared with relatively undeformed grains
in the boudinage quartz veins. A significant number of images were
rejected because of poor indexing of images (white spots in Fig. 8a).
Also, secondary phases such as muscovite, could not be indexed as
quartz (white regions in the upper part). The ® map displays that
most quartz grains are flattened (Fig. 8a). The schistosity plane is
horizontal. The ¢, map again illustrates some Dauphiné twins, for
example the blue-red grain on the left-hand side.

On the right-hand side of the Euler maps there are (0001) pole
figures illustrating crystal preferred orientation with a concentration
of (0001) poles perpendicular to the foliation, spreading into a
yz girdle. There Laue pole figures illustrate relatively poor grain
statistics relative EBSD pole figures that were measured on the
same sample, in similar areas but averaging over a much larger
region. On the Laue ® map a large blue grain dominates with &
close to 0°. @ is the angle between the crystal c-axis (0001) and
the sample z-axis with a high pole density close to the centre of the
pole figure.

The first map in Fig. 8(b) displays the number of diffraction peaks
that were indexed (n-index) in a single image. It displays significant
variations, In the centre there are regions where over 50 diffraction
peaks could be indexed (red).

Maps of the six strain components XX, YY, ZZ, XY, XZ, YZ are
more complex (Fig. 8b). More data have been excluded for strain
calculation than for crystal orientation (e.g. only using a YZ range
of from —1 x 103 to 1 x 102 was used). There is a considerable
range of strain components from negative (blue) to positive (red).
Overall XX and ZZ are dominantly red indicating extension in the x
and z directions but there are some exceptions such as the blue region
representing the blue grain in the ® map. In this case compression
(blue) is close to the sample z axis and also the crystal c-axis.
YY is dominantly blue indicating compression along y, the normal
to the foliation. The mixed components XY, XZ and YZ indicate
deviations from alignments with the main axes. These components
are difficult to evaluate intuitively.

The strain pattern becomes more clear in plots of the principal
axes (Fig. 8c). They show adominant alignment of blue arrows along
y (compression) and red arrows along x (extension) but for exten-
sion there is considerable variation. The magnitudes are illustrated
in histograms which show a peak for compression at —1.1x 103
microstrains and for extension at 4-1.0x 10° microstrains.

Fig. 8(d) is similar to Fig. 8(c) but plotting deviatoric stress axes,
applying Hooke’s law. It shows maxima —100 and +90 MPa.

From the orientation matrix that defines the strain ellipsoid orien-
tation relative to sample coordinates, we can calculate strain Euler
angles, treating the ellipsoid like an orthorhombic crystal, and from
these Euler angles we can plot ellipsoid axes projected on a 3-D
sphere relative to sample coordinates xyz with different colours,
blue for compression, red for extension and green for intermediate
(Fig. 9). Clearly there is compression along y which is consistent
with the 2-D representation on xy maps (Fig. 8c).

A more conventional way to plot 3-D orientation distributions
of axes is with pole figures, the same way as pole figures are used
for crystal axes [e.g. (0001) of quartz in Fig. 8a]. Pole figures for
principal axes of deviatoric strain and stress ellipsoids are plotted
in Fig. 10, for example using the software BEARTEX (Wenk et al.
1998) based on strain/stress Euler angle distributions. For strain pole
figures there is a slightly asymmetric maximum of compression
axes close to y and a tilted concentration of extension close to x
(Fig. 10a). The intermediate axis displays a girdle. The asymmetry
of the residual strain pole figures may be caused by shear strain.
Fig. 10(b) shows stress pole figures. They are very similar to strain
pole figures. Actual misorientations of stress and strain axes are
small, ranging from 1° to 3°.

The two scans Be-D1 and Brg1127 were used to investigate the
distortion of the ideal trigonal quartz crystal in more detail (Table 2).
We took Gualtieri (2000) as a reference but there are many other
reports which are similar (e.g. Le Page & Donnay 1976, Levien
et al. 1980, Kihara 1990, Antao et al. 2008). Because of the range
in wavelengths, Laue diffraction does not provide information about
absolute lattice parameters. In this case we normalize to deviations
from the lattice parameters of Gualtieri. Average standard devia-
tions are small (in the range of 0.0005 A and 0.08°). but there is a
considerable range of distortions (a: 4.88-4.96 A, b:5.37-5.45 A,
a: 89-91°, y: 119.5-120.4°). These deviations expressing elastic
lattice distortion are far above standard deviations, giving us confi-
dence in the derived data.

5 RESULTS FOR QUARTZITES

After introducing the methology and demonstrating the applicabil-
ity with the boudinage test sample Be-D1 and the quartzite sample
Brg1127, we applied the same method to another six samples of
greenschist facies quartzites from the Central Alps. Most of these
samples have been measured in two orientations by rotating the
thin section and results are consistent. Here we will only show data
for one orientation, with the schistosity plane vertical (yz). Optical
microstructures have been shown in Fig. 2. Many samples display
deformation lamellae, indicative of deformation and presumably
partial causes of residual stress. Also, all samples show undula-
tory extinction indicative of dislocation structures with subgrain
boundaries, consistent with TEM observations (Fig. 3).

Fig. 11 shows Laue maps of Bunge angle ® and crystal orienta-
tion data displayed as quartz (0001) pole figures. There is a larger
number of white regions than in the Be-D1 test sample. Part of the
white domains are muscovite grains and other regions are heavily
deformed quartz grains that could not be indexed satisfactorily. Pole
figures from X-ray Laue diffraction compare well with EBSD pole
figures collected on the same thin section in similar areas.

Fig. 12 displays strain maps of scans. Grey regions could not be
indexed as quartz and these were excluded. We are not showing
maps for all strain components as we did for Brg1127 (Fig. 8),
but instead plot maps for the principal compressive (blue, left-hand
side) and extensional strain ellipsoid axes (red, right-hand side) and
corresponding histograms as we did for sample Brg1127 (Fig. 8).
On these maps projections of selected vectors (every 8 steps) are
shown as black arrows pointing up. If vectors are large, they are
close to the xy plane.

The maps and histograms show considerable variations in mag-
nitudes of the residual strain and the vectors also illustrate a range
in strain directions, though a majority of compressive strain vectors
is aligned along x (perpendicular to the schistosity plane yz). The
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Figure 8. Analysis of sample Brg1127. (a) Microstructure viewed as maps of Euler angles @, ¢». To the right-hand side are quartz (0001) pole figures measured
by Laue diffraction and EBSD. Equal area projection, pole densities in mrd. (b) Map of n-index, the number of indexed reflections on a Laue image. A large
number (red) displays high confidence. Maps of the components of the residual strain tensor XX, YY, ZZ, XY, YZ, relative to sample coordinates. Dominantly
blue colours for Y'Y suggest compression in the y direction. (c) Maps of the magnitude of the principal residual strain axes (colour scale) and projected arrows
give the local strain axis direction (1 of 10 points is shown). Next to the map is a histogram of strain magnitudes (units are 1000 microstrains). (d) Same as (c)
but for residual stress calculated from residual strain. Units are MPa.
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Figure 9. 3-D image of the directions of principal residual strain axes for
Brg1127 relative to sample coordinates xyz, projected on a sphere. Blue is
extension, red is eompression, and green is intermediate strain axis.

histograms shov. twrly sharp distributions for Brg1137 and Sci690
and broad distributions (e.g. for Brg1126 and Brg1135). The ori-
entation of strain axes is further quantified in residual strain pole
figures which are 3-D representations of principal strain directions
on a sphere (Fig. 13). They illustrate quite a range of distributions
which will be further discussed below.

6 DISCUSSION

6.1 Crystal preferred orientation

First a few comments about crystallographic preferred orientation.
The samples selected for this study are part of a larger investiga-
tion of textures in quartzites from the Bergell (Wenk et al. 2019).
This region has undergone Tertiary metamorphism, ranging from
granulite-amphibolite facies near the contact with the Miocene
Bergell granite to low greenschist facies in the North. The sam-
ples investigated here are all from greenschist facies quartzites
that were originally Triassic sandstones. All texture patterns can
be characterized as (0001) maxima perpendicular to the schistosity
(Fig. 11), often asymmetric and extending into a girdle perpendic-
ular to the lineation. Grains are significantly deformed and there
is secondary recrystallization (Fig. 2). Based on polycrystal plas-
ticity modelling, crystallographic preferred orientation can best be
explained by slip on rhombohedral and basal planes, in plane strain
deformation (Wenk et al. 2019). Asymmetry in the patterns is likely
due to a component of simple shear.

It has been impressive to see how well texture patterns measured
by Laue diffraction and EBSD compare. Both methods, measured on
the same thin sections but not identical regions, provide basically
the same results. Here we just show (0001) pole figures but the
same is true for a-axes and rhombohedral planes. Compared with
the two methods illustrated in Fig. 11, neutron diffraction provides
better grain statistics by averaging over large volumes but without
significant differences. Obviously, of the three diffraction methods
EBSD is most easily accessible for texture analysis, both in terms
of experiments and data analysis.

6.2 Deviatoric residual strain

Emphasis here is on residual elastic strain and particularly deter-
mining the orientation of the deviatoric strain ellipsoid relative to
sample coordinates. Magnitudes of deviatoric strain vary from 1000
to 2000 microstrains as illustrated in histograms (Fig. 12). From
strain, which is measured as lattice distortion, we can calculate
residual stress with magnitudes ranging from —300 to 300 MPa.
As the maps show, there is considerable variation in strength which
is not clearly related to individual grains as illustrated by compar-
ing Bunge Euler angle maps with strain axes maps (Figs 7, 8, 11
and 12). The variation is also expressed in the spread of orienta-
tions as shown with vector directions histograms (Figs 8 and 12)
and strain pole figures (Figs 10 and 13). Overall there is a pattern
of compressive strain perpendicular to the well-defined schistosity
plane which is not surprising since the schistosity can be attributed
to shortening during plastic deformation. In many patterns there
is asymmetry, presumably due to a contribution of simple shear.
The heterogeneity is also observed in microstructures (Fig. 2) and
crystal orientations (Fig. 11) but the strain orientation is not directly
linked to crystal orientation. The magnitude of the residual elastic
strains recorded here are just small fractions of the inelastic finite
strains imposed during the geological deformation event but there
appears to be a relationship to the larger plastic strains expressed
for instance in grain shapes.

6.3 Relationship between crystal directions and strain
directions

Is there a relationship between crystal orientation and deviatoric
strain tensor orientation? Such a relationship could originate if the
assumed c/a ratio of the unit cell is not correct. There is a range
of reported lattice parameters of quartz at ambient conditions (e.g.
Levien et al. 1980, Kihara 1990; Gualtieri et al. 2000; Antao et al.
2008) but c/a ratios are for all very similar. In Fig. 14, we compare
misorientations between crystal c-axes and residual strain compres-
sion axes for sample Brg1127 and represent them as histograms.
There isno clear relationship. For a purely random relationship there
should be a sine curve for misorientation statistics (red curve). For
the quartzites there may be some trend because in quartzites c-axes
are centred perpendicular to the schistosity, due to crystal plasticity
(Fig. 11), and tectonic stress is also compressive perpendicular to
the foliation (Fig. 13). There may be a significant influence of crystal
orientation if residual strains develop during phase transformation,
for example from hexagonal g to trigonal « quartz.

6.4 Relaxation of strain/stress

Residual stress preserved after relaxation of tectonic strains can
be attributed to microstructural defects such as dislocation struc-
tures (Fig. 3), deformation lamellae (Fig. 2) and mechanical twins.
Deformation lamellae mainly described in shocked quartz (e.g. Ver-
nooij & Langenhorst 2005) but also observed in metamorphic rocks
(Christie & Ardell 1974) are common in most samples and Fig. 2
illustrates a diversity of orientations relative to the schistosity plane.
They also occur in very low-grade quartz veins in psammitic slates
from Bastogne, where residual strain has been documented (fig. 1c
in Chen et al. 2016a).

Residual lattice strain in quartz recorded in thin sections is re-
lated to macroscopic forces applied during tectonic events in a meta-
morphic geological environment. These rocks originally formed at
elevated temperatures and pressures and bringing them to ambient
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Figure 10. From the 3-D distribution of strain axes ‘pole-figures’ of the axes of the strain ellipsoid (top) and stress ellipsoid (bottom) can be obtained and are
shown for sample Brg 1127. Equal area projection on xy plane. Schistosity s is xz, lineation | is x.

Table 2. Comparison of lattice parameters, ratios, and intra-axis angles between an ideal trigonal quartz (Gualtieri 2000) and the distorted lattices measured
in samples Be-D1 and Brg1127 provided the average with accompanying mean standard deviation, maximum and minimum values.

a b c cla c/b a/b o B y

Gualtieri (2000)

4.9158 4.9158 5.4091 1.1003 1.1003 1.0000 90 90 120
Be-D1
Average 49110 4.9110 5.4030 1.1002 1.1001 1.0000 90.001 90.007 120.003
St. dev 0.0003 0.0004 0.0005 0.0011 0.0011 0.0007 0.076 0.078 0.054
Min 4.8820 4.8900 5.3681 1.0895 1.0878 0.9927 89.013 89.328 119.460
Max 4.9675 4.9463 5.4404 1.1119 1.1119 1.0091 90.744 91.081 120.413
Brg1127
Average 4.9221 4.9210 5.4152 1.1001 1.1004 1.0002 90.007 90.001 120.001
St. dev 0.0004 0.0004 0.0005 0.0020 0.0021 0.0014 0.043 0.062 0.045
Min 4.8830 4.8851 5.3735 1.0835 1.0823 0.9901 89.893 89.955 119.530
Max 4.9591 4.9651 5.4572 1.1168 1.1161 1.0102 90.038 90.074 120.389

conditions may also cause distortions of the crystal lattice. So far
we have not observed artefacts that could be due to a relationship
of residual strain geometry to the orientation of the thin section, or
to thin section preparation, but this should be explored in detail in
the future. Relationships between crystal orientation and residual
strain are likely important to consider for elastically very anisotropic
minerals such as mica.

6.6 Limitations of the method

As was mentioned earlier the Laue microdiffraction method was
used to determine equivalent strain as an estimate of strain magni-
tudes. There are severe limitations when this is applied to geological
samples. The component YZ is very dependent on exact sample
alignment in the beam, relative to detector. Also, the indexation
of diffraction images can be difficult for highly deformed grains,
which can add a lot to equivalent strain (Fig. 5). Including results for
such images adds to the overall equivalent strain, while excluding

them produces much lower values and may cause arbitrary selec-
tions. The magnitude of residual strain also depends on a reliable
c/a ratio estimate.

The issues discussed above relate to experiments. We mentioned
earlier that only a small fraction of the original elastic strain is pre-
served that was applied during the geological deformation event.
The amount depends on the type of microstructural defects that
preserve elastic strains and there is very little information in this re-
gard. Yet the very regular strain direction patterns that are observed
support the significance.

The seven selected quartzites are all from low metamorphic grade
and quartz was at all stages in the trigonal low temperature phase
(a-quartz). It should be mentioned that the pattern is very different
for high-grade quartzites where quartz was hexagonal during the de-
formation. Such residual elastic strains in quartz that has undergone
the S—a transition will be the subject of a future study.

So far all experiments were conducted at the ©XRD beamline
12.3.2. of ALS. A new beamline TPS21a at NSRRC in Taiwan
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Figure 11. Crystallographic textures of Bergell quartzites. On the left-hand side are maps of Euler angle Bunge2 () to illustrate grain microstructure, and
(0001) pole figures of quartz, comparing Laue diffraction measurements (left-hand side) with and EBSD (right-hand side) on the same thin section on similar
areas. Equal area projection. Schistosity plane is vertical (yz). White regions could not be indexed as quartz. Most of it is muscovite.
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Figure 12. Maps of compressive (blue) and extensional (red) principal residual strain axes. Colour changes indicate deviatoric strain magnitudes (in 103
microstrains). For selected positions (1 in 8) vectors of the strain ellipsoid axes are shown, projected on xy sample plane. Arrows point up. Schistosity plane is
vertical (yz). On the right-hand side are histograms for compressive and extensional principal strain.



14

H.-R. Wenk et al.

Compression Intermediate  Extension

Brg1126 = _

mrd

Figure 13. Pole figures of deviatoric residual strain ellipsoid axes (shortening, intermediate and extensional) relative to the sample coordinate system xyz, yz
is schistosity plane. Equal area projection. Contours in multiples of random distribution.



0 30 60 90

Figure 14. Histogram of angle between crystal c-axis and deviatoric strain
compression directions for Brg1127. The red curve shows the distribution
for a fully random relationship.

greatly exceeds the ALS conditions with a beamsize of ~0.01 um
and a much higher detector resolution. This opens the possibility
for very fine scans to explore, for example, the importance of local
defect structures within grains on residual strains (e.g. Chen et al.
2016a; Merola et al. 2019).

6.7 Potential palaeo-piezometer

Here we have introduced strain and stress pole figures as a new
tool to display principal directions of residual strain and stress in
deformed rocks. It opens the way to use lattice distortions measured
with X-ray diffraction as a palaeo-piezometer, that is to obtain in-
formation about the tectonic history and refine the stress field in the
Earth’s crust (e.g. Zang and Stephansson 2009; Hardebeck 2015).
Butthis is just the beginning and much future work is needed. Exper-
iments need to be refined and the data analysis needs to be improved
to establish the method as a reliable tool. In the future the method
needs to be applied to rocks from different temperature—pressure
environments and different tectonic histories and particularly to ex-
perimentally deformed quartz aggregates for which the deformation
geometry is known.

7 CONCLUSIONS

During tectonic deformation minerals undergo plastic deformation
but in the course crystals are also elastically distorted. This is ex-
pressed in the geometry of the crystal lattice which deviates from
the ideal undeformed crystal. Some of this elastic distortion is pre-
served when the macroscopic stress is removed, due to trapping
by microstructural defects in the crystal structure. The distortion
is particularly easy to record for quartz which has a relatively high
crystal symmetry and no significant chemical variations. Directional
residual stress has been documented for quartz veins in boudinage
and now for metamorphic quartzites. Future applications are nec-
essary to establish the method as a palaeo-piezometer to be used in
structural geology.
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