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Seismic anisotropy of serpentinite from
Val Malenco, Italy
Hartmut Kern1, Tomas Lokajicek2, Tomas Svitek2, and Hans-Rudolf Wenk3

1Institut für Geowissenschaften, Universität Kiel, Germany, 2Institute of Geology of the Czech Academy of Sciences, Prague,
Czech Republic, 3Department of Earth and Planetary Science, University of California, Berkeley, California, USA

Abstract Serpentinites, deformed in mantle subduction zones, are thought to contribute significantly to
seismic anisotropy of the upper mantle and have therefore been of great interest with studies on deformation,
preferred orientation, and elastic properties. Here we present a combined study of a classical sample from
Val Malenco, Italy, investigating the microstructure and texture with state-of-the art synchrotron X-ray and
neutron diffraction methods and measuring ultrasonic velocities both with a multi-anvil apparatus and a
novel instrument to measure 3-D velocities on spheres. Both, results from diffraction methods and velocity
measurements are compared, discussing advantages and disadvantages. From spherical velocities, elastic
tensor properties can be derived by inversion. Also from quantitative texture measurements, elastic properties
can be modeled by self-consistent averaging. Good agreement between the velocity and microstructural
models is observed.

1. Introduction

Serpentinites are formed at the top of subducting plates when fluids are liberated and transform olivine-
bearing rocks [e.g., Bostock et al., 2002; Boudier et al., 2010; Tibi et al., 2008]. During subduction,
serpentinites may deform and develop crystal preferred orientation as has been documented for samples
from the Alps [e.g., Jung, 2009, 2011], Southern Spain [Padrón-Navarta et al., 2012], Cuba [Van de Moortèle
et al., 2010], Japan [e.g., Nishii et al., 2011; Soda and Takagi, 2010; Soda and Wenk, 2014], and China [Shao
et al., 2014]. Because of the high elastic anisotropy of antigorite crystals [e.g., Bezacier et al., 2010],
representing the high-temperature type of the serpentine minerals, crystal alignment produces significant
anisotropy of serpentinite slabs and may be responsible for the observed trench-parallel seismic
anisotropy in subduction zones [e.g., Long and Van der Hilst, 2006; Smith et al., 2001]. Therefore, there has
been a lot of interest in structural properties of serpentinites, not just natural samples but also in
deformation experiments [e.g., Jung and Green, 2004; Katayama et al., 2009; Hirauchi et al., 2013].

In this study we are returning to an old sample that was studied by Kern et al. [1997]. The goal is to quantify
the microstructure and particularly crystallographic preferred orientation (CPO) in this sample with
modern diffraction methods, time-of-flight (TOF) neutron diffraction, and synchrotron X-ray diffraction.
We will then compare ultrasonic velocity measurements in three orthogonal directions on cubes with
new 3-D velocity determinations on spheres. The samples used for the seismic as well as for the texture
measurements were prepared from the same block of serpentinite. Finally, we will predict elastic
properties of the serpentinite based on CPO data and compare them with those that were
actually measured.

2. Sample, Experimental Techniques, and Results
2.1. Sample

The sample is a serpentinite from Val Malenco, N-Italy, where ultramafic rocks constitute the subcontinental
mantle of the Adriatic lithosphere [Trommsdorff et al., 1993]. All samples (A, B, C, D, and E) used for this study
were prepared from a 6 cm thick rectangular sheet (50 × 50 cm) with the Kiel sample number #987. This
sample, denoted as “source unknown” in the paper by Kern et al. [1997], was provided by a stonemason in
Kiel. Later, it was tracked down that the serpentinite was obtained from a company in Chiesa-Valmalenco,
Italy. The serpentinite is mined in a quarry near the locality Castellaccio. There is a wide variety of
serpentinites with different compositions and microstructures in this area. The sample displays a
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pronounced foliation and lineation, based on
which a Cartesian sample coordinate system was
defined with X parallel to the lineation and Z
perpendicular to the foliation. Foliation and
lineation are defined by oriented platy antigorite
grains and elongated magnetite aggregations.
Whereas the traces of foliation are clearly visible
in the thin section cut parallel to the lineation
(XZ plane, Figure 1b), they are less pronounced
in the section cut normal to the lineation X
(section YZ, Figure 1a), due to the fact that
the platy antigorite minerals rotated to some
degree around X. On the YZ section the foliation
plane can be inferred from the arrangement
of magnetite/chromite aggregates that are
concentrated preferentially within the foliation
(Figure 1a). From the thin sections it is clear that
there is a range of platelet orientations, especially
visible in XZ and XY sections. There is also some
heterogeneity on the scale of the thin sections.

Antigorite is the main component with flat grains
(e.g., Figure 1a). There are some relic olivine
grains from which antigorite transformed.
Fragments of sheared olivine grains are observed
locally, and small relics of olivine grains are
distributed throughout the antigorite matrix.
Aspect ratios of antigorite grains obtained from
length of minor and major axes are in the range
0.3–0.1. There are no large differences in
antigorite shapes between the XZ and YZ planes
(Figures 1a and 1b). Keep in mind that there is
some micro-heterogeneity, and samples for X-ray
and neutron diffraction, and sample cubes and
spheres for velocity measurements are from
different parts (but side by side) of the
macroscopic sample.

At ambient conditions, bulk density of the
serpentinite, as derived from the volume and
the mass of the sample cube, is 2.71 g/cm3. The
optically identified minerals are antigorite, olivine,
magnetite, and chromite. Magnetite and chromite
compose less than 5% of the volume.

2.2. Texture Measurements

Many methods have been used to measure
preferred orientation. While earlier investigations
have relied on the optical microscope, recently
much of the quantitative studies have been done
with diffraction methods [e.g., Wenk, 2013].
Optical measurements with the universal stage
(U-stage) and electron backscatter diffraction
(EBSD) rely on measurements of individual
grains in thin sections, while X-ray pole figure

Figure 1. Petrographic thin sections of the sample illustrating
the microstructure in different directions: (a) X (YZ), (b) Y (ZX),
and (c) Z (YX); Z is normal to the foliation, and X is the lineation.
Most of the microstructure is antigorite. Some grains of olivine
(ol) and magnetite (mt) are marked.
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goniometry, hard X-ray synchrotron image analysis, and neutron diffraction rely on averages over larger
volumes. A recent comparison of U-stage, EBSD, and synchrotron X-ray texture measurements was done
on serpentinites from Japan, and it became apparent that U-stage and EBSD often focus on clusters of
highly aligned large grains and generally exaggerate the orientation strength [Soda and Wenk, 2014].
The low symmetry of antigorite and microstructural complexities pose additional complications and
synchrotron X-rays, and neutron diffraction appeared to be most applicable. Results from the two methods
will be compared.
2.2.1. Synchrotron X-rays
For the synchrotron experiment, the sample is a cylinder, 2mm in diameter and 10mm long. This is a new
geometry we are exploring, compared to earlier measurements on slabs. The advantage of cylinders is that
it provides full pole figure coverage with data. The cylinder was drilled perpendicular to the foliation.
Experiments were performed at the high energy beamline ID-11C of the Advanced Photon Source at
Argonne National Laboratory. The method is described in detail in Wenk et al. [2010a]. The X-ray
beamsize was 0.7mm×0.7mm, with a monochromatic wavelength of 0.10803 Å. The X-ray beam passes
through the sample, and diffraction images were collected with a Perkin Elmer amorphous silicon large
area detector with 2048 × 2048 pixels and mounted about 2110mm from the sample. The sample is
mounted on a goniometer with the axis perpendicular to the incoming X-ray. During the 28 s exposure
the sample was translated 7.5mm parallel to the cylinder axis to provide a better volume average over
~7mm3. A typical image is shown in Figure 2a. The smooth Debye rings from antigorite show regular
intensity variations indicative of preferred orientation. There are strong maxima but also residual
intensity at all orientations, suggesting that a significant portion of grains has random preferred
orientation. There are some coarser spots originating from olivine and magnetite fragments. The sample
was rotated in increments of 15° from �90° to +90°, producing 12 images to derive the preferred
orientation pattern. The pole figure coverage of these images relative to sample coordinates XYZ is
shown in Figure 3a. (The image at �45° could not be used because of intermittent beam fluctuations.)
For calibration purposes an image of a CeO2 standard was recorded at identical conditions. The
images were analyzed with the Rietveld method to quantify orientation distributions. Details will be
described below.

Figure 2. Synchrotron X-ray diffraction. (a) Diffraction image with sample coordinates. Some diffraction lines of antigorite
are labeled, and sample orientation is indicated. The spot pattern in the image comes from inclusions of olivine and
magnetite. (b) Diffraction pattern obtained by averaging over one image. The dot patterns are observed intensities, and the
line is the Rietveld fit. (c) Stack of 36 diffraction patterns in different azimuthal orientations. Shown in the bottom are
experimental data and on top is the Rietveld fit.
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2.2.2. TOF Neutron Diffraction at LANSCE
Preferred orientation was also analyzed with the time-of-flight neutron diffractometer HIPPO at the Lujan
Center of Los Alamos National Laboratory. Because of the high sample penetration by neutrons a larger
sample was used, also cylindrical, 10mm in diameter, and 20mm long (~1500mm3) and, in this case, cut
parallel to the foliation. HIPPO collects diffraction intensities on 32 detectors mounted on rings at six
different angles relative to the incident neutron beam [Wenk et al., 2003; Matthies et al., 2005]. High angle
detectors (e.g., 90°, Figures 4a and 4b) have relatively sharp diffraction peaks but poor count rates, while
low angle detectors have poor angular resolution but high count rates (e.g., 40°, Figures 4c and 4d). Also,
high angle detectors (1–8 in Figure 3b) only cover a small part of the pole figure, while low angle
detectors (e.g., 19–30 in Figure 3b) cover a much wider area. To get adequate coverage, the sample is

Figure 4. TOF neutron diffraction data for serpentinite. Overall background has been subtracted. (a and b) 90° detector
bank; (c and d) 40° detector bank. Figures 4a and 4c are the cumulative diffraction spectra. The dot patterns are experimental
data, and the line is the Rietveld fit. (b and d) Stack of diffraction patterns from detectors on that bank, with experimental data
at the bottom and Rietveld fit above.

Figure 3. Pole figure coverage with experimental data. Sample coordinates are indicated. (a) Coverage for synchrotron
X-ray experiment with Z in the center. The image at 45° could not been used because of problems with the X-ray beam.
(b) Basic coverage of the neutron diffractometer HIPPO, indicating the size of the detectors. (c) Actual coverage for the
serpentinite experiment with three rotations around axis X. Equal area projection.
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rotated about the X axis into three different positions (0°, 67.5°, and 90°). Since the most prominent textural
feature is a (001) maximum of antigorite perpendicular to the foliation plane, the foliation normal was
oriented perpendicular to the rotation axis to cover the texture maximum with all detectors (Figure 3c). At
each rotation, diffractions were recorded over 2 h.
2.2.3. Rietveld Data Analysis
Both synchrotron and neutron diffraction data were analyzed for preferred orientation with the Rietveld
method that refines parameters of a model to provide a best fit with experimental data. The program
MAUD (Materials Analysis Using Diffraction) was used because it provides the best options for texture
analysis [Lutterotti et al., 1997]. Step-by-step tutorials have been developed for synchrotron images
[Lutterotti et al., 2014; Wenk et al., 2014] and for neutron data [Wenk et al., 2010b]. The analyses of these
serpentinite samples lead us to do some modifications of the MAUD program (version 2.50) which are
particularly important for low-symmetry crystals like antigorite with many overlapping diffraction peaks.

For crystallographic data of antigorite we used the monoclinic structure of Uehara [1998], which provided a
good fit, though the antigorite in the sample displays some stacking disorder. We refined the data with and
without olivine. The percentage of olivine from the Rietveld refinement from both the X-ray and neutron
refinement converged to ~5 volume % which is lower than the value of ~20% given by Kern et al. [1997]
measured by point-counting. For the CPO-based modeling, we did not consider minor contributions from
magnetite and chromite. It should be mentioned that for both X-ray and neutron diffraction, fairly
homogeneous portions of the bulk sample were selected. The dot pattern in synchrotron images
(Figure 2a) suggests that olivine has a fairly random orientation. We therefore did not refine olivine CPO.

The texture was refined with the E-WIMV model [Matthies, 2002] with a 10° resolution. The 3-D orientation
distributions were exported from MAUD in a standard 5° × 5° × 5° grid, smoothed with a 7.5° Gaussian filter
in the BEARTEX software [Wenk et al., 1998]. Small rotations were applied to adjust for sample
misorientation (e.g., visible in the synchrotron diffraction image in Figure 2a). Pole figures were calculated
and plotted in equal area projections on the foliation plane (Figure 5). Note that in the texture calculations
for crystals with monoclinic symmetry, first setting ([001] as rotation axis) has to be used [Matthies and
Wenk, 2009]. For labels in figures and representations in tables (e.g., elastic constants) the more familiar
second setting is used with [010] as rotation axis.

The results of the Rietveld refinement are shown in Figures 2b, 2c, and 4. On top (Figures 2b, 4a, and 4c) is a
cumulative diffraction pattern including all data, and at the bottom is a stack of individual diffraction patterns
from one image (Figure 2c) and two rings of neutron detectors (Figures 4b and 4d). The bottom stack is the
experimental data, and the top stack is the Rietveld fit. Based on the similarity of the two, we judge to have
achieved a satisfactory fit, especially for the intensity variations which express CPO.

From pole figures (Figure 5) we conclude that preferred orientation is very strong, with a (001) maximum
perpendicular to the foliation plane and an angular spread toward Y pointing to a great circle girdle in the
ZY plane. X-ray and neutron data are similar, but we will discuss some differences below. There is not
much other alignment. (100) and (010) poles form girdles in the foliation plane, perhaps with a slight
preference of (010) in the lineation direction X. Maximum and minimum pole densities are summarized
in Table 1.

2.3. Velocity Measurements
2.3.1. Velocity Measurements With a Triaxial Apparatus
Classical velocitymeasurements of P and Swave velocities using the pulse transmission techniquewere done at
room temperature and pressures up to 600MPawith a triaxial apparatus at the University of Kiel. Compressional
and orthogonally polarized shear wave velocities were measured on sample cubes (43mm on edges) cut
parallel to macroscopic fabric elements (lineation and foliation). The shear wave transducers were oriented
such that the predominant S1 and S2 particle motions were either parallel or perpendicular to foliation and
lineation. Measurements were done using the pulse transmission technique with transducers operating at
2MHz for P waves and at 1MHz for S waves. Each set of results obtained in the three orthogonal directions
X, Y, and Z is composed of nine velocity values: three P wave velocities and six S wave velocities. Length and
volume (density) of the sample cubes, resulting from changes in the main stress, are obtained from the
piston displacement. The cumulative error in both VP and VS was estimated to be <1%. A detailed
description of the device and the transducer-piston-sample arrangement is given by Kern et al. [1997].
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As explained in Kern et al. [1997], experiments were performed on two cubes (A) #755 and (B) #810. In the case of
#810, velocities were recorded both during loading and unloading. Figure 6a presents Pwave velocities for #810
(cube B) in the three structural directions as a function of pressure and resulting velocity anisotropy, defined
as A= [(Vmax� Vmin) /Vmean] × 100%, where Vmean = (VX+VY+VZ) / 3 [Birch, 1961] [compare with Figure 6a of
Kern et al., 1997]. Figure 7a is a plot of shear wave velocities versus pressure [cube B, #810 of Kern et al.,
1997, not reported]. For selected pressures and for both experiments (#755 and #810), values of P and S
wave velocities and velocity anisotropies are compiled in Tables 2 and 3. The velocity-pressure relations
display the well-known nonlinear velocity increase with confining pressure due to progressive closure of
microcracks and pores resulting from sample compaction. At 200MPa, P and S velocities have stabilized,
except for P perpendicular to the foliation (Z) that is still increasing and correspondingly the anisotropy is still
decreasing. The steeper slope of the linear part of VP in the Z direction indicates a higher degree of
compaction in Z and points to a significant compaction of aligned low-aspect ratio microcracks. It may also
be partially caused by a preferential compaction of the antigorite structure in the direction perpendicular to
the sheet silicate (001) layers with weaker bonding. The linear strain of cube B (#810) at 600MPa, derived

from the piston displacements, is
0.39% in the X direction, 0.46% in the
Y direction, and 0.79% in the Z
direction (normal to foliation). This
intrinsic (600MPa) anisotropic sample
compaction reflects, at least in part,
the anisotropic compressibility of
antigorite as reported by Nestola
et al. [2010], and the slopes of the
linear parts of the velocity-pressure
relations (200–600MPa) are in

Table 1. Results of Rietveld Refinements of X-ray and Neutron Data With
Pole Figure Information (in Multiples of Random Distribution) and Volume
Fraction (in %)

X-ray (D) Neutron (E)

Max Min Max Min

100 2.7 0.4 4.3 0.3
010 3.1 0.5 3.5 0.4
001 13.2 0.2 13.6 0.1
Vol% antigorite 96 95

Figure 5. Selected pole figures for antigorite. (a) Synchrotron X-ray data and (b) time-of-flight neutron data. Equal area projection on the foliation plane. Linear pole
density scale with contours in multiples of random distribution.
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agreement with the anisotropic pressure derivatives for antigorite serpentinite reported by Shao et al. [2014].
The corresponding volume compaction, representing mainly the crack porosity, is 1.63%, and the bulk
density of the aggregate at 600MPa is 2.74g/cm3 compared to 2.71g/cm3 at ambient conditions.

Highest velocities were measured within the foliation plane and lowest normal to it, giving rise to a high
velocity anisotropy. The reduction of anisotropy with pressure is evidence that oriented microcracks (grain
boundary cracks and pores) are a large contribution to velocity anisotropy at low pressure (Table 3). The
observed P wave velocity-hydrostatic pressure dependence can be described by a nonlinear dependence
as described by e.g. Stierman et al. [1979], Zimmerman et al. [1986], Phillips et al. [1989], Pros et al. [1998], Ji
et al. [2007], and Shao et al. [2014]. Pros et al. [1998, equation (7)] used a nonlinear equation, where all four
parameters have a physical meaning:

VP ¼ V0 þ Kv � P � Vdif�10 �P=P0ð Þ; (1)

where VP is the velocity of P wave at hydrostatic pressure P, V0 is the P wave intrinsic velocity extrapolated to
the atmospheric pressure level from high confining pressure interval (ca. 200–600MPa), Kv is the increasing
P wave velocity coefficient of such a sample (numerical expression of the slope of linear part of P wave
velocity—confining pressure behavior), and Kv is the “intrinsic” pressure derivative of the crack-free sample.
Parameters Vdif and P0 show the exponential dependence of velocity according to hydrostatic pressure and
describe the effect of microcracks closing. Vdif is the velocity difference between V0 (intrinsic velocity) and
measured P wave velocity at the atmospheric pressure level. This parameter is directly proportional to the
extrinsic influence of microcracks in the wave propagation direction.

Shear wave velocities measured in the three structural directions of the antigorite serpentinite (cube B, #810)
are presented in Figure 7a and Table 3. Analogous to the velocity anisotropy of P waves, VS anisotropy is also
defined as A-VS= (Vmax�Vmin) / Vmean × 100%, where Vmax, Vmin, and Vmean are, respectively, the maximum,
minimum, and mean velocities measured along the three orthogonal propagation directions and six
polarization directions. The intrinsic S wave anisotropy (600MPa) is about 36%.

An important diagnostic phenomenon for anisotropy is shear wave splitting [Crampin, 1987]. In an
anisotropic medium a shear wave splits into two orthogonal polarization components that travel at
different velocities in the same direction. Very pronounced shear wave splitting is apparent for waves
propagating parallel to X and Y (Figure 7a). The shear wave oscillating parallel to the foliation (YX and XY)
has higher velocity than that oscillating perpendicular to the foliation (ZX and ZY). There is practically no
velocity difference between the two orthogonally oscillating shear waves propagating perpendicular to
the foliation (YZ and XZ). In this direction, the sample behaves quasi-isotropically for S waves. Compared to
the increase in compressional wave velocities (Figure 6a), the increase in shear wave velocities at low

Figure 6. P wave velocities versus pressure in three orthogonal directions X (lineation), Y normal to lineation within the
foliation, and Z (pole to foliation), and corresponding velocity anisotropy (A-VP). (a) Measurements on cube B (#810) with
multi-anvil apparatus [Kern et al., 1997]. (b) Measurements on sphere (C).

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012030

KERN ET AL. SEISMIC ANISOTROPY OF SERPENTINITE 4119



Figure 7. S wave velocities versus pressure in three orthogonal directions X, Y, and Z. YX indicates the shear wave is
propagating in the X direction, with the transverse Y direction defining the polarization plane. (a) Measurements on cube B
(#810) with multi-anvil apparatus [Kern et al., 1997; data not reported]. Only data up to 200 GPa are shown. (b) Calculated data
from sphere measurements.
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pressures is rather small (Figure 7a). Shear wave velocities are less sensitive to the existence of cracks than
compressional wave velocities [e.g., O´Connell and Budiansky, 1974].

The similar velocity-pressure relations of P waves for the X and Y directions (Figure 6a) and the nearly
identical marked shear wave splitting in both directions, as well as the lack of shear wave splitting in Z
(Figure 7a), indicate a quasi-transversal isotropy of the rock with the Z direction as the symmetry axis.
2.3.2. Velocity Measurements on Spheres
The equipment for the measurement of the 3-D velocity distribution of sample spheres at the Institute of
Geology in Prague consists of a pressure vessel connected to a two-step pressure generator, a sample
positioning unit equipped with ultrasonic piezoceramic transducers allowing measurements of P and S
wave velocities on spherical samples with a diameter of 50mm, and a device for generating ultrasonic
pulses and travel time measurement and data acquisition [Lokajíček and Svitek, 2015]. All moving
mechanical parts are located inside the pressure vessel. Details of the device are shown in Figure 8a. The
sample can be exposed to hydrostatic pressures ranging from 0.1 up to 400MPa for P waves and currently
up to 100MPa for S waves. The acoustic signals are excited and recorded by three piezoceramic sensor
pairs with resonant frequency of 2MHz and 700 kHz for measuring P and S waves, respectively. The
equipment allows ultrasonic measurements of spherical rock samples in 132 independent directions by
using a pair of P wave sensors (transmitter and receiver polarized along the radial direction) or two pairs of
S wave sensors (transmitter and receiver polarized tangentially to the spherical sample axis along the
vertical and horizontal directions). For the analysis of the 3-D distribution of P and S wave velocities we
used an angular grid of 15°, and for P waves the coverage is shown in Figure 8b. For a more detailed
description of the measuring procedure, see Lokajíček et al. [2014] and Lokajíček and Svitek [2015].
2.3.3. Spherical Data Processing
Processing of waveforms provides P, S1, and S2 wave travel times in 132 independent directions. Since the P
wave onset is usually noise-free and well defined, the determination of the P wave arrivals is rather easy and
can be performed automatically [e.g., Allen, 1982; Lokajíček and Klíma, 2006; Sedlák et al., 2009; Svitek et al.,
2010]. The pressure dependence for the main sample directions X, Y, and Z is shown in Figure 6b. The S
waveforms, however, are often complex, and their arrivals can be unclear and hidden in noise. For this

Table 2. Comparison of PWave Velocities (km/s) and Anisotropies (%) Obtained From Experiments, Spherical Model, and
CPO-Based Modeling

X (km/s) Y (km/s) Z (km/s) An [%]

Cube A, 100MPa (#755) 7.62 7.25 5.62 29.3
Cube A, 400MPa (#755) 7.66 7.31 5.91 25.1
Cube A, 600MPa (#755) 7.68 7.34 6.20 23.7
Cube B, 100MPa (#810) 7.67 7.35 5.49 31.9
Cube B, 400MPa (#810) 7.76 7.44 5.86 27.1
Cube B, 600MPa (#810) 7.79 7.46 5.99 25.3
Sphere C, 100MPa 7.60 7.11 5.42 30.7
Sphere C, 400MPa 7.86 7.16 5.90 27.4
Sphere C—V0, 0.1 MPa 7.42 6.95 5.29 30.7
Sphere 100MPa calc 7.61 7.14 5.34 31.8
X-rays D 7.26 7.10 6.16 16.1
Neutrons E 7.50 6.96 6.15 19.7

Table 3. Shear Wave Velocities for the Three Structural Directions X, Y, and Z Split Into Two Orthogonal Polarizations
Obtained From Experiments, Spherical Model, and CPO-Based Modeling

YX ZX XY ZY YZ XZ

(km/s) (km/s) (km/s) (km/s) (km/s) (km/s)

Cube A—100MPa 4.42 3.17 4.46 3.24 3.16 3.14
Cube B—100MPa 4.40 3.14 4.44 3.17 3.16 3.17
Sphere C—100MPa 3.83 3.11 3.92 3.16 3.40 3.18
Sphere 100MPa calc 3.94 3.03 3.97 3.31 3.37 3.04
X-rays D 4.17 3.41 4.16 3.44 3.44 3.41
Neutrons E 4.15 3.41 4.15 3.39 3.43 3.38
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reason, the S1 and S2 wave arrivals have to be determined manually, at least for higher values of hydrostatic
pressure. The S wave velocities and shear wave splitting in the main directions are shown in Figure 7b. Since
waveforms are often similar, the delay times between the S wave arrivals at different pressure levels are
determined automatically by cross-correlating the waveforms.

Spreading of elastic waves is described by the equation of motion and further by the Christoffel equation
[e.g., Helbig, 1994; Musgrave, 1970].

det Γij � c2δij
� � ¼ 0 (2a)

where c is the phase velocity of the P, S1, or S2 waves, δij is the Kronecker delta, and Γij is the Christoffel tensor

Γij ¼ aijklninl (2b)

Vector n stands for phase normal and aijkl represent components of a density-normalized elastic stiffness tensor

aijkl ¼ cijkl
ρ

(2c)

Ultimately, the elastic tensor is of primary interest. Without imposing sample symmetry, it cannot be
determined from P and S wave velocities measured only in the principal directions. This is one of the big
advantages of the spherical method, and the following section describes how the tensor can be
determined from many spherical measurements by an iterative method.

First, a few comments about the difference between group and phase velocities. The phase velocity describes
the propagation of plane waves along the vector n. In contrast, signal propagation and energy transport from
transmitter to receiver along a ray are described by a group (ray) velocity. In isotropic media, group and phase
velocity are equal in all directions. This is not the case in strongly anisotropic media, except for a few special
directions. In a medium with orthorhombic symmetry, group and phase velocities are equal along the
principal axes. In other directions, group and phase velocity differ in angle and value depending on the
strength of the anisotropy. For this reason, it is important to understand what kind of velocity is measured

Figure 8. (a) Schematics of the transducer-sample arrangement of the pressure vessel at the Institute of Geology in Prague
with couples of longitudinal piezoceramic transducers, TV, RV—pairs of shear wave transducer with vertical polarization,
and TH, RH—pairs of shear wave transducers with horizontal polarization. Rotations of the sphere and arms are indicated by
arrows. The DC motor enables positioning of sphere and transducers. (b) Coverage of the sphere by 132 measurements.
Equal area projection.
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[e.g., Vestrum and Brown, 1994]. In contrast to the measurements on cubes in the multi-anvil apparatus, we
assume that in our case group velocities are measured, due to the differences in the geometry of the
sample and the configuration of the transducer-sample assembly. In the multi-anvil pressure apparatus the
travel distance of the elastic waves is wide and the receiver samples the flat central part of the wave front.
On the sample sphere in the pressure vessel, however, there is a point source and a point receiver. The
first break at the velocity arrival time on the sphere defines therefore group velocities in most cases.

The phase velocity can be calculated from measured group velocities from the elastic tensor aijkl [equation
(1)]. The group velocity vector v is defined as [e.g., Červený, 2001, equation (2.4.46)]:

vi ¼ vNi ¼ aijklplgjgk ; (3)

where v is the group velocity,N is the ray direction, aijkl are the density-normalized elastic parameters, p=n / c is
the slowness vector, n is the phase normal, c=1 / p is the phase velocity, and g is the polarization vector. Vectors
v and p are related by the following equation,

v�p ¼ 1 (4)

expressing the polar reciprocity of the slowness and wave surfaces [Helbig, 1994]. This condition means that
vector v is normal to the slowness surface p= p(n) and vector p is normal to the wave surface v= v(N). Hence,
if the ray velocity v is measured in a sufficiently dense grid of ray direction N, we can calculate vector n as
normal to the wave surface, using standard differential geometry [e.g., Lipschutz, 1969]. Subsequently, the
phase velocity c can be calculated for vector n using the equation

c ¼ vNini: (5)

Having computed c= c(n), we can invert for anisotropic parameters using perturbation theory. Through an
iterative method in several cycles, we can invert for whole set of 21 elastic parameters. In perturbation
theory, we assume that the anisotropic medium defined by unknown parameters aijkl can be obtained by
a small perturbation of a known reference medium

aijkl ¼ a0ijkl þ Δaijkl (6)

where a0ijkl defines the reference medium and Δaijkl its perturbation. Under this assumption, the cubic
equation for phase velocity c can be linearized as follows [Jech and Pšenčík, 1989; Pšenčík and Vavryčuk, 2002]:

Δ c2
� � ¼ Δaijklninlg0j g

0
k (7)

where g0 defines the polarization vector of the analyzed wave in the reference medium and Δ(c2) is the misfit
between the measured velocity in the studied anisotropic medium and the velocity in the reference medium.
Equation (6) represents a system of linear equations for unknown perturbation Δaijkl which can be solved in
iterations. In the first iteration, the reference medium is assumed to be isotropic. Its P and S wave velocities
can be obtained by averaging the observed directionally dependent velocities over all directions. If only
Pwave velocities are measured and inverted, a rough estimate of the Swave velocity in the isotropic reference
mediummust also be supplied. We can use, for example, a value obtained from the Poisson ratio between the
P and S velocities VS ¼ VP=

ffiffiffi
3

p
. In higher iterations, the reference medium is the result of the previous iteration

[Svitek et al., 2014].

Elastic parameters calculated for 0.1 and 100MPa of hydrostatic pressure are shown in Table 4. The Cij matrix
represents a reduced form of the fourth rank tensor cijkl. Conversion to the second rank tensor is done by
Voigt’s rule [Voigt, 1928] as follows:

11 → 1; 22 → 2; 33 → 3; 23 → 4; 13 → 5; 12 →6

Figure 9 (top) shows measured group velocities and Figure 9 (bottom) calculated phase velocities expressed by
means of spherical distribution of P, S1, and S2 waves and shear wave splitting obtained at 0.1 and 100MPa. All
plots are represented in equal area projections on the lower hemisphere. On the figure, all results are represented
with the same scale for each column. For the Pwave velocity distribution (first column) we can see approximately
orthogonal symmetry. This velocity distribution relates to themacroscopic fabric coordinates with foliation plane
normal Z and lineation X. The velocity distribution is very similar for both pressure levels. Since absolute values of
velocities increase with pressure (e.g., Figure 6b), it suggests that there is a closure of inter-grain microcracks with
increasing pressure. Strength of P, S1, and S2 wave anisotropy at atmospheric pressure is almost 44.5%, 35.5%,
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Table 4. Stiffness Coefficients Cij for Antigorite Single Crystal [From Bezacier et al., 2010] and Values Obtained From
Sphere Velocity Models and Orientation Averaginga

Stiffness Coefficients Cij Antig

Hydrostatic Pressure (MPa)

X-rays Neutron0.1 100

c11 208.4 151 ± 8 157 ± 3 143 153
c22 201.6 132 ± 20 140 ± 13 137 131
c33 96.7 58 ± 21 77 ± 14 103 103
c44 17.4 25 ± 7 27 ± 6 32 31
c55 18.3 23 ± 1 30 ± 1 32 32
c66 65.0 41 ± 8 43 ± 7 47 47
c12 66.2 56 ± 15 62 ± 12 47 46
c13 15.9 35 ± 13 36 ± 10 35 35
c14 0 1 ± 3 1 ± 3 0 0
c15 2.4 5 ± 5 4 ± 3 �1 3
c16 0 2 ± 16 1 ± 14 1 1
c23 5.0 28 ± 12 37 ± 6 36 37
c24 0 �4 ± 4 �3 ± 2 2 1
c25 �4.4 �2 ± 13 �5 ± 15 0 0
c26 0 0 ± 9 0 ± 7 1 0
c34 0 �2 ± 9 1 ± 6 0 0
c35 2.5 1 ± 2 �1 ± 2 0 0
c36 0 7 ± 9 8 ± 8 0 0
c45 0 �2 ± 3 �3 ± 3 0 0
c46 �13.1 4 ± 4 4 ± 6 0 0
c56 0 �2 ± 4 �1 ± 3 1 1

aValues are in MPa.

Figure 9. P and Swave velocities for serpentinite from measurements on sphere and represented in equal area projection.
S1 is the fast and S2 the slow S wave. SWS is shear wave splitting. Scale is in km/s. (top) Direct measurements on sphere.
(bottom) Velocities calculated from elastic tensor that was obtained by an iterative procedure from all measurements.
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and 36.8%, respectively. The minimal P wave velocity increases with pressure by about 730m/s, while the
maximal one only by about 130m/s. This is the reason for the decrease of coefficient of anisotropy from initial
values to 32.2%, 25.7%, and 26.0% for P, S1, and S2 wave velocities, respectively.
2.3.4. Crack Distribution From Sphere Measurements
The multidirectional ultrasonic testing of spherical rock samples can be used for differentiating the spatial
(3-D) “intrinsic” effects of the crystal lattice of rock constituents and the “extrinsic” effects of microcracks
and pores which decrease with increasing hydrostatic pressure. As documented in Figure 6 the extrinsic
influence (influence of cracks) on P wave velocities vanishes at high pressure and the velocity increase
becomes nearly linear. The intrinsic velocity V0 [equation (1)] at atmospheric pressure is directly
proportional to the extrinsic/microcrack influence in the wave propagation direction.

Figure 10a presents the 3-D distribution of the intrinsic P wave velocity V0, and Figure 10b Vdiff, the effect of
microcracks on the 3-D velocity distribution at atmospheric pressure. From the Vdif diagram it can be inferred
that the influence of cracks on P wave velocities is highest in the Z, intermediate in the Y, and lowest in the
X direction of the sample reference frame. This is qualitatively in accordance with the different sample
compaction (linear strain) observed on the sample cube in the multi-anvil apparatus (eZ> eY> eX) [Kern
et al., 1997]. While the P wave velocity pattern is very symmetrical, the crack distribution is oblique, which
can be explained by some oblique fractures in the sample. Figure 10a can be compared with the P wave
velocity distribution based on the elastic tensor obtained from microstructures (Figure 10c).

3. Discussion
3.1. Comparison of Texture Measurements, Advantages, and Disadvantages

Comparing X-ray and neutron pole figures (Figure 5 and Table 1), we notice minor differences. They both
display a strong (001) maximum normal to the foliation. The pole densities of the X-ray pole figures are
slightly lower than those of the neutron pole figures. More significantly, the X-ray pole figures are
smoother than the neutron pole figures. This could have several explanations: The two samples were
prepared from the same large block, but they are different volumes, and there is obviously some
heterogeneity at the millimeter scale (Figure 1). X-ray diffraction has a much higher angular resolution
than neutron diffraction (compare Figure 2b with Figures 4a and 4c), and spectra were taken over a much
larger d-range (10–2Å vs. 4–2Å) which includes the important (001) and (020) reflections (second setting!)
which are not overlapped with others. On the other hand, X-ray data show spot patterns originating from
olivine and magnetite (e.g., Figure 2a) which are difficult to deal with the Rietveld method and may
introduce artifacts. Both measurements produce pole figures with slight deviations from transverse
isotropy, consistent with spherical velocity measurements and microstructures (Figure 1).

Neutron data average over larger sample volumes but only small orientation ranges are covered by detectors
(Figure 3b). Furthermore, the pole figure coverage for neutrons is quite irregular which can be detrimental for
sharp textures of low-symmetry crystals (Figure 3c). Also, for neutrons, there is a high background, produced
mainly by incoherent scattering from water in the antigorite structure. Another problem with the HIPPO
diffractometer is that detectors, composed of many individual detector tubes, may deteriorate as can be
seen by the darker and brighter horizontal lines in Figures 4b and 4d (bottom). This can be partially

Figure 10. (a–c) V0 is the intrinsic P wave velocity distribution measured on a sphere at atmospheric pressure. Vdif is the
crack influence at atmospheric pressure, calculated by means of nonlinear inversion, comparing 400MPa and low pressure
data. (c) Calculated P velocities based on microstructural averaging of synchrotron data.
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resolved by refining scale factors. Overall, for this sample of serpentinite we have more confidence in the X-
ray analysis. As wasmentioned earlier, synchrotron, X-ray, and neutron diffraction average over large volumes
and produce more representative results for bulk properties than EBSD that selects well-crystallized grains on
surfaces [Soda and Wenk, 2014]. These techniques are easily accessible to users but require to submit
proposals and learn about data analysis.

The results for Val Malenco serpentinite, with 13.2 and 13.6m.r.d. maxima for (001) pole figures, are similar to
those obtained for other foliated serpentinites by EBSD such as 8m.r.d. for another sample from Val Malenco
[Jung, 2009, 2011], 4–12m.r.d. for samples from southern Spain [Padrón-Navarta et al., 2012], 38m.r.d. for a
sample from Escambray, Cuba [Van de Moortèle et al., 2010], and several samples from Japan [e.g., 18m.r.d.
for Sanbagawa, Nishii et al., 2011; 5–8m.r.d. for Happo, Watanabe et al., 2014; and 6–20m.r.d. for
Saganoseki, Soda and Wenk, 2014]. While these samples are all strongly textured, many serpentinites,
including in the Alpine nappes, even in Val Malenco, and the California Coast Ranges and Sierra Nevada
foothills, are largely isotropic.

3.2. Comparison of Velocities

The P and S wave velocities and velocity anisotropies measured on two cube samples (A: #755 and B: #810)
are very similar (Tables 2 and 3). The small differences are probably due to sample heterogeneities.

The Pwave velocities measured on the cube (A or B) agree fairly well with those for corresponding directions
of the sample sphere for the pressure range to 400MPa (Figure 6 and Table 3). The same holds for the Pwave
anisotropy (A: 24%, B: 27%, C: 27%). The largest discrepancy is in the Y direction which may be related to a
fracture in the spherical sample. P wave velocities are clearly controlled by the antigorite fabric. This
particularly holds for higher pressures (>200MPa), reflecting the matrix properties of the rock when
effective cracks are largely closed.

There are more significant differences for shear waves between cube and sphere, particularly for propagation
directions parallel to the schistosity (Figure 7). Shear wave velocities measured on the sphere are
systematically lower than those measured on the cube. Similar observations were already made on a
foliated biotite gneiss from Outokumpu [Lokajíček et al., 2014]. The differences are probably due to the
differences in the geometry of the samples with flat surfaces for cube and curved surfaces for sphere, with
limitations for the transducer-sample assembly. The 3-D measurements on the sphere record mostly group
velocities, whereas the velocities measured on the sample cube are phase velocities. We expect that S
wave measurements on spheres can be improved in the future by using different receivers and also
changing the apparatus to allow going to higher pressure.

The potential of the two different techniques used for measuring P and Swave velocities is different. Experiments
on cubes in the multi-anvil apparatus in Kiel can be done at hydrostatic and deviatoric stress up to 600MPa and
temperatures up to 700°C. Furthermore, length and volume (density) change of the cube as a function of
pressure and temperature can be measured in situ by the piston displacements as documented for cube B
(#810). The measurements on spherical samples can currently only be conducted at room temperature
because at higher temperature the viscosity of the contact layer is lower and does not transfer shear waves.

An obvious advantage of multidirectional ultrasonic P and S wave measurements is the possibility to retrieve
full information about the elastic properties of a material by the iterative method described above, and there
is no need for a priori assumptions regarding the symmetry of the sample. These experimental Cij provide a
means to calculate the 3-D velocity distributions (Figure 9). This can currently only be done to 100MPa since
this is the limit of S wave data which are required in the derivation. Calculated and measured P wave
velocities on the sphere at 100MPa are similar, except that Z of the model is lower and thus anisotropy is
higher, probably due to lower S wave velocities (Table 3).

From the velocity measurements on the sample sphere, the 3-D crack distribution in the sample can be
inferred indirectly from Vdiff, as this parameter describes the initial velocity drop caused by the presence of
pores/microcracks at atmospheric pressure. This parameter Vdiff represents the maximum velocity increase
due to the closure of pores and microcracks. Vdiff and Kv are two important parameters that depend on
the porosity and geometrical shape of pores [Ji et al., 2007]. Due to the transducers being spaced at 15°,
the current measuring system is only suitable for 15° measuring nets.
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3.3. Comparison of Experimental Cij With Model Cij Based on Microstructures

In the previous sections we have discussed anisotropy of seismic waves and also used those velocities to
determine elastic properties of the bulk sample (Table 4). A next step is to use the orientation distribution
CPO of antigorite to calculate elastic properties by averaging single crystal elastic properties over orientations.
In this case, averaging was performed using a self-consistent method that takes both crystal orientation and
grain shape into account, using the GeoMixSelf (GMS) approach that relies on a geometric mean. The
method has been developed for graphite [Matthies, 2012] and has since then been successfully applied to
gneiss with several phases [Wenk et al., 2012] and shales with high preferred orientation and porosity [Vasin
et al., 2013, 2014; Kanitpanyacharoen et al., 2015]. The components of the aggregate are defined by
orientation and shape, and each grain is considered as an ellipsoid in an anisotropic medium [Eshelby, 1957].

Inputs for the GMS averaging are orientation distributions (ODF), volume fractions, and assumptions about
grain shapes of the constituent phases, as well as single crystal elastic tensors. For this example we do not
consider the presence of pores. We use 95 volume % antigorite and 5% olivine. ODFs for antigorite for
X-rays and neutrons are described in section 2.2, with selected pole figures in Figure 5. For olivine a
random orientation distribution was assumed. In the case of the sheet silicate antigorite, grain shapes are
linked to the crystal structure. For antigorite, flat ellipsoids with an axis length 1.0 perpendicular to (100),
0.5 perpendicular to (010), and 0.1 perpendicular to (001) were used (monoclinic, second setting). This was
estimated from thin sections, and we assume that all grains have the same shape. As was revealed earlier,
grain shape is not a very sensitive parameter for elastic averaging, and this simplification seems justified
[Vasin et al., 2013]. For single crystal elastic constants we used values of Bezacier et al. [2010], and for
olivine, data from Abramson et al. [1997]. Results for Cij are shown in Table 4 and are compared with data
from velocity measurements. Overall, there is good agreement, first between X-rays and neutrons, and also
with velocity values, except for C33 where averaging results give a higher value, corresponding to lower
anisotropy. In the 100MPa model, porosity is still present. Deviations are within estimated errors.

From the elastic tensors (Table 4) we calculated with the software Beartex [Wenk et al., 1998] P and S wave
velocities assuming a density of 2.71 g/cm3. For P velocities, a spherical projection is shown in Figure 10c
and compared with the experimental sphere model (Figure 10a). The distribution, including deviations
from transverse symmetry, is similar. If we compare P and S velocities in the principal directions from the
microstructural model with those of experiments, the closest agreement for P velocities is with cube A
600MPa results (Tables 2 and 3). Model velocities are slightly lower which could be due to the density
estimate. It could also be due to single crystal elastic properties because there is quite a range of
antigorite compositions and microstructures. The reason why the CPO-based anisotropy is lower could
indicate that in the experimental sample at 600MPa, there is still residual porosity. According to
Christensen [1974], small amounts of spherical (high aspect ratio) pores may be preserved even at
pressures as high as 1 GPa.

The velocity anisotropies for P waves for Malenco serpentinite (15–27%) compare fairly well with serpentinite
from Hida, Japan (23–28%) [Watanabe et al., 2007, 2014] and samples from several locations in Liaoning
Province, China (13–17%) [Ji et al., 2013; Shao et al., 2014]. Thus, the sample described here seems to be
representative of a range of serpentinites found in subduction zones, and elastic data can be used for seismic
models [e.g., Peacock and Hyndman, 1999; Jung and Green, 2004]. This report is intended to present
experimental results for a classic serpentinite sample and not to elaborate on implications formantle anisotropy.

It is clear that in the investigated strongly foliated serpentinite from Val Malenco, the crystallographic
preferred orientation (CPO) of antigorite is the primary cause of the bulk elastic anisotropy. At low
pressures, the alignment of cracks (grain boundary cracks and perhaps some effective microcracks) also
contributes to anisotropy.

4. Conclusions

This study focused on a strongly foliated serpentinite from the Central Alps. Seismic anisotropy was
quantified with ultrasound velocity measurements on cubes and spheres. Results are compared and the
two methods are discussed. Also, on the same sample, preferred orientation of antigorite was measured,
with synchrotron X-ray diffraction and time-of-flight neutron diffraction. Both methods provide similar
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results. From velocity measurements on spheres, elastic properties can be determined without making any
assumptions about sample symmetry. Elastic properties can also be inferred by averaging over crystallites
and their orientations. Both approaches provide similar results, within margins of error. Similar methods
can now be applied to more complex geological materials where anisotropy is significant.
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