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Abstract. The serpentine mineral lizardite displays strong Raman anisotropy in the OH-stretching region, re-
sulting in significant wavenumber shifts (up to ca. 14.5cm™") that depend on the orientation of the impinging
excitation laser relative to the crystallographic axes. We quantified the relationship between crystallographic ori-
entation and Raman wavenumber using well-characterised samples of Monte Fico lizardite by applying Raman
spectroscopy and electron backscatter diffraction (EBSD) mapping on thin sections of polycrystalline samples
and grain mounts of selected single crystals, as well as by a spindle stage Raman study of an oriented cylinder
drilled from a single crystal. We demonstrate that the main band in the OH-stretching region undergoes a sys-
tematic shift that depends on the inclination of the c-axis of the lizardite crystal. The data are used to derive an
empirical relationship between the position of this main band and the c-axis inclination of a measured lizardite
crystal: y = 14.5cos* (0.013x4-0.02)+(3670=1), where y is the inclination of the c-axis with respect to the nor-
mal vector (in degrees), and x is the main band position (wavenumber in cm ~!) in the OH-stretching region. This
new method provides a simple and cost-effective technique for measuring and quantifying the crystallographic
orientation of lizardite-bearing serpentinite fault rocks, which can be difficult to achieve using EBSD alone. In
addition to the samples used to determine the above empirical relationship, we demonstrate the applicability of
the technique by mapping the orientations of lizardite in a more complex sample of deformed serpentinite from

Elba Island, Italy.

1 Introduction

Serpentinites are primarily composed of serpentine miner-
als which are formed in a wide range of tectonically active
environments (e.g. transform faults, mid-ocean ridges, slab—
mantle interface in subduction zones) by hydration of ul-
tramafic rocks such as peridotites (Wang et al., 2020; Rey-
nard, 2013; Evans et al., 2013). Understanding and quan-
tifying the crystallographic orientation of serpentine min-
erals within deformed serpentinitic rocks can provide im-
portant insights into the kinematic history, rheological be-
haviour, and active deformation mechanisms that operate in

such environments and also provide one method of calcu-
lating geophysical properties including seismic anisotropy
(Jung, 2011; Katayama et al., 2009).

The most commonly used modern analytical tool for quan-
tifying crystallographic orientations in polycrystalline sam-
ples is electron backscatter diffraction (EBSD) (Prior et al.,
2009). Recent work has demonstrated that EBSD is possi-
ble on weak phyllosilicates such as talc, following exten-
sive sample preparation (e.g. Lee et al., 2020; Nagaya et
al., 2020), as well as biotite and muscovite (Dempsey et
al., 2011), but generally the crystallographic orientation of
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phyllosilicate minerals, including serpentine, is challenging
to measure using EBSD in part due to technical difficulties
in polishing (Charoensawan et al., 2021; Inoue and Kogure,
2012). A notable exception is antigorite, generally consid-
ered to be the high-temperature serpentine mineral (Evans,
2004) which polishes reasonably well due to its mechani-
cal strength (Amiguet et al., 2014) and has been analysed
with EBSD with moderately high indexing rates (Soda and
Wenk, 2014; Padrén-Navarta et al., 2012; Brownlee et al.,
2013; Van De Moortele et al., 2010). Using traditional pol-
ishing methods, EBSD data on phyllosilicates are typically
limited to grains that have their basal planes sub-parallel to
the thin section surface largely due to amorphisation and
damage to phyllosilicates during polishing of oblique grain
orientations due to mechanical weakness along basal planes
(Inoue and Kogure, 2012; Amiguet et al., 2014; Kronen-
berg et al., 1990). Ion-beam milling techniques have been
developed to overcome this problem, but they require time-
consuming preparation with expensive and specialised ion-
milling equipment (Inoue and Kogure, 2012).

Raman spectroscopy is potentially a useful tool for de-
termining the crystallographic orientation of some minerals
(Zhong et al., 2021; Ishibashi et al., 2008; Tesar et al., 2019).
This is based on comparing the polarisation directions and
intensities of select Raman modes for a range of orientations
relative to polarisation (Zhong et al., 2021). Unlike EBSD
that typically has an interaction volume extending only 10—
50 nm below the sample surface (depending on material den-
sity and acceleration voltage) (Van De Moortele et al., 2010),
the detection volume for confocal Raman spectroscopy with
a high numerical aperture objective can extend up to 1-2 um
below the surface, depending on the properties of the mea-
sured material. This allows for the crystallographic orien-
tation to be determined despite some surface damage and
amorphisation that may occur during sample preparation and
polishing.

Recently, Compagnoni et al. (2021) and Capitani et
al. (2021) reported a significant Raman anisotropy effect in
the serpentine minerals lizardite and polyhedral serpentine,
which results in wavenumber shifts depending on the ori-
entation of the crystals relative to the impinging excitation
laser. In particular, they noted a shift of more than 10cm™!
in the position of the main band in the OH-stretching region
for lizardite. Their analysis included a comparison of Raman
spectra recorded on thin sections cut approximately parallel
and perpendicular to the lizardite (001) planes. In this pa-
per, we confirm that this previously observed shift is due to
the inclination of the c-axis of the lizardite grains relative
to the impinging excitation laser, but we extend the results to
show that the band shift also occurs as a continuum for grains
with intermediate orientations as a function of the inclination
of the c-axis with respect to the orientation of the imping-
ing excitation laser (here and throughout the text, we use the
term lizardite “grain” to refer to a single crystal without inter-
nal sub-grains). Exploiting an empirical relationship between
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wavenumber and c-axis inclination, we propose a methodol-
ogy based on Raman spectroscopy that allows the mapping of
the c-axis inclination of lizardite grains with minimal prepa-
ration directly on standard polished thin sections. The result-
ing detailed maps provide a new way of quantifying and vi-
sualising the crystallographic orientation of lizardite aggre-
gates and individual lizardite grains in samples that may be
difficult to measure using conventional EBSD alone.

2 Methods
2.1 Materials and sample preparation
2.1.1 Monte Fico lizardite vein

The lizardite sample used to calibrate the new method is
a well-studied sample of lizardite vein from Monte Fico,
Elba Island, Italy. Mellini and Viti (1994) and Viti and
Mellini (1997) initially characterised samples of the Monte
Fico lizardite vein by optical microscopy, X-ray diffraction,
scanning electron microscopy, and transmission electron mi-
croscopy. Since then, the sample has been studied using a
diverse range of approaches, including neutron diffraction
(Gregorkiewitz et al., 1996), thermal analysis (Viti, 2010),
Mossbauer and infrared spectroscopy (Fuchs et al., 1998;
Trittschack et al., 2012), Raman spectroscopy (Rinaudo et
al., 2003; Auzende et al., 2004; Trittschack et al., 2012; Cap-
itani et al., 2021; Compagnoni et al., 2021), X-ray diffrac-
tion (Hilairet et al., 2006), and calorimetry (Gailhanou et al.,
2018). Additionally, Monte Fico lizardite has been used as
a starting material for several rock deformation experiments
(Hirose et al., 2006; Viti and Hirose, 2010, 2009; Amiguet et
al., 2014; Tesei et al., 2018).

The vein consists of highly crystalline, elongate, trigonal
to pseudohexagonal prisms of euhedral lizardite with an av-
erage size of 0.3 mm x 0.3 mm x0.7 mm and a strongly de-
fined (001) cleavage. The lizardite grains have both a strong
shape and crystallographic preferred orientation, with elon-
gation of grains along the [001] axis approximately par-
allel to the vein wall. The lizardite has a structural for-
mula of approximately Mg2.79 F€0.16 Al().07 Si1_93 A10.09 05
(OH)3.99, and chemical compositions are generally homo-
geneous throughout (Viti and Mellini, 1997). The lizardite
grains are surrounded by a fibrous matrix of chrysotile that
comprises between 5 % and 20 % of vein samples (Mellini
and Viti, 1994).

2.1.2 Thin section and grain mount preparation

In order to analyse grains with a wide range of crystallo-
graphic orientations, two thin sections were prepared from a
sample of Monte Fico lizardite vein, cut approximately per-
pendicular (MFO1_L, Fig. 1a) and parallel (MFO1 ||, Fig. 1b)
to the elongation direction of lizardite grains in the sam-
ple. In addition, two epoxy resin grain mounts were pre-
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pared: oriented grain mount (OGM, Fig. 2a-b) and random
grain mount (RGM, Fig. 2c—d). To do this, a ~ 3cem? vol-
ume of vein was gently crushed using a hammer to sepa-
rate individual grains. Grains were cleaned in an ultrasonic
bath and individually picked under a stereomicroscope. A
wooden toothpick and tweezers were used to abrasively re-
move chrysotile from the exterior of each individual grain,
followed by a final ultrasonic bath. Individual grains are typ-
ically either elongated with visible (001) cleavage perpendic-
ular to grain elongation (Fig. 2e—f) or flat plates with faces
corresponding to (001) cleavage (Fig. 2g).

In the OGM (Fig. 2a-b), 45 grains were placed with
their long grain elongation axis parallel to the grain mount
surface, and 45 grains were placed with their (001) cleav-
age planes parallel to the grain mount surface. The RGM
(Fig. 2c—d) was made by “sprinkling” a small quantity of
grains (~ 100) onto the surface of the grain mount. Both
the thin sections and the grain mounts were made using
a low-fluorescence epoxy (EpoFix cold-setting embedding
resin, Struers Ltd., Copenhagen, Denmark). Thin sections
and grain mounts were progressively polished with 3 and
1 um polycrystalline diamond pastes (Struers) followed by
further chemical-mechanical polishing on a rotational pol-
isher for ~ 20 min with a colloidal silica suspension (OP-U
NonDry, 0.04 um, Struers).

2.1.3 Single crystal grain spindle mount (SCGSM)

In order to measure the Raman spectrum of a single grain
of lizardite as a function of the inclination of the c-axis with
respect to the incident laser, an oriented single crystal grain
spindle mount (SCGSM) was prepared. Firstly, select grains
were mounted using the same method as described above for
the OGM. EBSD was then performed to determine the crys-
tallographic orientation of the embedded grains, and a grain
with a c-axis inclination of approximately 90° (89.9°) with
respect to the surface of the grain mount was selected (grain
shown in Fig. 2f). A 300 um interior diameter electroplated
hollow diamond drill (UKAM Industrial Superhard Tools,
Santa Clarita, California, USA) was used to extract a cylin-
drical core from this single grain. The grain was drilled such
that the edge of the drill core intersected the crystal edge,
creating one flat edge along the cylinder circumference to
provide a reference for the crystallographic orientation of the
single-crystal core. This results in a single-crystal cylindri-
cal core with the c-axis perpendicular to the rotational axis
of the cylinder. The cylindrical core was fixed to a 0.25 mm
steel shaft using cyanoacrylate glue (Fig. 2h). This shaft was
mounted in a custom-built spindle stage powered by a stepper
motor (NEMA 17HS4401 Bipolar Stepper Motor, 200 steps
per revolution) driven in micro-stepping mode (eight micro-
steps per full step) and controlled by an Arduino microcon-
troller, resulting in an angular resolution of 0.225° per step,
allowing the cylindrical core to be precisely rotated under the
Raman microscope. Raman spectra were measured at every
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Figure 1. Crossed-polarised light photomontages of samples of
Monte Fico lizardite vein (thin section thickness of ~ 70 pum).
(a) Thin section MFO1_L cut approximately perpendicular to the
elongation direction of lizardite grains showing locations of maps 1
and 2 in Figs. 3 and 4. (b) Thin section MFO1|| cut approximately
parallel to the elongation direction of lizardite showing location of
map 3 in Fig. 5.

10° of rotation, with 0° corresponding to a measurement with
the incident laser normal to the (001) plane (a relative c-axis
inclination of 0°) and 90° corresponding to a measurement
with the incident laser perpendicular to the (001) plane (a
relative c-axis inclination of 90°).
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Figure 2. Single crystal epoxy resin grain mounts and single grains used for spindle study. (a) Photograph of oriented grain mount (OGM).
(b) Forescatter detector scanning electron microscope (SEM) image of OGM with successfully indexed grains identified in blue. (¢) Pho-
tograph of random grain mount (RGM). (d) Forescatter detector SEM image of RGM with successfully indexed grains identified in blue.
Panels (e) and (f) show single elongate grains with (001) cleavage planes (marked by white arrows) perpendicular to the grain elonga-
tion. The red circle identifies the approximate location of the core drilled for single-crystal spindle study. (g) Flat platy grain showing face
corresponding to (001) cleavage plane. (h) Schematic illustration of the single crystal grain spindle mount (SCGSM).

2.1.4 Ribbon-textured lizardite serpentinite sample

To demonstrate our technique on a naturally deformed
lizardite-rich serpentinite, we selected a deformed sample
with a strong crystallographic fabric dominantly contain-
ing lizardite. The sample (Sample CV7a; Fig. 10) is a
ribbon-textured lizardite serpentinite collected from a ret-
rograde serpentinite outcrop in eastern Elba Island, Italy
(close to Rio nell’Elba), and described previously by Viti and
Mellini (1998) and Viti et al. (2018). The sample was cut per-
pendicular to a weak foliation and parallel to lineations, and
a thin section was prepared as described in Sect. 2.1.1.

2.2 Electron backscatter diffraction (EBSD) analysis

EBSD data were acquired with an HKL Synergy Inte-
grated EDS/EBSD system (Oxford Instruments) using a
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Zeiss Sigma field-emission gun scanning electron micro-
scope in the Otago Micro and Nanoscale Imaging (OMNI)
facility at the University of Otago, New Zealand. Data were
collected with a step size of 10 um at an accelerating voltage
of 30kV, an aperture of 300 um, and a ~ 70 nA beam cur-
rent. EBSD maps were indexed as lizardite-1T with an aver-
age indexing rate of ~ 45 % for the whole map. Individual
maps were montaged using Oxford Instruments’ AZtec soft-
ware and subsequently processed using the MTEX toolbox
for MATLAB (Hielscher and Schaeben, 2008).

To improve the quality of the analysed data, indexed pixels
with a mean angular deviation (MAD, defined as the angular
deviation between the observed and simulated lattice plane
orientation) larger than 1° were deleted from the dataset.
Grains were reconstructed following the procedure described
by Bachmann et al. (2011), and grain boundaries were de-
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fined as having a misorientation angle of > 10° between
neighbouring pixels. Lizardite grains comprising fewer than
10 pixels were deleted. Additionally, grains with notable
intra-granular distortion were not considered because of the
intra-grain spread of c-axis orientations. Between 23 and 46
internally uniform lizardite grains were identified in each of
the three EBSD thin section maps (total of 125 grains), as
well as 33 and 44 grains from OGM and RGM grain mounts,
respectively. For each selected grain, the inclinations of the
c axes (in an angle range of 0-90°) with respect to the ver-
tical (z vector) were extracted for comparison with Raman
spectroscopy data.

2.3 Raman spectroscopy mapping

Raman mapping was performed in the chemistry department
of the University of Otago on a WITec alpha300 R confo-
cal Raman microscopy system (WITec GmbH, Ulm, Ger-
many) equipped with a thermoelectrically cooled charge-
coupled device (CCD) detector (Andor iDus 401, Oxford In-
struments, Abingdon, UK). A 1200 grooves per millimetre
grating was used, resulting in a spectral resolution of 1 cm™!.
A 532 nm laser (Coherent, Santa Clara, California) at 50 mW
power that was linearly polarised in the x stage dimension
was used. No analyser was used in the reported measure-
ments; however there were no significant differences in Ra-
man spectra with or without the analyser in place. Both 10x
(N.A. 0.1, Zeiss) and 100x objectives (N.A. 0.9, Zeiss) were
used for measurements, with the ability to achieve spatial
resolutions of approximately 1 um and 370 nm, respectively,
when the step size is optimised (Rooney et al., 2018). The
system was calibrated with a monocrystalline silicon wafer
before each session by verifying the position and intensity of
the Si band at 520.6 cm™". Control of the piezo-driven nano-
positioning xy-stage movement and data acquisition were
performed using the WITec Control Plus software. Spectra
were collected in the OH-stretching region of lizardite be-
tween 3540 and 3740cm~!. The 10x objective with a step
size of 10 um was used for Raman mapping of thin sections
(MFO1_L and MFO1||; Fig. 1) and grain mounts (Fig. 2). The
10x objective was used to collect data during the spindle
stage study, although the 100x objective produced equiv-
alent results. The 100x objective with a step size of 1 um
was used to map sample CV7a. Raman maps 1 and 2 were
made on thin section MFO1_L with dimensions of 5500 um by
4000 um (550 x 400 spectra, total of 220 000) and 6670 pm
by 3690 um (667 x 369 spectra, total of 246 123). Raman map
3 made on thin section MF01 || has dimensions of 5500 um by
4000 pm (550 x 400 spectra, total of 220 000). An integration
time of 1s per point was used, resulting in a map acquisi-
tion time of between 62 and 70 h per map. Raman mapping
was performed on each grain in the RGM and OGM samples
individually due to the large space between grains and the
tendency for the epoxy to burn under the excitation laser.
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Raman data processing

Raw Raman data were processed and analysed using WITec
Project Plus software, PeakFit v4.12, and MATLAB. In
Project Plus, Raman spectra were first filtered to remove
spikes due to the incidence of cosmic rays on the CCD
camera, followed by the application of a dynamic back-
ground subtraction algorithm to remove contributions from
any fluorescence signal and elevated background. For the
three Raman maps, suitable grains were first identified in
the EBSD data (see above). The Raman maps were exam-
ined to confirm that the grains selected from EBSD mapping
displayed a uniform and consistent Raman spectra through-
out. In Project Plus, a mask was first created by drawing
within the boundaries of the select grains. The “average”
function was used to produce an average spectrum for each
selected grain based on this mask. The data were imported
into PeakFit v4.12, and the main band was fit using the com-
bined Gaussian—Lorentzian amplitude function which has
the widths of the peak at the base and the full-width at half
maximum (FWHM) as user-refinable parameters. The max-
imum of this fitted function was taken as the position of the
main band.

Raman maps of the spatial distribution of the OH-
stretching mode’s band position for lizardite were made by
using the position of the maximum intensity filter in Project
Plus. The regions corresponding to chrysotile were identi-
fied using the basis analysis function. The data were then
imported into MATLAB, and colour maps were plotted us-
ing a perceptually uniform colour map (inferno colour map;
MPL Colour Maps: https://bids.github.io/colormap, last ac-
cess: 9 May 2022).

2.4 Transmission electron microscopy (TEM)

To provide further information on the grain-scale microstruc-
tures of the naturally deformed lizardite serpentinite (sample
CV7a), we investigated the sample using transmission elec-
tron microscopy. TEM was performed with a JEOL JEM-
2010 microscope (JEOL Ltd., Tokyo, Japan) at the Univer-
sity of Siena in Italy. The TEM was operated at 200 kV with a
LaBg source and ultra-high-resolution pole pieces, resulting
in a point resolution of 0.19 nm. Samples were prepared for
TEM from polished petrographic thin sections made using
a Canada balsam adhesive. TEM grids were extracted from
the sections and mounted on a 3 mm Cu grid with a central
hole 800 um in diameter. Samples were milled to electron
transparency using Ar" ion milling with a PIPS dual ion mill
(Gatan Inc., United States).

Eur. J. Mineral., 34, 285-300, 2022
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3 Results
3.1 EBSD and Raman mapping of thin sections

The microstructural characteristics of the three analysed map
areas in thin sections MFO1.L and MFO1|| (Fig. 1), includ-
ing the results of EBSD and Raman analyses, are shown in
Figs. 3-5 and described in the following two paragraphs.

Maps 1 and 2 show largely equant, sub-rounded crys-
tal sections, displaying the basal plane close to perpendic-
ular to the crystallographic c-axis (Figs. 3a, 4a). Map 3
shows elongate crystal sections close to parallel to the c-
axis (Fig. 5a). Band contrast maps from EBSD analysis show
high rates of indexing and high-quality patterns for lizardite
grains, while the intergranular matrix that is mostly com-
posed of chrysotile does not produce patterns at all (dark
in Figs. 3b, 4b, 5b). As expected from the strong align-
ment of the lizardite crystals, EBSD mapping reveals a rela-
tively strong crystallographic preferred orientation (CPO) of
lizardite (Figs. 3d, 4d, 5d). Grain [001] axes are clustered
at large angles to the thin section surface in maps 1 and 2
(sub-parallel to the z direction, Figs. 3c—e, 4c—e) and lie ap-
proximately within the plane of the thin section in map 3
(sub-parallel to the y direction, Fig. 5c—e). In all three maps
there is substantial spread in the c-axis orientations caused
by the spread in grain-shape preferred orientations visible in
the microstructural images.

Raman spectroscopy mapping was performed across the
same three regions used for EBSD mapping, with spec-
tra recorded in the OH-stretching region between 3540 and
3740 cm™!. When plotted as false-colour images based on
the position of the main OH-stretching band, the maps high-
light variation in the position of the main band, which is vari-
able from grain to grain but generally quite consistent within
single grains (Figs. 3f, 4f, 5f). The spectra of the intergran-
ular matrix correspond to chrysotile (e.g. “i” in Fig. 3f and
g). Elongate grains, which broadly correspond to grains for
which the c-axis lies close to the plane of the section, display
a main band shifted to lower wavenumbers near 3670 cm™!
(e.g. “ii” in Fig. 3f and h). Equant, rounded grains, which
correspond to grains for which the c-axis is closer to nor-
mal relative to the plane of the section, display a main band
at a higher wavenumber approaching 3684.5cm™! (e.g. “iv”
in Fig. 3f and h). Grains of intermediate c-axis orientation
display a main band located between 3670 and 3684.5 cm™!
(e.g. “iii” in Fig. 3f and h). In un-normalised spectra where
the main band occurred at lower frequencies, the Raman in-
tensity was approximately 1 order of magnitude greater than
for spectra in which the main band manifested at higher fre-
quencies (Fig. 6a). In all spectra, a secondary peak occurs at
~3701 cm™!, which displays an increase in relative inten-
sity for spectra in which the main band was shifted to higher
frequencies in the normalised spectra.
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3.2 EBSD and Raman mapping of the grain mounts

The OGM sample consists of 45 equant, sub-rounded grains
with their (001) cleavage planes (the basal plane) approx-
imately parallel to the grain mount surface (top half of
Fig. 2a-b) and 45 elongate grains with their c-axis approx-
imately parallel to the grain mount surface (bottom half of
Fig. 2a-b). The RGM grain mount consists of a wide range
of grain shapes, ranging from sub-rounded to elongate, scat-
tered across the grain mount surface. EBSD mapping of the
OGM reveals that the c-axis inclinations of the equant, sub-
rounded grains are 0-20°, and those of the elongate grains
are between 70 and 90°. EBSD mapping of the RGM shows
that the c-axis of the grains are between 0 and 90°, with two
population clusters at O to 10 and 80 to 90°, likely due to pref-
erential settling during deposition of the flat surfaces of the
equant and elongate lizardite grains during the grain mount
preparation. Raman spectroscopy mapping of the grains re-
veals a similar relationship between the position of main OH-
stretching band and the c-axis inclination as noted for the thin
section maps in Sect. 3.1.

3.3 Single crystal gain spindle mount Raman study

A normalised plot of spectra collected during rotation of the
SCGSM stage shows that for a c-axis inclination of 0°, the
main band of the Raman spectrum occurs at ~ 3670 cm™!
(Fig. 7). A non-linear increase in the wavenumber position is
observed for spectra taken at increasing c-axis inclinations,
up to 90° where the band occurs at ~ 3684.5 cm™!. The rela-
tive change in wavenumber position of the main band is small
for changes in c-axis inclination near the extreme values of
0 and 90°, and it becomes progressively larger for changes
in inclination around 45°. The secondary peak occurs consis-
tently for all spectra at ~ 3701 cm~!, which displays a some-
what regular increase in relative intensity for spectra at in-
creasing c-axis inclinations. All spectra display a very broad,
flat band at ~ 3590 cm™!, with a spread of ~ 200 cm~ L. The
relative intensity of this band is greatest for lowest c-axis in-
clinations, with a progressive decrease in intensity for higher
c-axis inclinations. Spectra taken for low c-axis orientations
(near 0°) display evidence of a shoulder at ~3688cm™!,
while spectra taken for high c-axis orientations (near 90°)
display possible shoulders at ~ 3656 and ~ 3663 cm~!. Un-
normalised spectra show that the lowest c-axis inclinations
display generally higher relative Raman intensity, decreas-
ing with greater c-axis inclination, but this relationship is not
entirely consistent throughout (Fig. 6b).
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Figure 3. EBSD and Raman map 1 on thin section MFO1_L. (a) Cross-polarised light photomicrograph with mapped area in the red box.
(b) Image quality band contrast map from EBSD analysis. (¢) Inverse pole figure (IPFZ) map from EBSD analysis coloured with the inverse
pole figure scheme shown on the right. (d) Pole figure (lower-hemisphere equal area, one point per grain) of [001] orientations (c-axis).
(e) Histogram of the relative frequency of the c-axis angle from z for each grain. (f) Raman-based map displaying the position of the
main OH-stretching band of lizardite. Green areas represent chrysotile-dominated matrix. (g) Representative spectrum of the chrysotile
matrix (corresponding to point i in panel f). (h) Select spectra from the Raman map for grains with c-axis close to the plane of section (ii),
intermediate in orientation (iii), and with c-axis close to normal relative to the plane of section (iv). The light grey rectangle highlights the
secondary peak at 3701 cm™~! observed in all spectra.
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Figure 4. EBSD and Raman map 2 on thin section MFO1_L. (a) Cross-polarised light photomicrograph with mapped area in the red box.
(b) Image quality band contrast map with selected grains from the EBSD analysis highlighted in green. (¢) Inverse pole figure (IPFZ) map
coloured with the inverse pole figure scheme shown on the right. (d) Pole figures (lower-hemisphere equal area, one point per grain) of [001]
orientation (c-axis). (e) Histogram of the relative frequency of the c-axis angle from z for each grain. (f) Raman-based map displaying the
position of the main OH-stretching band of lizardite. Green areas represent chrysotile-dominated matrix.

4 Discussion

4.1 Empirical relationship between Raman OH band
position and lizardite c-axis inclination

In order to evaluate the empirical relationship between the c-
axis inclination of lizardite and the position of the main band
in the OH-stretching region, we plotted the band positions of
select grains in Raman maps 1, 2, and 3 (Figs. 3b, 4b, and
5b), as well as grains from the two grain mounts (Fig. 2b and
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d), against their corresponding crystallographic c-axis ori-
entations obtained from EBSD mapping of the same grains
(Figs. 3c, 4c, and 5c¢). Grains in maps 1, 2, and 3 were se-
lected on the basis that both the Raman and EBSD data
were consistent and of high quality with no major distor-
tions to the crystal lattice and no internal grain boundaries.
We also added the coupled c-axis inclination and Raman
dataset from the SCGSM stage study. Figure 8 shows that
the results from thin section, grain mount, and spindle stage
datasets are consistent and define a smooth sinusoidal func-
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Figure 5. EBSD and Raman map 3 on thin section MFO1b. (a) Cross-polarised light photomicrograph with mapped area in the red box.
(b) Image quality band contrast map with selected grain from the EBSD analysis highlighted in green. (c¢) Inverse pole figure (IPFZ) map
coloured with the inverse pole figure scheme shown on the right. (d) Pole figures (lower-hemisphere equal area, one point per grain) of [001]
orientations (c-axis). (e) Histogram of the relative frequency of the c-axis angle from z for each grain. (f) Raman-based map displaying the
position of the main OH-stretching band of lizardite. Green areas represent chrysotile-dominated matrix.

tion, with the wavenumber of the main Raman band posi-
tion in the OH-stretching region decreasing towards higher
c-axis inclinations. The relationship between the position of
the main lizardite band and the c-axis inclination can be fit by
a function of the fourth power of cosine with the following
relationship:

y = 14.5co0s* (0.013x + 0.02) + 3670,

where y is the inclination of the c-axis with respect to the
vector normal to the observed surface (in degrees), and x is
the main band position (in cm™') in the OH-stretching re-
gion.

https://doi.org/10.5194/ejm-34-285-2022

This equation suggests that in samples containing lizardite
grains that are substantially larger than the spatial resolution
of a Raman microscope, the position of the main band in the
OH-stretching region could be used as a proxy for the c-axis
inclination of lizardite in serpentinites. This is potentially an
alternative way of determining the crystallographic fabrics,
and derivative geophysical properties, of complex and fine-
grained lizardite samples that are often difficult to analyse
using EBSD alone (see also Sect. 4.4 below). These results
are consistent with the observations of Raman anisotropy in
lizardite documented by Compagnoni et al. (2021) and Cap-
itani et al. (2021), who noted the shift in the main band po-
sition for grains with c-axis inclinations of approximately 0
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Figure 6. (a) Un-normalised spectra of labelled grains from Fig. 3.
(b) Un-normalised spectra from SCGSM study.

and 90°. However, the results presented here show that the
relationship is systematic for grains of all orientations, indi-
cating that there is potential for this technique to be further
exploited to reveal fine-scale microstructural characteristics
that may not otherwise be possible to study using other tech-
niques.

4.2 Error analysis

The main error in the calibration of this technique is the spec-
tral resolution of the Raman microscopy system, which is on
the order of 1 cm™!. The standard error on the mean of the
averaged Raman spectra for the grains used in the calibration
plot is on the order of 0.1cm™!, while the standard devia-
tion of the crystallographic orientation for the grains mea-
sured by EBSD is on the order of 0.5°. This means that the
inherent error is dominated by the spectral resolution of the
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Raman system. Given the spread of data, a range of 1 cm™!
about the fitted sinusoid encapsulates the data well and pro-
vides a semi-quantitative estimate of the error of the method
(Fig. 8). Given the sinusoidal nature of the relationship, mea-
surements at the extreme ends of the distribution where the
curve flattens will be less distinguishable than the central sec-
tion of the curve where the relationship is close to linear.

4.3 Cause of the Raman anisotropy

Lizardite is a 1 : 1 layer silicate, formed by tetrahedral sheets
and brucite-like trioctahedral sheets (Fig. 9). Two different
hydroxyl groups can be distinguished: one emerging at the
centre of the six-membered tetrahedral rings (inner OH, or-
ange in Fig. 9) and one emerging within the interlayer space
(outer OH, black in Fig. 9) that is responsible for the hydro-
gen bonding with the above layer (Balan et al., 2002, 2021;
Rooney et al., 2018). Both O—H bond types are broadly par-
allel to [001]. The main band of the lizardite Raman spec-
trum in the OH-vibrational region can be decomposed into
multiple components which are attributed to the outer OH
stretching modes (Rooney et al., 2018; Fritsch et al., 2021;
Auzende et al., 2004). According to recent works, the higher-
frequency components correspond to the longitudinal opti-
cal (LO) frequency of the modes, while the lower frequency
corresponds to the transverse optical (TO) frequency of the
modes (Balan et al., 2002, 2021).

When a measurement is made on a lizardite crystal with
the excitation laser incident on the (001) plane (a relative
c-axis inclination of 0°), the in-phase stretching mode of
the outer-OH groups, corresponding to the LO mode, is en-
hanced (Fritsch et al., 2021; Balan et al., 2021; Farmer,
2000). Conversely, with the excitation laser perpendicular
to the (001) planes (relative c-axis inclination of 90°), the
TO mode at lower frequency is enhanced relative to the LO
mode (Balan et al., 2021; Farmer, 2000). This phenomenon,
known as LO-TO splitting, is predicted to be on the order of
14-21cm™! (Balan et al., 2021), consistent with our observa-
tions of a range of 14.5 cm™~! between the spectra for a c-axis
inclination of 0 and 90° (Fig. 8). This effect was also reported
by Farmer (2000) for Raman spectra of the phyllosilicate clay
mineral dickite, which suggests that this technique could be
adapted for mapping the crystallographic orientation of other
phyllosilicates and clays that are difficult or time-consuming
to analyse using other techniques such as EBSD.

4.4 Application of the method to deformed lizardite
serpentinite

We applied our new Raman-based crystallographic orienta-
tion mapping technique to a sample of strongly deformed
serpentinite characterised by a texture known as ribbon tex-
ture (Maltman, 1978; Fig. 10), mostly consisting of lizardite.
This texture develops as a result of shearing of pseudo-
morphic mesh-textured serpentinite, leading to the formation
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certainty.

of interconnected, anastomosing to sub-parallel networks of
lizardite rims in which the lizardite (001) planes are approx-
imately parallel to the shear direction (Tesei et al., 2018; Viti
et al., 2018). Thin section photomicrographs of this sam-
ple (CV7a) show interconnected “ribbons” of lizardite up to
100 pum thick separating dark elongate patches corresponding
to the deformed mesh cores, consisting of chaotic random
chrysotile, lizardite, and poorly crystalline serpentine with
abundant magnetite (Fig. 10a, b). EBSD was attempted on
this sample, but insufficient signal leading to extremely low
indexing rates meant that a meaningful EBSD map could not
be produced.

The false-colour Raman map produced using the tech-
niques described previously shows that the c-axis inclina-
tions of the lizardite are relatively high throughout the anal-
ysed area and range from 60 to 90° (Fig. 10c). A selec-
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Figure 9. The crystal structure of lizardite (Rooney et al., 2018).
(a) Viewed from a silicate tetrahedral sheet looking down to the
adjacent octahedral sheet, direction [001]. The crystal cell is shown
in green, while the corners of the tetrahedra and octahedra represent
oxygen atoms. The hydrogen atoms of the outer hydroxyl groups
are shown in black, and the hydrogens of the inner hydroxyl groups
are shown in orange. (b) The crystal structure viewed along [110]
which is shown in (a) as the yellow line.
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Figure 10. Raman spectroscopy mapping of the crystallographic orientation of lizardite in sample CV7a, a lizardite ribbon-textured serpenti-
nite from eastern Elba, Italy. Thin section image of sample in (a) cross-polarised light and (b) cross-polarised light with a wave plate inserted.
The mapped region is outlined in a white box. (¢) Raman-based map displaying the inclination of the c-axis of lizardite. Grey regions with no
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OH-region Raman spectrum for the deformed cores in (¢) displaying a mixed spectrum of lizardite and chrysotile. (e) Representative spectra
from the Raman map in (¢) which demonstrate the shift in the main band in the OH region for lizardite, which can be related to the inclination
of the c-axis of lizardite. (f) Histogram of the c-axis inclination for every measured point. (g) TEM image of sample CV7a which shows
columnar lizardite crystals with a large base and a thinner “apex”. (h) TEM image of sample CV7a which shows columnar lizardite crystals
oriented at a large angle to the elongation direction of the ribbons.
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tion of spectra taken from different locations within the Ra-
man map (points i—v in Fig. 10c) show a relatively nar-
row spread in band positions (3670-3673.5cm™!) due to
the strong crystallographic preferred orientation of lizardite
(Fig. 10e). Lizardite immediately adjacent to the deformed
cores displays a c-axis inclination > 80°, visible in Fig. 10c
as a dark rim around the margins of the deformed cores. Ra-
man mapping also indicates that the mesh cores (grey areas
in Fig. 10c) consist of mixed chrysotile and lizardite inter-
grown below the spatial resolution, resulting in a mixed Ra-
man spectra (Fig. 10d). The abundant magnetite present in
the mesh cores results in permanent damage to the thin sec-
tion during mapping due to the oxidation of magnetite to
haematite by heating from the excitation laser (Shebanova
and Lazor, 2003). Despite the limited range of band posi-
tions and c-axis orientations in the analysed area, our map-
ping technique shows that the lizardite ribbons have a colum-
nar internal structure in places, with narrow (< 10-20 um)
columnar domains orientated at large angles to the edges of
ribbons, separated by well-defined boundaries across which
there are small but discrete changes in c-axis inclination
(Fig. 10c). This is consistent with the microstructure of the
lizardite ribbons observed in plane (Fig. 10a) and crossed-
polarised (Fig. 10b) light images. A histogram of the relative
frequency of the c-axis orientation calculated from the Ra-
man map (Fig. 10c) shows that the c-axis inclinations domi-
nantly range from 60 to 90°. Additionally, TEM analysis re-
veals that the lizardite grains form sectors that are colum-
nar to triangular in shape with the apex orientated at large
angles to the boundaries of the deformed ribbons (Fig. 10g,
h). The lizardite sectors comprise planar (001) lattice fringes
with minor defects such as interlayer partings, kinking, and
other crystal-structural faults. The lizardite (001) planes in
adjacent sectors are slightly misoriented with respect to one
another. These observations are all consistent with previous
high-resolution studies of deformed mesh-textured serpenti-
nite (Viti and Mellini, 1998; Viti et al., 2018). A comparison
of the Raman-based map to optical microscope and TEM
observations indicates that our new Raman mapping tech-
nique is capable of discerning relatively small and subtle mi-
crostructural features at a nominal resolution of less than a
few microns.

4.5 Further considerations and potential limitations

Lizardite spectra in the OH-stretching region reported in the
literature show some variability. However, the reported peaks
are generally consistent, with a main peak reported between
3681 and 3688cm~! and a secondary peak between 3701
and 3707 cm ~! (Petriglieri et al., 2015; Auzende et al., 2004;
Rooney et al., 2018; Tarling et al., 2018). The spread in re-
ported values can be attributed to differences in Raman mi-
croscopy systems and calibration techniques. However, ex-
cept for the recent reports by Capitani et al. (2021) and Com-
pagnoni et al. (2021), there are no published examples of
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lizardite displaying a significant shift in the bands respon-
sible for the main hydroxyl peak. Raman measurements ex-
cite phonon modes with approximately half the wavelength
of the excitation laser (532 nm), on the order of ~260nm
(Farmer, 2000, 1998). For platy grains with a thickness less
than this scale, the in-phase vibration of the outer OH groups’
TO modes are inhibited, and the LO modes prevail at the
higher frequency (Farmer, 2000; Kloprogge, 2017; Prencipe
et al., 2009). Natural serpentinite fault rocks such as serpen-
tinite mylonites often consist of fine-grained (sub-micron)
and texturally complex intergrowths of different serpentine
minerals and accessory phases (Tarling et al., 2019; Rooney
et al., 2018; Tarling et al., 2021). TEM observations show
that the grain size of lizardite in many natural serpentines is
on the order of hundreds of nanometres or smaller (Viti and
Mellini, 1998; Andreani et al., 2005; Rumori et al., 2004;
Tarling et al., 2021). This may explain why most previously
reported Raman measurements in the OH-stretching region
of lizardite display a main band with a wavenumber towards
the upper end of the range reported here. Thus, a limitation
of our new methodology is that Raman-based CPO measure-
ments may only be possible when the lizardite grain size is on
the order of 250 nm or greater. The spatial resolution of the
Raman system sets an additional constraint on the spatial res-
olution of these measurements. The diffraction-limited Ra-
man system used in this study has a spatial resolution of
~ 370 nm using the 100x objective (Rooney et al., 2018).
These requirements and constraints may limit the applicabil-
ity of this technique on many natural serpentinites, which are
frequently characterised by sub-micron intergrowths of mul-
tiple serpentine minerals (Viti and Mellini, 1998; Andreani
et al., 2005; Rumori et al., 2004; Tarling et al., 2021; Rooney
et al., 2018). Despite these limitations, the availability of Ra-
man instruments, and the relatively simple and cost-effective
requirements for sample preparation, makes this technique a
valid alternative to EBSD-based CPO measurements if the
sample requirements (i.e. grain size) can be satisfied. Addi-
tionally, the technique provides some advantages over EBSD
because it is relatively insensitive to surface polishing dam-
age and amorphisation, which means that it can be success-
fully applied even when EBSD fails.

5 Conclusions

We demonstrate that a strong orientation anisotropy effect in
the Raman spectra of lizardite can be used to measure the
c-axis orientations of lizardite crystals and lizardite-bearing
samples and to generate detailed maps of the crystallographic
preferred orientation (CPO) of lizardite serpentinites. This
new methodology is based on a shift in the main band in
the OH-stretching region due to LO-TO splitting, which de-
pends on the orientation of the excitation laser relative to the
inclination of the c-axis of a grain. The technique can be ap-
plied to high-throughput mapping and allows for the map-
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ping of the c-axis inclination of lizardite grains in texturally
complex, lizardite-bearing serpentinite samples with mini-
mal preparation and directly on standard polished thin sec-
tions. The LO-TO splitting effect has also been reported in
the Raman spectra of the phyllosilicate clay minerals kaoli-
nite (Farmer, 1998) and dickite (Farmer, 2000), as well as
other hydrous minerals such as gibbsite (Wang and Johnston,
2000). This suggests that our Raman-based technique could
be adapted to map the crystallographic orientations of other
phyllosilicates and OH-bearing minerals that are challenging
to analyse using other techniques.
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