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Abstract

Most geological samples are intrinsically heterogeneous at the micron scale making their quantitative study with conventional
laboratory techniques challenging. The use of synchrotron radiation, which provides high quality data with unprecedented spatial and
angular resolution, has become quite ubiquitous in many branches of experimental sciences, and geology, geochemistry, Earth and
environmental sciences are no exception. The present chapter offers an overview of what can be measured using synchrotron X-ray
microdiffraction using an X-ray beam size in the range between 100 nm to a few microns. Experiments using geological samples are
described. Two techniques, their strengths and limitations, are emphasized: powder microdiffraction and Laue microdiffraction.
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Resumen

La mayoria de las muestras geoldgicas son intrinsecamente heterogéneas en la escala del micron, lo que convierte a su estudio
cuantitativo realizado con técnicas de laboratorio convencionales en algo desafiante. El uso de radiacion sincrotron, que proporciona
datos de calidad con una resolucion espacial y angular sin precedentes, se ha convertido en ubicua en varias de las ramas de las
ciencias experimentales, y la geologia, la geoquimica, las ciencias de la Tierra y las ciencias del medio ambiente no son una excepcion.
El presente capitulo ofrece una vision general de lo que puede ser medido utilizando microdifraccion de rayos X en sincrotron, con
el tamario de haz de rayos X en el intervalo entre 100 nm y unas pocas micras. En el presente trabajo se describen los experimentos
utilizando muestras geologicas. Se enfatizan dos técnicas, sus fortalezas y limitaciones: microdifraccion de polvo y microdifraccion Laue.

Palabras clave: microdifraccion de rayos X, sincrotron, difraccion Laue, difraccion de polvo, estrés, microestructura.
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1. Introduction

Natural samples often exhibit higher levels of
heterogeneity than manufactured materials and therefore
their microstructure, chemical and crystalline phase
distribution and level of deformation are often more
challenging to characterize in a quantitative way. A piece
of rock, a piece of meteorite, a sample of soil, when looked
under a microscope generally appear as agglomerates of
multiple crystalline and non-crystalline phases with varying
compositions, impurities and defect contents, structures and
different grain sizes. Deciphering the particular history of
a sample, such as how a particular meteorite has formed
or how much stress a particular piece of rock near an
earthquake fault has experienced over time, requires a
thorough understanding of the microstructure. A probe
is needed, capable of providing as much information as
possible at the relevant length scale (typically from a
few microns down to a few nanometers). Moreover, the
interpretation of some measurements, such as the crystalline
phase distribution resulting from a transition between two
states, requires that the probe perform the measurement
without destroying the sample.

Among the arsenal of characterization tools available
today at synchrotron facilities, techniques such as absorption
spectroscopy, including XANES (X-ray Absorption Near
Edge Structure), EXAFS (Extended X-ray absorption fine
structure), X-ray fluorescence, high resolution powder
diffraction, SAXS (Small Angle X-ray scattering), X-ray
imaging such as STXM (Scanning Transmission X-ray
Microscopy) and X-ray Tomography, are increasingly used
by the Earth Science community. In particular, synchrotron
microfocus techniques such as X-ray microdiffraction,
LSAXS, X-ray microfluorescence (uXRF), pXANES and
LEXAFS, which add high spatial resolution, have become
increasingly attractive as effective in situ characterization
tools. The intrinsic high brightness and collimation of
X-ray beams produced at synchrotron facilities around the
world make possible the routine generation of very small
but intense micron to submicron size X-ray beams ideally
suited to probe sample heterogeneity at this length scale.
Synchrotron facilities such as the Advanced Light Source
(ALS) in Berkeley, CA, the Advanced Photon Source
(APS) at Argonne, IL, the European Synchrotron Research
Facility (ESRF) in Grenoble, France or the 8 GeV Super
Photon Ring (Spring-8) in Hyogo, Japan are very large
machines financed, built and maintained to the greater part
by government agencies for the benefit of academics and
industries to perform experiments that generally cannot be
conducted anywhere else. The electron storage rings at the
core of synchrotron facilities deliver X-rays to some 20 to 40
“beamlines”, each specialized in a few specific techniques.
Experiment time, also known as “beamtime”, is allocated
to users based on scientific merit through a peer review
system. Access to most synchrotron facilities is free and the
cost of using such facilities generally amount only to travel

cost. As demand is generally high and therefore the amount
of allocated beamtime scarce, for maximum efficiency of
beamtime it is imperative that each experiment be planned
carefully in collaboration with the beamline personnel.
Multiple techniques over several beamlines, sometimes
across a few facilities, are generally applied in succession
to answer a particular question about a sample. For instance,
elemental distribution can be obtained by scanning X-ray
microfluorescence, while X-ray microdiffraction would be
used to identify the structure or determine the crystallinity
of particular phases. uXANES is typically used for finding
the degree of oxidation of particular elements while
REXAFS can help identify semi-amorphous materials.
X-ray microtomography would be used as a 3D imaging
tool based on absorption contrast. The present review will
focus on synchrotron X-ray microdiffraction (also called
micro X-ray diffraction or uXRD). Following a brief
description of the instrumentation, the review will show
how such a beamline can be used effectively to solve many
problems that are relevant to geochemists, earth scientists
and geologists.

2. The X-ray microdiffraction toolkit

X-ray microdiffraction is in essence the century old
X-ray diffraction technique optimized to the best of today’s
technology in terms of X-ray focus, with, however, a few
caveats. Producing a very small X-ray beam comes at a
cost, but starting with high photon counts and very small
beam divergence is certainly helpful in achieving this
goal. This is why X-ray microdiffraction with a beam size
in the order of a micron or below only appeared feasible
at 3% generation synchrotron sources. Progress in X-ray
focusing technologies combined with efficient vibration
damping systems allow today for an X-ray beam in the order
of a few tens of nanometers in size, but more routinely in
a micron size range. All X-ray focusing optics are based
on one, sometimes two, of the three following physical
phenomena arising when a wave of X-rays encounter solid
material: diffraction, total external reflection and refraction.
They are therefore often classified into diffractive, reflective
and refractive optics. Fresnel zone plates (or simply zone
plates, ZPs) are examples of diffractive optics, consisting
of concentric rings of alternating X-ray transparent and
opaque material with widths inversely proportional to
the radius of the ring. Their intrinsic chromaticity (focal
length depends on X-ray wavelength) restrict their use
to monochromatic applications. A focus size in the range
of 10 nm has been achieved (Chao et al., 2005) and zone
plates are therefore highly popular with “soft” and “tender”
(energy below 10 keV) X-ray microscopy (Kirz et al.,
1995; Larabell and Le Gros, 2004). For hard X-rays, zone
plates need to be thick enough for absorption in the opaque
regions to be effective, but high aspect ratio rings are quite
challenging to manufacture (Feng et al., 2007a; Chu et al.,
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2008) and therefore zone plates are often replaced by other
optics for X-ray above 10 keV. X-ray mirrors, consisting
of a metal coating on top of a rigid substrate, use total
external reflection to deflect the X-ray beam path. Bent to
an elliptical profile, an X-ray mirror can be used to focus
the beam in one direction. Kirkpatrick-Baez (KB) mirrors
consist of an orthogonal pair of elliptically shaped mirrors
to focus a beam in two directions (Kirkpatrick and Baez,
1948). Spot sizes of a few tens of nanometers have been
achieved in the last decade with ultrasmooth KB mirrors
(Mimura et al., 2005). KB mirrors offer the advantages of
high efficiency and relatively high acceptance, making them
ideal for “hard” X-ray (energy above 10 keV) applications.
Since they are achromatic, they are the tool of choice for
polychromatic and spectroscopic applications. Compound
refractive lenses (CRLs) consist of a series of concave lenses
carved out of light elements that are an alternate low-cost
hard X-ray focusing optics (Snigirev et al., 1998; Schroer et
al., 2003). CRLs are, however, highly achromatic and work
for monochromatic beams only. Currently, ZPs, KBs and
CRLs are the three most widely used X-ray focusing optics
at synchrotrons. However, there are many other concepts
that have been developed such as X-ray waveguides (Jark
et al., 2001), Bragg-Fresnel lenses (Aristov ef al., 1989),
kinoform lenses (Evans-Lutterodt ef al., 2007), X-ray
capillaries (Bilderback, 2003) and prism array lenses (Jark
etal., 2004).

For medium angular resolution measurements, the X-ray
diffraction detectors of choice today are two dimensional
area detectors that output diffraction patterns in easy-to-
handle digital format. Examples of 2D detectors include
X-ray charge coupled devices (CCDs), pixel array detectors
and image plates. They come in increasingly larger sizes,
number of pixels and speed and can capture in a single
shot a large angular portion of the reciprocal space, making
experiments much faster as the detector remains stationary
throughout the duration of the measurement (Tate ef al.,
1995; Broennimann et al., 2006).

Many beamlines around the world offer microdiffraction
capabilities, but only a few are fully dedicated stations. One
such example is given by BL12.3.2 at the Advanced Light
Source (Kunz et al., 2009b; Tamura et al., 2009). The
outline of this beamline is shown in Figure 1. The source
is a superconducting bending magnet that provides X-rays
with a critical energy around 12 keV, i.e., well into the hard
X-ray regime. A toroidal mirror refocuses the beam onto the
entrance of the experimental hutch where a pair of slits are
used as a virtual secondary source that is size adjustable.
Final focusing is provided by a pair of elliptically bent
KB mirrors with tungsten coating working at a nominal
incidence angle of 3.5 mrad (Yashchuk et al., 2013).
Nominal X-ray beam size on the sample is about 1 pm by 1
pum. A four-bounce constant-exit monochromator consisting
of two identical channel-cut Si(111) crystals can be inserted
in the path of the beam for an easy and rapid switch between
polychromatic (white) beam and monochromatic beam,

while illuminating the same spot on the sample. This is
one capability which is rather unique to BL12.3.2, the
possibility to conduct both white and monochromatic X-ray
experiments on the same micron area of the sample (Dejoie
etal.,2015). The available photon energy range is between 5
and 24 keV. The sample sits on a flexible xyzy¢ stage. X-ray
diffraction patterns are collected using a DECTRIS Pilatus
IM hybrid pixel array detector, while X-ray fluorescence
spectra can be collected with a VORTEX EM silicon drift
detector. More technical details about the beamline can be
found in Kunz et al., 2009b.

Besides ALS BL12.3.2, we can cite the APS undulator
beamline 34 ID-E (Ice et al., 2005) specialized into a
depth resolved technique called Differential Aperture
X-ray Microscopy (DAXM), which uses polychromatic
or monochromatic beam and a scanning wire near the
surface of the sample to ray trace the reflections along
the penetration depth of the beam into the sample (Larson
et al., 2002). DAXM is one of the so-called 3D X-ray
microdiffraction techniques that can reconstruct the
volumetric distribution of grains and strains with submicron
resolution. The VESPERS beamline at the Canadian Light
Source (Feng et al., 2007b) and BM32 at the ESRF (Ulrich
et al.,2011) offer capabilities similar to the ALS beamline.
Undulator beamlines such as the 2-ID-D at the APS (Cai
et al., 2000) and the Microfocus beamline ID 13 at the
ESRF (Engstrom et al., 1995) provide monochromatic X-ray
diffraction with high spatial resolution on the order of a few
tens of nanometers. The ESRF Materials Science beamline
ID11 offers a wide range of monochromatic diffraction
techniques including 3D X-ray Diffraction (3DXRD), which
is capable of mapping grains in 3D in deformed materials
(Poulsen et al., 2001). The ESRF Microdiffraction Imaging
beamline IDO01 provides a submicron monochromatic beam
for the study of engineered materials (Diaz et al., 2009),
and the High Energy Scattering beamline ID15 has a high
energy microdiffraction (HEMD) setup. Microspectroscopy
beamlines such as the ALS BL10.3.2 often offer powder
microdiffraction capability as well. For historical reasons,
we also want to mention the now decommissioned NSLS
X26C beamline (Wang et al., 1998) where some of the
very first synchrotron microdiffraction experiments were
performed with a 10 um size white beam, as well as X26A
(Lanzirotti et al., 2010) and X27A (Ablett et al., 2006)
environmental science beamlines at NSLS.

Note that the X-ray photon flux (number of photons
per second) reaching the sample, even with today’s 3™
generation synchrotron sources, is still often a limiting
factor for micro- and nano-focus applications, especially
when a monochromatic beam is used. This is particularly
true for the often weakly scattering environmental and
geological samples where better signal-to-noise ratio and
better diffracted intensity are needed. To that effect, several
synchrotron facilities such as the ESRF, Spring8, APS and
ALS are undertaking upgrades for smaller electron beam
emittance to provide more photon flux and beam coherence.
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Figure 1. Outline of the BL12.3.2 dedicated to X-ray microdiffraction at the Advanced Light Source.

Targeting a small micron-sized X-ray beam onto a
specific small micron-sized area on the sample is difficult,
so an efficient navigation system towards the point of
interest has to be devised. This is generally provided by
combining a good optical viewing system aimed at the
sample and carefully calibrated to the focal point of the
X-ray beam, and markings on the sample that are visible
to X-rays, such as platinum marks deposited by Focused
Ion Beam (FIB) that can be easily found by monitoring
X-ray fluorescence. One caveat of microdiffraction is that
sample rotation is generally to be avoided when the feature
of interest is in the same order of size as the beam. Even
the best diffractometer comes with a “sphere of confusion”
exceeding today’s small beam sizes, which therefore moves
the sample out of the beam during rotation (Noyan et al.,
1999). Moreover, X-ray penetration also makes the volume
of diffraction change with each angle, resulting in systematic
errors when comparing reflections taken at different angles
(Ice et al., 2000). This is why some methods used in X-ray
microdiffraction differ from conventional ones used for
regular “macroscopic” X-ray diffraction. Avoiding rotation
in microdiffraction has been the driving force to seek
alternate solutions to standard single crystal diffraction
techniques for structure solution, reciprocal space mapping
and residual stress measurement. Although the results may
not always be as satisfying as those obtained by the well-
established macroscopic techniques, these alternate methods
offer the advantage of speed, as rotation is time consuming
and not well suited for time resolved experiments. Besides,
some samples, such as a precious small mineral embedded
in a heterogeneous matrix or a high pressure compound

inside a diamond anvil cell (DAC), are not suited to be freely
rotated under the beam and the use of one of these alternate
methods could be the only way to get around the limitation.
Two methods, namely polychromatic X-ray microdiffraction
and powder X-ray microdiffraction, are discussed in details
in the following sections.

3. Sample preparation

Hard X-rays are penetrating, providing an advantage
over electron microscopy or soft X-rays when it comes
to sample preparation and sample environment. Sample
preparation can be kept to a minimum and measurements
performed in air (unless oxidation becomes an issue). This
is particularly attractive for cases where the sample is buried
inside a matrix or confined in a pressure chamber such as
a DAC. A reasonably flat surface obtained through regular
polishing is often all that is required for an experiment in
reflective geometry. It is important, however, to complement
mechanical polishing with chemical or electrochemical
polishing for samples that are subject to mechanical
deformation, such as metals and alloys, to remove the
damaged surface layers. A note of caution, however, shall
be given as X-ray penetration can also work against you
if one is not careful; make sure that the sample is not too
thick or that there is nothing underneath the sample that
can diffract equally well. The superimposition of multiple
diffraction patterns coming from different layers beneath the
surface may become very difficult to interpret. If using a
thin section on a glass slide, note that the slide itself would
produce a contribution in the shape of a broad diffraction
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ring in monochromatic mode (Gréfe et al., 2014) and a large
scattering background signal in polychromatic mode. These
parasitic contributions can generally be digitally subtracted
from the diffraction patterns, but may, however, become
overwhelmingly high for weakly scattering samples. For
transmission experiments, the thickness of the sample to
use is determined by the average atomic number of the
compound to be measured, but 20 —40 pm is a good number
for most geological samples.

4. Powder microdiffraction

Powder microdiffraction is the technique of choice for
polycrystalline samples when the average size of crystallites
or coherently diffracting units in the sample is much smaller
than the X-ray beam size illuminating them (for a micron
size X-ray beam, this means crystallite size of less than 100
nm). This is almost always the case for soil samples, and the
fine fraction of industrial residues. When a monochromatic
beam with a selected wavelength hits the sample, cones of
diffraction specific to particular hkl crystallographic planes
are formed and intersect the plane of the 2D detector as a
portion of conics. The shape of the conics in the resulting
diffraction pattern depends on the position and angle of
the detector relative to the incident beam. It can be circular
(direct transmission geometry), elliptic, parabolic or
hyperbolic (Figure 2). The resulting diffraction patterns are
called 2D powder patterns or Debye-Scherrer ring patterns.
The angular positions and relative intensities of the rings
are characteristics of the crystal structure of the diffracting
materials and can be used for identifying the phases present
in the sample. The common analytical practice is to integrate
the 2D pattern along the azimuthal (y) direction to form a
1D diffractogram that can be easily plugged into a database
to search for matching crystal structures. The advantage of
using a small beam becomes evident when a heterogeneous
sample is considered. With a larger beam and such a sample,
it can indeed become very difficult to disentangle reflections
from a dozen different phases when there are many peaks
overlapping and when some of the intensities are modified
by texture.

Since most of the rings that help to unambiguously
identify a crystalline structure occur at low angle, powder
microdiffraction is generally best performed with the
detector placed at a low 20 angle, preferentially in
transmission geometry, if the sample is thin enough.
Poorly crystallized phases, such as clays, exemplify this
very well as rings are broadened by the very small size
of the constitutive crystallites; high angle rings have not
only weakened intensities due to the decreasing form
factor, but being more numerous, are also subject to strong
overlaps. Clays are often identified by their lowermost
angle of reflection. For example, for that of kaolinite and
nontronite, 20 = 9.2 and 4.6°, respectively, at 10 keV. For
thicker samples, the sample surface will need to be put at

Figure 2. Example of powder diffraction data taken with an area detector
in transmission mode (left) and reflection mode (right).

a very shallow angle with respect to the incoming beam,
which results in loss of spatial resolution in one direction
as the beam footprint on the sample increases.

Reducing 2D patterns into 1D diffractograms is not
always helpful, as much information about texture, crystal
size and strain may be lost this way and is then difficult
to retrieve in the final spectrum. The uneven intensity
distribution along the azimuthal directions of diffraction
rings reflects preferential orientation or texture, for instance.
Highly textured samples show incomplete rings in the form
of arcs that can be interpreted into pole figures. The level of
graininess of the rings along the azimuthal direction is also
a good qualitative indication of grain size. For a micron-
sized beam, spotted rings are characteristics of samples with
an average grain size that are about an order of magnitude
smaller than the beam, while continuous rings indicate grain
sizes two or more orders of magnitude smaller. In the latter
case, the width of the rings in the radial direction is inversely
proportional to the grain size, according to the Scherrer
equation (Patterson, 1939). Perhaps a little less relevant
for geological or environmental samples, mechanically or
chemically induced strain can, in principle, be measured by
powder microdiffraction. The standard distinction between
“microstrain” and “macrostrain” is somewhat arbitrary, but
as a rule of thumb, microstrain refers to strain distributions
that vary within the X-ray illuminated area, which would
cause a spread of interatomic spacings of hkl planes, resulting
in a broadening of the rings associated to those planes.
Formula such as the one provided by the Stokes-Wilson
equation (Stokes and Wilson, 1944) can then be used to
assess microstrain. Macrostrain, on the other hand, refers to
a deformation which is uniform within the X-ray illuminated
area. Such strain does not affect the broadening of the rings
but their ellipticity. By fitting the shapes of multiple rings
to a generalized sin® y equation, it is possible to derive the
entire strain tensor of the crystal (Noyan and Cohen, 1987
Tamura, 2014). Finally, Rietveld refinement (Rietveld,
1969; McCusker et al., 1999) is a technique developed to
refine the crystal structure of unknown compounds through
a high resolution powder X-ray diffractogram (although
originally formulated for neutron diffractograms). Note
that Rietveld refinement could become quite problematic
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if not all reflections of the material are visible because of
angular constraints or preferred orientation (texture). This
well-established technique can be used for a wide variety
of refinement such as size and strain distribution (Lutterotti
and Scardi, 1990; Balzar and Popa, 2005) and texture (Popa,
1992; von Dreele, 1997).

A large variety of software exists to handle powder
X-ray diffraction data obtained with an area detector, and
can readily be used to treat powder microdiffraction data.
Fit2D has been a pioneer in that area and was for a while
the most widely used code for transmission geometry
(Hammersley, 1996). The package contains all the standard
tools such as distance calibration, center determination,
intensity integration and peak fitting that have been
adopted in all subsequent software. The Windows-based
application XRD2DScan provides hands-on routines for
determining average crystal size and quantification of
preferential orientation (Rodriguez-Navarro, 2006) and can
batch-process file series. XRDUA (De Nolf et al., 2014) is
relatively new software that can also process diffraction
tomography data. MAUD (Lutterotti ez al., 1999) specializes
in texture analysis via Rietveld refinement. XMAS (X-ray
Microdiffraction Analysis Software) developed at the ALS
(Tamura, 2014) can process data taken in both transmission
and reflection geometries and can process raster scans into
maps. Let’s also mention XPLOT2D of the XOP package
(Sanchez del Rio and Dejus, 2004) and PyFAI (Kieffer and
Karkoulis, 2013), both designed for performing azimuthal
integrations of 2D detector data. Companies selling 2D
X-ray detectors sometimes provide their own suite of
software such as GADDS developed by Bruker AXS Inc.
(Rowe, 2009). This list is in no way complete.

Powder microdiffraction has been widely used to
identify minority phases in a wide range of geological
samples. Some examples include speciation studies
in ferromanganese nodules (Manceau et al., 2002),
identification of interplanetary particles from the
STARDUST mission (Nakamura et al., 2008), the study
of acid mine drainage (Soler ef al., 2008; Courtin-Nomade
et al., 2012) or establishing the phase distribution at a
heterogeneous cement-clay interface (Dahn et al., 2014).
With regard to powder diffraction in general, we would like
to stress the importance of crystallographic databases for
phase identification. The International Centre for Diffraction
Data (ICDD) has the most comprehensive database of
inorganic compounds, but it is quite expensive and not
always available at the institution hosting the beamline.
Free but less complete databases available online includes
the Crystallography Open Database (COD) (http://www.
crystallography.net), the RRUFF project (http:/rruff.info)
and MINCRY ST (http://database.iem.ac.ru/mincryst/).

Used in scanning mode, powder microdiffraction
becomes an effective way to map phase distribution in a
heterogeneous rock. Typical examples for very fine-scaled
heterogeneous rocks can be found in partially weathered
mine tailings, whose composition and evolution is of

considerable interest since they pose a significant hazard
to the environment due to their potential for toxic element
release. To understand the processes occurring in acid
mine tailings during exposure to atmospheric conditions, a
detailed description, not only of the chemical composition
but also of their mineralogical phase distribution on multiple
scales from pum to km is required. A particular concern is
the mobilization and transport of arsenic, which is present
at toxic concentrations in tailings, where metals were
mined in sulfide ore bodies. In an example from two former
mines (gold and tungsten) in France (Courtin-Nomade
et al., 2012), micro-spectroscopy is combined with powder
microdiffraction to unravel the pH dependent dissolution
and precipitation behavior of As. Combining chemical maps
with powder microdiffraction-derived phase maps allows
researchers to follow the speciation of As in different pH
environment (Figure 3).

The possibility to mount thin sections of samples
in transmission geometry and probe them with a small
monochromatic beam also allows researchers to test in
situ the spatial variation of texture. This has been nicely
shown for authigenically grown ettringite in microscopic
veins (Figure 4a) within decaying concrete (Wenk ef al.,
2009). The diffraction pattern in Figure 4b shows strong
preferred orientation as evidenced by the significant
azimuthal intensity variations. These intensity variations
can be converted into pole figures and inverse pole figures,
revealing a strong fiber texture with the c-axis perpendicular
to the crack surface. This is interesting since ettringite
(trigonal structure, space group P31c,a=11.23 A, c=21.44
A) exhibits the strongest stiffness parallel to ¢ as opposed
to another frequent secondary crack filling mineral phase,
portlandite, Ca(OH),, which grows with its softest direction
perpendicular to the crack surfaces.

5. Polychromatic (Laue) microdiffraction

When crystallite sizes are in the order of magnitude
of the X-ray beam size, monochromatic beam diffraction
becomes challenging because of the necessity to bring sets
of hkl planes into Bragg conditions. To that effect, sample
rotation is a possibility if using a medium-sized beam (a
few microns) large enough to accommodate sample motions
during rotation. Single crystal diffraction conditions may be
achieved this way; however, as noted in the introduction,
the crystallite of interest would first need to be extracted
first from the matrix. Another possibility is to reproduce
a powder pattern. This method is more generally applied
to polycrystalline samples where sample displacements
become an ally rather than a hindrance; as many different
crystals come into diffraction while rotating the sample,
a powder pattern is generated and analytical methods
described in section 3 can be applied. Raster scanning
the polycrystalline sample is another solution to produce
powder diffraction conditions, but this comes at the expense
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Figure 3. Combining chemical mapping as for example derived from X-ray fluorescence (left) with phase maps (right) as obtained from powder
microdiffraction in mapping mode, allows to deduce not only the distribution of As in mine tailings on a micron-scale, but also the mineralogical
speciation. The white rectangle in the XRF map corresponds to the powder microdiffraction map (right); Ps = Parasymplesite, SO = Sulfur, G = Goethite

(From Courtin-Nomade ef al., 2012).

of spatial resolution. A better and less time consuming way
to circumvent sample rotation is to use a polychromatic
instead of monochromatic X-ray beam, simultaneously
satisfying the Bragg condition for a number of reflections.
The resulting diffraction pattern is called a Laue pattern
(Figure 5). Since a single shot is all that is needed to obtain
a Laue pattern, polychromatic microdiffraction is very fast
and is suitable not only for samples having crystallite size
larger than the beam size but also for time resolved studies.
The interpretation of such patterns is usually not as easy;
indexing requires matching a number of angles between
reflections within the Laue pattern with those theoretically
calculated for a given structure (Wenk et al., 1997). As the
wavelength of each reflection is not known a priori from
the Laue pattern alone, interplanar spacing values cannot be
associated to it simply from the position of the reflection on
the detector as with monochromatic beams. Nevertheless,
successful indexing of a Laue pattern not only identifies

the crystalline phase (although isomorphous compounds
cannot be distinguished this way) but provides the full
crystallographic orientation of the crystallite with respect to
an arbitrarily chosen coordinate system (usually the sample
coordinate system).

Small shifts in reflection positions relative to their ideal
ones, as calculated from a perfect unit cell, can also be
measured and converted into the deviatoric strain tensor
and therefore can be used to assess the crystallite’s elastic
deformation (Chung and Ice, 1999). Moreover, local lattice
bendings generated by geometrically necessary dislocations
will result in asymmetric broadening of the reflections.
These reflections can be directly compared to simulations in
order to determine such information as dislocation densities
and crystallographically active slip systems (Barabash et al.,
2001). This can be used to assess the local level of plastic
deformation in the sample.
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Figure 4. (a) Optical micrograph of ettringite (white arrow) coating a
microcrack in a decaying concrete. (b) Powder microdiffraction pattern.
The strong azimuthal intensity variation along the Debye-Scherrer rings
is evidence for a strong fiber texture perpendicular to the crack surface.
(c) Pole figure and inverse pole figure (perpendicular to crack surface) of
diffraction pattern displayed in (b) (from Wenk et al., 2009).

For a beamline with a maximum energy around 20 keV,
Laue microdiffraction works best in reflection geometry
with the detector placed at a higher 20 angle. This stems
from the fact that a sufficient number of reflections have to
be visible on a diffraction pattern in order to unambiguously
index it, and the population of possible reflections is denser
at high angles. Indeed, most minerals have small to medium
size unit cells that create only a few reflections at low angles.
High energy beamlines do not have this limitation and
Laue microdiffraction in that case works perfectly well in
transmission geometry, but the detector has to be translated
further back from the sample to preserve angular resolution.
Since data collection is rather fast (second to sub second
exposure time for each frame), Laue microdiffraction is
often used in scanning mode. Thus, a raster scan of the
sample can be used to map crystalline phase distribution,
crystal orientation, as well as elastic and plastic strains.
Figure 6 shows an example of such maps.

Analytical software capable of rapidly analyzing in a
fully automated way tens of thousands of Laue patterns
is a necessity for such experiments. The XMAS software,
already cited in section 3, was originally written for that

purpose. Additionally, part of its core capabilities are Laue
X-ray microdiffraction patterns, reflection search and
fitting, indexing and strain refinement, as well as many
add-on routines for simulations and data visualization,
and monochromatic beam data analysis. The open source
code LaueTools developed at the ESRF (Robach et al.,
2011) reproduces many of the Laue analysis functionalities
of XMAS in an open source environment, providing
publication ready outputs, and has lately gained increasing
popularity among Laue microdiffraction users in Europe.

Synchrotron Laue microdiffraction had its initial
successes in the study of the mechanical properties of
functional materials and microelectronic devices (Valek
et al., 2003; Rogan et al., 2003; Mehta et al., 2007), but
has now expanded its range of applicability to many other
scientific areas. Probably because the data interpretation
is less straightforward and the methodology is less widely
distributed, Laue microdiffraction has scarcely been used
for geochemical and geological studies. However, recent
studies show that it can be effectively employed to assess
the level of stress in shocked quartz from a meteor impact
site (Chen ef al., 2011a) and to derive the hierarchy and
sequence of mechanical twins in geological calcite, opening
the prospect of using Laue microdiffraction measurements
as a palaeopiezometer (Chen ef al., 2011b).

A series of initial studies applying Laue X-ray
microdiffraction to geological samples explored the
possibilities to measure residual stresses in quartz crystals
from a variety of rocks (Kunz ef al., 2009a; Chen ef al.,
2011a). Quartz is a quite obvious choice as paleo-piezometer,
since it shows very little chemical substitution giving rise
to chemically induced variations in cell parameters, occurs
in a wide variety of rocks and exhibits relatively high
trigonal symmetry thus facilitating accurate determination
of the deviatoric strain tensor. Figure 6 shows an example
of high-resolution maps showing the variation in lattice
orientation as well as the dislocation density within a grain
of quartz from the Bergell granite intrusion. The resolution
in orientation lies around 0.01°, therefore enabling the
measurement of subtle changes in lattice orientations
leading to undulatory extinction in quartz. The dislocation
density map displays the accumulation of dislocations in
the vicinity of cracks.

Figure 7 compares histograms of equivalent strain as
defined by Liu (2005) for three different quartz crystals
with different deformation histories, ranging from synthetic
fully unstrained quartz to 2 billion year old quartz subject
to a meteor impact. While the synthetic quartz showed
no strain signal above experimentally inherent noise, the
shocked crystal shows a distribution of equivalent strain
values centered around 1.5 microstrains. In between these
values is the strain distribution measured on a quartz crystal
extracted from granite, which underwent some moderate
deformation.
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Figure 5. Examples of X-ray microdiffraction Laue patterns. From left to right and top to bottom: textured gold film on silicon, garnet crystal, silicon
blister, shocked quartz, aragonite from abalone shell. The treatment of Laue patterns is usually more complex than for monochromatic patterns.

Figure 6. Orientation (top) and peak broadening (bottom) maps of a piece
of quartz obtained by scanning Laue X-ray microdiffraction. Orientation
varies up to 4o in the entire crystal and dislocation pile-up at subgrain
boundaries are indicated by reflection broadening.

6. Conclusions and future perspectives

Synchrotron X-ray microdiffraction is a powerful
but underutilized tool to study the microstructure of
geological and environmental samples. It can be used
effectively for mapping phase distribution, determining
crystal structure of minute elements and measuring strain
and dislocation densities. Monochromatic (powder) and
polychromatic (Laue) microdiffraction can be used together
in heterogeneous samples to map both nanocrystallized,
or poorly crystallized, and microcrystallized phases using
powder and Laue microdiffraction, respectively. For
example, this combination has been exploited to maximum
effect in the study of ancient ceramics (Leon ef al., 2010;
Dejoie et al., 2014; Dejoie et al., 2015). Initially, in an
effort to avoid the sphere of confusion problem, X-ray
microdiffraction experiments were confined to techniques
that avoided sample rotation. However, due to developments
in data reduction software, the absence of sample rotation
has become the principal strength of microdiffraction.
Today, area detectors work at unprecedented speed and
angular resolution that take full advantage of the high
photon flux provided by synchrotron beamlines (Gruner
et al., 2002; Broennimann et al., 2006; Henrich et al.,
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Figure 7. Distribution of equivalent strain within 3 different quartz crystals
with strongly different deformation histories. Synthetic quartz is a synthetic,
strain free crystal. ‘Granite’ denotes a sample from moderately deformed
granite from the Santa Rosa granite (California); ‘Vredefort’ refers to
shocked quartz granite from the Vredefort impact site (South Africa). The
grain showed planar deformation features attributed to a meteor impact 2
billion years ago (Chen et al., 2011).

2011; Ponchut ef al., 2011). A full diffraction pattern can
be collected in subsecond to a few seconds time with
negligible instrumental downtime. This, combined with
the exponential increase in computing power that we are
currently experiencing, is triggering the next evolution
for the X-ray microdiffraction technique that has been
developed in the last decade. We are in the process of
transitioning from a microstructure mapping tool where
a few hundreds of diffraction patterns are obtained from a
raster scan and processed off-line at the home institution of
the experimenter, to a real-time microstructure imaging tool
where several tens of thousands of patterns are collected
in a reasonable amount of time (no more than a few hours
for a few days of beamtime) and processed transparently
and directly during the beamline. Codes such as XMAS
have already been exported onto supercomputers allowing
extraction of information such as crystal orientation and
strains from thousands of patterns within minutes instead
of hours, rendering the study of dynamic processes such
as crack propagation within reach. Structure solution by
Laue microdiffraction is another area that is benefiting
geology (Dejoie et al., 2013). This might indeed be the only
possible way to solve the atomic structure of tiny unknown
crystals embedded in a heterogeneous, rocky matrix, or
new phases generated under high pressure and temperature
inside a DAC. There are, therefore, strong indications that
synchrotron microdiffraction could become one of the
standard techniques for the geologist and geochemist among
the arsenal of already available tools such as synchrotron
X-ray and Raman microspectroscopies, soft and hard X-ray
imaging, and electron microscopies.
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