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ABSTRACT

We have developed a detailed study on the pressure
dependence of P-wave velocities and amplitudes on a spheri-
cal sample of antigorite serpentinite from Val Malenco,
Northern Italy. Measurements were done at room tempera-
ture and hydrostatic pressures up to 400 MPa in a pressure
vessel with oil as a pressure medium. The transducer/sample
assembly allows simultaneous velocity and amplitude mea-
surements on the spherical sample in 132 independent direc-
tions. Three significant directions of the foliated sample
were selected to study changes of the directional dependence
(anisotropy) of velocity, amplitude, and Q-factor with in-
creasing pressure. Remarkable differences are observed be-
tween the changes of velocity and attenuation anisotropy as
pressure is increased. Although the velocity anisotropy is
quite stable through all pressure levels, the attenuation
anisotropy and the Q-factor vary significantly in magnitude
and orientation. The variations are probably caused by the
closing of microcracks due to acting hydrostatic pressure, so
the contact conditions between individual minerals consoli-
date and the transmitting energy is less attenuating.

INTRODUCTION

Seismic velocity and attenuation anisotropy are important prop-
erties of many crustal and mantle rocks. The velocity anisotropy
characterizes the directionally dependent propagation velocity of
seismic waves, whereas attenuation anisotropy controls the direc-
tionally dependent dissipation of seismic energy. The role of veloc-
ity and attenuation anisotropy in understanding the evolution of the
earth crust and upper mantle is becoming increasingly important
because the measured anisotropy has a structural origin. Major

constituents of the upper and lower crusts are felsic and mafic
gneisses. The alignment of phyllosilicates and amphiboles in these
rocks gives rise to marked anisotropy (Kern, 1993; Barruol and
Kern, 1996). Seismic anisotropy observed in upper mantle rocks
(peridotite and pyroxenite) is mainly due to crystallographic pre-
ferred orientation (CPO) of olivine and pyroxene, respectively (Ba-
buška, 1984). The CPO-based calculated velocities and anisotropy
describe the intrinsic (matrix) properties of a rock, whereas the ex-
perimental velocity data describe the seismic properties of the real
rock, controlled by the rock matrix and the effect of microcracks
and grain boundaries. These extrinsic effects are strongly affected
by pressure and temperature.
In the past few years, the minerals of the serpentine group

(chrysotile, lizardite, and antigorite) have received increasing inter-
est because they play an important role in the dynamics of subduc-
tion zones (Watanabe et al., 2007). The different types of serpentine
are a result of mantle wedge hydration and represent different levels
in subduction zones, according to their different stabilities at P and
T conditions (Ulmer and Trommsdorff, 1995; Hacker et al., 2003a,
2003b). Antigorite is stable up to pressures of 5 GPa and temper-
atures of approximately 600°C (Ulmer and Trommsdorff, 1995) and
antigorite-rich serpentinites are characterized by a strong CPO
of antigorite (Ji et al., 2013; Shao et al., 2014; Kern et al.,
2015). Compared with the numerous papers referring to modeled
(Jung, 2011; Watanabe et al., 2014) and measured seismic proper-
ties (VP, VS) of antigorite serpentinites (Kern et al., 1997; Ji et al.,
2013; Shao et al., 2014), the papers reporting experimental mea-
surements of the pressure dependence of wave velocity and attenu-
ation and their anisotropies are very rare.
Measuring and determining anisotropic attenuation and its param-

eters are complicated from technical as well as theoretical points of
view. Klíma et al. (1962, 1964) investigate the pressure dependence
of the attenuation of the P-waves in diabase and greywacke, and Jack-
son et al. (2002) measure the seismic wave attenuation in polycrystal-
line olivine. To our knowledge, the only measurements of wave
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attenuation of antigorite serpentinite are reported by Kern et al.
(1997). They measure the P- and S-wave velocities and their attenu-
ation on a cubic sample in three fabric-related orthogonal directions
at pressures up to 600 MPa and temperatures to 700°C. They find, for
example, that the linear slopes of the S-wave velocities (VS1, VS2)
measured in the three directions greater than 100 MPa corresponded
to the linear behavior of VP and indicated no evidence for an auxetic
behavior of the VP∕VS ratio (Poisson’s ratio) for the three prop-
agation directions. The measurements also proved the remarkable
anisotropic attenuation in the serpentinite and its variation with tem-
perature and pressure. However, the experimental setting with mea-
surements in three single directions could not provide a complete 3D
distribution of rock attenuation.
This paper presents a laboratory study of joint measurements of

velocity and attenuation anisotropy of antigorite serpentinite in 3D
coverage together with their pressure dependency up to 400 MPa.
Because ray velocity and ray attenuation are measured in the experi-
ment, the ray quantities are recalculated to phase quantities and then
inverted for parameters of general triclinic velocity and attenuation
anisotropy. The variations of the pressure-induced velocity and at-
tenuation anisotropy are analyzed in detail in the symmetry direc-
tions of velocity and amplitude extremes that relate to the mineral
fabric (foliation and lineation) and of microcrack fabric (microcrack
alignment).

THE SAMPLE AND EXPERIMENTAL SETUP

Sample characteristics

In this paper, the sample studied is a serpentinite from Val Malenco
in the Western Alps, Northern Italy. It was prepared from the same
block of serpentinite (sample 987) used by Kern et al. (1997, 2015).
The serpentinite is an antigorite-rich rock exhibiting pronounced foli-
ation and lineation with relics of primary olivine minerals. The foli-
ation is defined by preferentially oriented platy antigorite grains and
the lineation by the long axes of the platy antigorite minerals and
elongated magnetite aggregations. A direction normal to the foliation
(FN) plane as well as a direction parallel to the lineation (LD) are
generally used as a reference frame in structural geology. In this
work, we have selected another significant direction that corresponds
to the minimum amplitude observed at 400 MPa (AD) and we com-
pare measured and calculated quantities in these three directions. The
microstructure of the sample is characterized by a pronounced micro-
heterogeneity (Kern et al., 1997), documented by irregularly spaced
millimeter-scale banding. The bands with strong foliation are domi-
nated by oriented platy antigorite minerals that locally wrap around
the elongated lenses of olivine crystals, and the bands with weaker
foliation by antigorite mixed with remnants of olivine. Grain sizes
of the antigorite minerals vary generally between 10 and 100 μm,
but they can go up to 500 μm. The volume fractions determined on
three orthogonal thin sections by point counting (Kern et al., 1997)
and by EBSD analysis (L. Morales, personal communication, 2016)
are 75–78 vol% antigorite and 18–20 vol% olivine. Synchrotron
X-ray and neutron diffraction measurements (Kern et al., 2015) re-
vealed a strong CPO of the antigorite (001) poles normal to the foli-
ation. Although the synchrotron X-ray and neutron diffraction
revealed girdles of the (100) and (010) poles within the foliation
plane, the EBSD analysis (L. Morales, personal communication,
2016) showed maxima of the (100) poles oriented parallel to lineation
and those of the (010) poles normal or slightly oblique to lineation

with a tendency of a girdle formation. The antigorite fabric exhibits
orthotropic symmetry. At ambient conditions, the bulk density of the
serpentinite, derived from the volume and the mass of the sample
cube, is 2.71 g∕cm3.

Ultrasonic measurements on the spherical sample

The equipment for the measurement of the 3D velocity and am-
plitude distribution on the spherical sample consists of a pressure ves-
sel connected to a two-step pressure generator, a sample positioning
unit equipped with ultrasonic piezoceramic transducers allowing
measurements of the P-wave attributes on samples with a diameter
of 50 mm. A device for generating ultrasonic pulses, traveltime meas-
urement, and data acquisition was used (Lokajíček and Svitek, 2015).
The sample was exposed to hydrostatic pressures ranging from 0.1 to
400 MPa. The transformer oil served as the hydraulic medium. The
thin layer of epoxy resin was applied as a protection against oil
penetration into the sample. The acoustic signals were excited and
recorded by a piezoceramic sensor pair with a resonant frequency
of 2 MHz. The equipment allows for the ultrasonic measurements
of spherical rock samples in 132 independent directions by using
a pair of P-wave sensors (the transmitter and receiver are polarized
along the radial direction). The 3D distribution of the P-wave veloc-
ities and amplitudes was analyzed in an angular grid of 15°.

THEORY AND INVERSION METHOD

This section deals with methods used for determination of veloc-
ity and attenuation anisotropy from measured data on a spherical
rock sample. The velocity and attenuation anisotropy is studied us-
ing a model of an anisotropic viscoelastic medium.

Wave propagation in anisotropic viscoelastic medium

The anisotropic viscoelastic medium is described by complex-
valued, frequency-dependent, viscoelastic parameters (Auld, 1973;
Carcione, 2014). Their real and imaginary parts describe the elastic
and attenuation anisotropy. The equations for waves in viscoelastic
media are similar to those in elastic media except for being com-
plex. Implementing complex algebra into equations is rather simple,
but, still, some care is needed for understanding the physical mean-
ing of the complex-valued quantities.
The wave propagation in anisotropic viscoelastic media has been

studied by many authors. Properties of plane waves were analyzed,
for example, by Carcione and Cavallini (1993), Deschamps et al.
(1997), Shuvalov and Scott (1999), Deschamps and Assouline
(2000), Červený and Pšenčík (2005, 2006), Zhu and Tsvankin
(2006, 2007), and Rasolofosaon (2010). For the point sources, the
wavefronts were analyzed, for example, by Carcione (1994); high-
frequency wavefields were modeled by the ray method by Hearn
and Krebes (1990), Gajewski and Pšenčík (1992), and Zhu and Chun
(1994); and complete wavefields were computed by directly solving
the wave equation by Carcione (1990, 1993) and Carcione et al.
(1996). The exact and asymptotic Green’s functions for a homo-
geneous medium were derived (Vavryčuk, 2007a), and some solu-
tions of the complex eikonal equation for a special type of an
inhomogeneous medium are reported (Vavryčuk, 2012). Methods
for determining viscoelastic parameters from measured velocities
and amplitudes of waves were developed by Vavryčuk (2015) and
Vavryčuk et al. (2017).

WA34 Svitek et al.
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Basic formulas

A viscoelastic anisotropic medium is defined by density-normal-
ized complex-valued and frequency-dependent stiffness parameters:

aijkl ¼ cijkl∕ρ; (1)

where cijkl are the viscoelastic stiffness parameters and ρ is the den-
sity. The real and imaginary parts of aijkl

aijklðωÞ ¼ aRijkl þ iaIijkl; (2)

define the elastic and viscous properties of the medium. The fre-
quency dependence of the viscoelastic parameters is mostly due to
the imaginary parts aIijkl, and the real parts aRijkl are usually assumed
to be frequency independent (see Vavryčuk [2007a], his equation 2.5)
or only slightly frequency dependent to satisfy the Kramers-Kronig
relations. The Christoffel tensor Γjk is

ΓjkðpÞ ¼ aijklpipl; (3)

where p is the slowness vector p ¼ n∕c, c is the complex phase
velocity, and n is the complex slowness direction. From eigenvalues
G and eigenvectors g of the Christoffel tensor (for elastic media, see
Červený [2001], his equation 2.2.34; for viscoelastic media, see Vav-
ryčuk [2007b], his equation 10)

GðpÞ ¼ aijklpiplgjgk ¼ 1; (4)

we can calculate the complex phase velocity c that describes a propa-
gation of plane waves in a homogeneous anisotropic medium. The
determination of complex viscoelastic parameters aijkl from the com-
plex phase velocity surface c ¼ cðnÞ is a nonlinear inverse problem
which can be solved using perturbation theory and iterations (see Svi-
tek et al., 2014; Vavryčuk, 2015).
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; (5)

where a0ijkl defines the reference medium and Δaijkl its perturba-
tion. Under this assumption, the equation for the square of the phase
velocity c2 can be linearized as follows (Vavryčuk, 1997; Pšenčík
and Vavryčuk, 2002; Svitek et al., 2014):

Δc2 ¼ c2 − c20 ¼ Δaijklninlg0jg0k; (6)

where c0 and g0 define the complex phase velocity and complex
polarization vector in the reference medium, Δc2 is the misfit be-
tween the squared phase velocity calculated from measurements
and from the velocity in the reference medium. Using perturbations
Δaijkl, we obtain parameters aijkl by equation 5. The calculated
medium serves as the reference medium in the next iteration.
The iterations are repeated until perturbations Δaijkl are negligibly
small.

Inversion strategy

In this work, we use measurements of velocities and amplitudes
of P-waves; thus, only 15 viscoelastic parameters can be established
with a satisfactory precision (Vavryčuk, 2009; Svitek et al., 2014).
Because the emitter of the ultrasonic waves is much smaller than the
size of the rock sample, the waves can be considered to be generated
by a point-like source. In this case, the ray quantities are measured
(Vavryčuk, 2007b) and have to be recalculated to the phase quan-
tities before inverting them for parameters of viscoelastic aniso-
tropy. In addition, amplitudes measured on the spherical sample
are affected by several factors of different origins: (1) the quality
of the contact between the sample and transducer, (2) the radiation
pattern of a point source in an anisotropic rock, (3) the geometric
spreading of waves, and (4) the decay of amplitudes due to aniso-
tropic attenuation. Therefore, the measured amplitudes must be cor-
rected and effects (1–3) properly eliminated to deal with the effect
of anisotropic attenuation only.
The individual steps of the inversion for anisotropic viscoelastic

parameters are as follows:

• Parameters aRijkl of elastic anisotropy of a rock are deter-
mined from measurements of the ray velocity Vray (see Svi-
tek et al., 2014).

• Measured amplitudes are calibrated for a quality of the con-
tact between the sample and transducer using independent
measurements on a spherical sample of glass.

• The radiation pattern and geometric spreading of elastic
waves propagating in the anisotropic rock are calculated
(Vavryčuk, 2007a; Vavryčuk et al. [2017], their equation 16).

• The measured amplitude decay of the signal is corrected for
the radiation pattern of a point source in the anisotropic rock
and for geometric spreading. The corrected value is normal-
ized to a unit ray length.

• Having calculated ray velocity Vray and ray attenuation Aray,
we determine the inverse of the complex energy velocity v
for a set of ray directions N as follows (see Vavryčuk et al.
[2017], their equation 8):

1

v
¼ 1

Vray
þ iAray: (7)

• We construct the complex energy velocity surface for ray
directions N:

v ¼ vðNÞ: (8)

• Using the reciprocity equation (for elastic media, see Mus-
grave [1970], his equation 7.4.1a; for viscoelastic media, see
Vavryčuk [2007b], his equation 12)

v · p ¼ 1; (9)

the complex phase velocity surface is constructed for a set of
slowness directions n (for details, see Appendix A):

c ¼ cðnÞ: (10)

• The calculated elastic anisotropy parameters are used for
defining the reference medium. We invert for 15 weak-
anisotropy-attenuation (WAA) parameters from the complex

Anisotropic attenuation in serpentinite WA35
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phase velocity surface using equation 30
of Vavryčuk et al. (2017). The remaining
six WAA parameters describing the tri-
clinic viscoelastic anisotropy are related
to propagation of S-waves and cannot
be retrieved from P-wave measurements.
This does not pose any difficulty because
the predicted P-wave quantities are not
sensitive to them.

• Finally, the obtained viscoelastic parame-
ters are used for calculating the theoretical
complex phase and energy velocities c
and v, and subsequently for calculating at-
tenuations and Q-factors:

Aphase ¼ −
cI

cRcR þ cIcI
;

Aray ¼ −
vI

vRvR þ vIvI
; (11)

Qphase ¼ −
ðc2ÞR
ðc2ÞI ;

Qray ¼ −
ðv2ÞR
ðv2ÞI ; (12)

where v ¼ ffiffiffiffiffiffiffiffi

vivi
p

and c ¼ 1∕ ffiffiffiffiffiffiffiffiffi

pipi
p

.

For a detailed description of the inversion
method, see Vavryčuk et al. (2017), in which
the method was also numerically tested on syn-
thetic as well as experimental data.

RESULTS

Figures 1 and 2 show the measured ultrasonic
P-wave velocities and amplitudes on the spherical
sample at nine pressure levels in the range of 0.1–
400 MPa. The data were measured in 132 inde-
pendent directions in the regular 15° grid. The
velocities (in km∕s) and amplitudes (in mV) were
measured on the samewaveforms. The directional
distribution of velocities in Figure 1 shows a high-
velocity plane (foliation plane) with the maximum
velocity oriented in this plane (lineation direction)
and one main region of low velocities perpen-
dicular to the foliation plane. This pattern suggests
anisotropy close to orthorhombic (orthotropic)
symmetry. Based on Figures 1 and 2, three signifi-
cant directions are selected to describe and com-
pare results obtained by high-pressure experiment
on the spherical sample. The values measured at
400 MPa were considered at the selection: (1) LD
— lineation direction (maximum velocity direc-
tion), (2) FN — foliation normal (defined as the
normal to the foliation plane, minimum velocity
direction), and (3) AD — amplitude direction
(direction of the minimum amplitude at 400MPa).

Figure 1. The 3D P-wave velocity distribution (in km∕s) measured at nine pressure
levels in the range of 0.1–400 MPa. The 2D projection is used, where the coordinates
of points inside the circles are the x1 and x2 components of the direction vector. This
defines the orthographic projection with the viewpoint (90°, 0°). The viewpoint notation
is specified by two angles (azimuth and elevation), where (90°, 0°) corresponds to axis
þx1 pointing right, þx2 pointing up, and þx3 pointing to spectator. For a definition of
the directions LD, FN, and AD, see the text.

Figure 2. The 3D amplitude distribution (in mV) projected on the spherical surface,
measured at nine pressure levels in the range of 0.1–400 MPa. Viewpoint (90°, 0°).
For details of the projection, see the caption of Figure 1. For a definition of the directions
LD, FN, and AD, see the text.

WA36 Svitek et al.
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Figure 1 shows that the velocity distribution over the spherical
surface is stable through all pressure levels. No change in aniso-
tropy orientation and in its symmetry is observed. The velocity
distribution shows one significant plane of high velocities with
maximum oriented in one single direction. On the contrary, the area
of minimum velocities is oriented perpendicular to this layer. The
maximum velocities increase with pressure by approximately
300 m∕s whereas the increase in the minimum velocities is more
than 1000 m∕s. Consequently, strength of velocity anisotropy de-
creases with increasing pressure.
The amplitudes measured on the rock sample are sensitive to a

contact between the sample and transducers. Because this contact
can differ at individual pressure levels, it must be calibrated and
the amplitude measurements corrected. Calibration of the contact
conditions between the spherical sample and pair of transducers
was performed on an amorphous glass sphere with a diameter of
50 mm, subjected to hydrostatic pressure from 0.1 to 400 MPa. Be-
cause no velocity change was observed in all directions in this range
of pressure, we can deduce that the observed increase of amplitudes
reflects the change of the contact between the sample and transduc-
ers. The amplitudes measured at 400 MPa were three times higher
than those measured at 0.1 MPa. The increase was approximately
linear from 5 MPa. Consequently, the amplitudes measured on the
serpentinite sample were corrected to eliminate the effect of a differ-
ent contact between the sample and transducers at each pres-
sure level.
The directional distribution of amplitudes at low pressures (see

Figure 2) is similar to the distribution of velocities. Maximum am-
plitudes are observed in the foliation plane and correlate with the
maximum velocities. However, in contrast to the velocity distribu-
tion, which is quite stable for all pressure levels, the amplitude dis-

tribution displays remarkable changes through individual pressure
levels. These changes are mostly observed in directions close to
the foliation normal (FN). The amplitudes significantly increase with
increasing pressure and form a new local maximum for pressures
greater than 100 MPa. This might be caused by the closure of micro-
cracks, which leads to a change of friction conditions and results in a
decrease in signal attenuation. The lowest amplitudes are observed in
the FN direction at low pressure. However, the direction of the lowest
amplitude changes by acting pressure. Consequently, this direction is
inclined by 45° from the foliation plane at 400 MPa.
Figure 3 shows the measured velocities (a and e), measured am-

plitudes (b and f), calculated normalized radiation pattern (c and g),
and calculatedQ-factors (d and h) at 0.1 and 400 MPa, respectively.
The normalized radiation pattern is calculated according to equa-
tion 16 of Vavryčuk et al. (2017) for a point source in an elastic
anisotropic rock described by parameters inverted from measured
velocities in Figure 3a and 3e. We selected a different viewpoint
in Figure 3, to better identify a behavior of individual quantities
in the LD, FN, and AD directions. The black dots on the spherical
surface mark points of measurements, and the white letters mark
the selected directions. The velocities, amplitudes, and Q-factors in
these directions are studied in detail in the following text. The ra-
diation pattern (RP) shows the effect of the velocity anisotropy on
amplitudes radiated by a point source. The RP in Figure 3c is cal-
culated through the Green’s function of the elastic anisotropy re-
trieved from the velocity distribution (Figure 3a). The Q-factor
(Figure 3d) is then calculated from the amplitude distribution (Fig-
ure 3b) corrected to RP (Figure 3c).
Figure 4 shows the variation of the P-wave velocities with pres-

sure in selected directions. The exponential increase in the mini-
mum velocity for pressures up to 100 MPa suggests closing of

Figure 3. (a and e) The 3D projection on the spherical surface of measured velocities, (b and f) amplitudes , (c and g) calculated normalized
radiation pattern (RP), and (d and h) rayQ-factors at 0.1–400MPa, respectively. The black dots represent points of measurement, and the white
letters mark the selected directions — lineation (LD), foliation normal (FN), and amplitude minimum (AD). The positions of the LD, FN, and
AD directions are marked by the circle, cross, and plus signs, respectively. The x1, x2, and x3 axes show the orientation of the sample.
Viewpoint (−40°, 20°).

Anisotropic attenuation in serpentinite WA37
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microcracks oriented perpendicular to the minimum velocity direc-
tion (FN). The trend of this line remains quasilinear at pressures
greater than 100 MPa. The trend of the maximum velocity (LD)
is quasilinear in the whole range of pressures. This indicates that
no microcracks are aligned in the direction perpendicular to the di-
rection of the maximum velocity (LD). According to the velocity
dependence in the main structural directions, the rock sample exhibits
a crack preferred orientation only in the direction parallel to the foli-
ation plane. The effect of crack closure and rock compaction is also
expressed by a reduction of the strength of the velocity anisotropy
from 46% to 29% at 0.1 and 400 MPa, respectively. A coefficient
of anisotropy (in percent) is calculated using the following equation:

k ¼ 200
dmax − dmin

dmax þ dmin

; (13)

where dmax and dmin are the global extremes of the quantity d over all
directions. This formula is used for calculation of the velocity, am-
plitude, and theQ-factor anisotropy. The velocity anisotropy strength

is quantified in Figure 4 by two coefficients: (1) kVGlobal — calcu-
lated from the global velocity maximum and minimum, and
(2) kVSelected — calculated from velocities in the selected directions.
Both lines are almost identical which means that the selected direc-
tions mostly coincide with the global maximum and minimum. The
third direction, selected as the direction of the minimum amplitude
(AD) measured at 400 MPa, is associated with no anomaly in the
velocity distribution and looks like a regular direction in the velocity
pattern. No significant changes of velocity are observed in the AD
direction through individual pressure levels.
As indicated in Figure 5, the variation of measured amplitudes

with pressure is slightly different than the variation of velocities.
The amplitude increase with pressure is roughly linear for values
greater than 50–100 MPa, but the increase has a significantly differ-
ent rate in the selected directions. The increase in amplitudes in the
AD direction is much lower than in the LD and FN directions. Be-
cause the amplitude in FN is lower than in AD at 0.1 MPa and the
amplitude increase in FN is quite strong, the AD and FN curves
intersect (at approximately 15 MPa). The low increase in ampli-

tudes in the AD direction causes that this direc-
tion becomes the global minimum at high
pressure. A complex behavior of amplitudes in
the selected directions is reflected in the variation
in the coefficient of anisotropy: (1) kAGlobal —
calculated from the global amplitude maximum
and minimum, and (2) kASelected — calculated
from amplitudes in the selected directions. Con-
trary to velocities, the extremes of amplitudes mi-
grate to different positions with the pressure
rising. This is the reason why the curves of
kAGlobal and kASelected do not coincide.
Figures 6 and 7 show the P-waveforms re-

corded in directions LD, FN, and AD at different
pressure levels. In the LD direction (Figure 6a),
the arrival time of the P-waves decreases only
slightly with the increasing pressure from 6.5
to 6.0 μs. At high pressure levels, a high-fre-
quency undulation is visible. Amplitudes of the
high-frequency signal start growing at the pres-
sure level of 100 MPa when most of the cracks
oriented perpendicular to the LD direction are
closed. The observed frequency coincides with
the resonance frequency of the transmitter. This
frequency is suppressed at low pressure because
of the scattering of waves by microcracks and
grain boundaries and attenuation. The low-fre-
quency signal reflects structural/textural inhomo-
geneities on a large scale and multiple reflections
from the surface of the sample.
The arrival time of the P-waves in the FN di-

rection (Figure 6b) decreases more strongly with
pressure from 10.2 to 8.5 μs, which corresponds
to the minimum velocity in Figure 4. In compari-
son with the LD, a strong filtering of all frequen-
cies can be seen at low pressure. This is due to a
system of microcracks oriented perpendicular to
the FN, which are open at low pressures (less than
100 MPa) and the energy of the signal attenuates
significantly. However, the contact among mineral

Figure 4. Measured P-wave velocities in three selected directions and coefficients of
anisotropy kVSelected and kVGlobal as a function of pressure. The errors in velocities are
estimated to be approximately 2% (Vavryčuk et al., 2017).

Figure 5. Measured P-wave amplitudes in three selected directions and coefficient of
anisotropy kASelected and kAGlobal as a function of pressure. The errors in amplitudes are
estimated to be approximately 10% (Vavryčuk et al., 2017).
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grains improves with pressure; thus, more energy
can be transferred along the trace. Consequently,
the high-frequency content of the signals increases
with the increasing pressure.
A comparison of waveforms recorded in three

selected directions at all pressure levels is shown
in Figure 7. The blue, green, and red curves show
waveforms in the LD, AD, and FN directions,
respectively. Although high-voltage crosstalk is
visible at the beginning of each signal, the P-wave
signals are not affected. The effect of anisotropy
on velocity and attenuation is clearly visible in
individual directions and at various pressure lev-
els. Similarly, the differences in behavior of veloc-
ities and amplitudes in relation to the intrinsic
structure of the rock material are well pronounced.
One could expect small amplitudes of the signal in
the slow direction (FN); however, once micro-
cracks are closed, the amplitudes in the FN direc-
tion are almost of the same size as in the fast
direction (LD). On the contrary, the AD direction
is characterized by a moderate velocity, even
though the amplitudes are minimal. This direction
is oriented approximately by 45° to the foli-
ation plane.
Figure 8 presents the directional variation of

the Q-factor at pressure levels 0.1–400 MPa cal-
culated based on the method described in section
3. The Q-factor distribution is changed with the
pressure in the shape and in the symmetry orien-
tation. The variation of the Q-factor over the
spherical sample is rather small at low pressure.
However, the Q-factor increases as well as the
difference between its maximum and minimum
values with pressure. This is caused by the clo-
sure of microcracks leading to improvement of
contact conditions (internal friction) among min-
eral grains, so the transfer of energy is more
efficient.
The increase of the Q-factor variation with

pressure is reflected in strength of the Q-factor
anisotropy. Figure 9 shows the development of
the Q-factor with pressure in the LD (blue), FN
(red), and AD (green) together with the coefficient
of anisotropy calculated from the global maxi-
mum andminimum (kQGlobal) and from the values
in the selected directions (kQSelected) using equa-
tion 13. The trend of both curves is rising with
pressure, which is opposite to the trend of the
velocities and amplitudes shown in Figures 4
and 5, respectively. Although the kQGlobal and
kQSelected curves are parallel to each other, the re-
lation between them suggests that the selected di-
rections LD, FN, and AD do not coincide with the
global maximum and minimum. The gray trian-
gles and squares in Figure 9 show data of Kern
et al. (1997, their figure 6) measured in directions
parallel to the lineation and normal to the foliation
plane, which should correspond to the LD and FN

Figure 6. P-waveforms at individual pressure levels recorded in the (a) LD and (b) FN
directions. The FN direction coincides with the normal to the system of microcracks.

Figure 7. A comparison of waveforms recorded at individual pressure levels in selected
directions: parallel to lineation (LD, blue), perpendicular to foliation, layers, and micro-
cracks (FN, red), and the minimum of amplitudes at 400 MPa (AD, green). A high-volt-
age crosstalk between the transmitter and the receiver is visible at the beginning of the
signals. All signals are plotted with the same sensitivity.
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directions, respectively. Because both data sets were measured on
different samples and the Q-factor was calculated using different
methods, the results of Kern et al. (1997) are slightly different.
The heterogeneity of the material might also play an important role.

DISCUSSION

Kern et al. (1997) describe the relation between the serpentinite
texture and anisotropy of velocity and attenuation based on the

ultrasonic sounding in three mutually perpendicular directions. In
the presented experiment, the velocity and amplitudes are measured
in 132 independent directions, which are distributed over the spheri-
cal surface of the sample. The dense coverage of directions is nec-
essary for a detailed monitoring of changes in the orientation of
velocity and amplitude anisotropy, and for the inversion for accurate
anisotropy-attenuation parameters. Note that retrieving the velocity
and attenuation anisotropy complicates two factors: First, the mea-
sured ray quantities must be recalculated to the phase quantities,

and, second, the measured amplitudes must be
corrected for the radiation pattern of elastic
waves propagating in the anisotropic rock before
the inversion.
The P-wave velocity distribution shows strong

anisotropy resulting from CPO of constituent
minerals, compositional banding, and the spatial
variation of modal composition. The pressure
dependence of the P-wave velocity can be di-
vided into two parts of a different character (Pros
et al., 1998; Ullemeyer et al., 2011): (1) an expo-
nential increase of velocity from 0.1 to 100 MPa,
mainly due to the microcrack closure, and (2) a
linear increase of velocity from 100 to 400 MPa,
due to the pressure influence on the intrinsic
velocity of the rock fabric (see Figure 4). The
strong intrinsic velocity anisotropy (k ∼ 30%) re-
flects the alignment of platy antigorite minerals,
which constitute approximately 75 vol% of the
serpentinite (Kern et al., 1997). The fact that
the presence of microcracks increases anisotropy
(approximately by 10%) without changing its ori-
entation (Figure 1), may be explained by the ac-
tive role of the antigorite grain boundaries, which
form a microcrack system parallel to the foliation.
This interpretation is in accordance with the pho-
tomicrograph of antigorite grain boundaries pub-
lished in Kern et al. (1997). The velocities
measured in the FN and AD directions are influ-
enced by these microcracks, whereas the LD is
almost crack free (Figure 4).
The P-wave velocities measured on the sphere

in the three orthogonal structural directions com-
pare fairly well with those measured by Kern
(1993) and Kern et al. (1997) on sample cubes of
the antigorite serpentinite. The same holds for the
anisotropy of the P-wave velocities. Also, the
calculated P-wave velocities based on the CPOs
of antigorite obtained by the synchrotron and
neutron diffraction are in reasonable agreement
with the experimental data.
Due to the point contact between the ultrasonic

sensors and the tested specimen, the ray velocity is
measured in this experimental setup. The mea-
sured amplitude response is then a combination
of two effects: (1) the elastic radiation pattern
(RP) of the point source generating the ultrasonic
waves and (2) the anelastic attenuation. To obtain
the Q-factor, the measured amplitudes must be
corrected for the RP effect. The fact that the cor-

Figure 8. The P-wave rayQ-factor calculated for nine pressure levels in the range of 0.1–
400 MPa. Viewpoint (90°, 0°). For details of the projection, see the caption of Figure 1.
Directions LD, FN, and AD are marked by the circle, cross, and plus signs, respectively.

Figure 9. Dependence of the calculated P-wave Q-factors on pressure in three selected
directions: LD, blue; AD, green; FN, red; and their coefficient of anisotropy kQGlobal,
calculated from the global extremes, black full and kQSelected, calculated from values in
the selected directions, black dotted. The gray squares and triangles denote data of Kern
et al. (1997). The errors in the Q-factors are estimated to be approximately 10% (Vav-
ryčuk et al., 2017).
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rection itself resembles the measured amplitude anisotropy (compare
Figure 3f and 3g) illustrates the strong influence of RP on amplitudes
and demonstrates a significance of the correction. A different char-
acter of waveforms in the symmetry axis (FN, LD; no influence of
RP) compared with the waveforms in AD as well as the amplitude-
pressure relation in the mentioned directions (Figure 5) reflects the
effect of RP.
The Q-factor anisotropy increases in the entire pressure interval.

With the increasing pressure, the effect of the grain contact sliding
decreases and the Q-factor is more influenced by the intrinsic prop-
erties of the rock fabric. The progressive closure of the microcracks
causes rotation of the axes of the Q-factor anisotropy. At pressures
greater than 100 MPa, the orientation of the Q-factor anisotropy
does not further change. Surprisingly, the maximum values corre-
spond to the FN direction, where minimum velocities are observed,
whereas the low values lie in the foliation plane. Kern et al. (1997)
report a very similar behavior of the Q-factor and the velocity pres-
sure dependence measured on the same rock type in the three struc-
tural mutually perpendicular directions. This indicates that the
common correlation between high velocities and high Q-factor di-
rections known for cracked media (Hudson, 1981, 1990) does not
apply to rocks with intrinsic anisotropy. In this case, the relation
between the velocity and Q-factor anisotropy is more complex.
We focused on the 3D distribution of the P-wave velocity and at-

tenuation. A complete description of the viscoelastic behavior of
rocks needs additional measurements of the corresponding S-wave
quantities. They are particularly needed for determining accurately
the so-called S-wave-related viscoelastic parameters: a44, a55, a66,
a45, a46, and a56. Incorporating the S-wave velocities in the inversion
for elastic parameters is reported in Svitek et al. (2014), and measure-
ments of the S-wave amplitudes and attenuation are under way. The
inversion of the S-wave quantities for the viscoelastic parameters will
also need further theoretical developments. Specifically, recalculating
the ray to phase quantities will be more involved for the S-waves than
for the P-waves because of the frequently observed S-wave triplica-
tions and caustics (Vavryčuk, 2003).

CONCLUSION

This paper presents the analysis of the P-wave velocity and am-
plitude data measured on a spherical sample of serpentinite rock at
nine pressure levels from 0.1 to 400 MPa. The conclusions of this
investigation can be summarized as follows:

• The multidirectional ultrasonic measurement of the spherical
sample can be used for determining the velocity and attenuation
anisotropy in rocks and their intrinsic or extrinsic origins.

• At pressures greater than 100 MPa, where the microcracks
are already closed, the measured amplitude anisotropy
strongly reflects the point source radiation pattern of elastic
waves propagating in the anisotropic rock. Therefore, the ra-
diation pattern corrections are necessary to obtain the attenu-
ation parameters.

• At low pressure, the intrinsic, CPO-caused velocity
anisotropy (30%) is increased due to the effect of the grain
boundary microcrack system (extrinsic anisotropy) up to the
k ¼ 45%. The 30% intrinsic anisotropy of Q is diminished
by the presence of microcracks to the value of k ¼ 16%.

• The orientation of the velocity anisotropy does not change
with pressure, whereas the orientation of the Q-factor

anisotropy rotates for pressure in the range of 0–100 MPa.
At pressures greater than 100 MPa, the high values of the
Q-factor correspond to the direction perpendicular to foli-
ation, whereas the low Q-factor follows the foliation plane.
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APPENDIX A

CALCULATION OF COMPLEX PHASE VELOCITY

Inverting phase quantities for viscoelastic parameters is computa-
tionally much simpler than inverting ray quantities. Therefore, it is
preferable to recalculate the complex energy velocity surface vðNÞ
to the complex phase velocity surface cðnÞ, and then to perform the
inversion. This can be done using the complex polar reciprocity re-
lation 9 written in the following way:

vR · pR − vI · pI ¼ 1; (A-1)

vR · pI þ vI · pR ¼ 0: (A-2)

In viscoelastic homogeneous media, the complex energy velocity
vector v has special properties. Because rays are straight lines and
the source and receiver are situated in the real space, the rays are
also real. As a consequence, the direction of the complex energy
velocity vector is real, and the real and imaginary parts of vector
v are parallel. Vectors satisfying such property are called homo-
geneous. By contrast, complex slowness vector p does not satisfy
this condition being thus generally inhomogeneous. In viscoelastic
inhomogeneous media, vectors v and p are inhomogeneous.
Because the complex energy velocity vector v is homogeneous

and the real and imaginary parts of the vector are parallel (see Vav-
ryčuk 2007a), we can write

vR ¼ vRN; vI ¼ vIN; (A-3)

where N is the real ray direction. The complex slowness vector p is
generally inhomogeneous

pR ¼ pRsR; pI ¼ pIsI; (A-4)

and sR and sI are real directions of vectors pR and pI , which are
mutually different. Equations A-1 and A-2 imply

pI ¼ −
vI

vR
N · sR

N · sI
pR; (A-5)

and consequently

pR ¼ vR

vRvR þ vIvI
1

N · sR
; (A-6)
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pI ¼ −
vI

vRvR þ vIvI
1

N · sI
: (A-7)

The complex slowness vector p is calculated using equations A-6
and A-7 as

p ¼ pRsR þ ipIsI; (A-8)

and its direction complex-valued direction n

n ¼ p
ffiffiffiffiffiffiffiffiffiffi

p · p
p : (A-9)

Finally, the complex phase velocity surface c ¼ cðnÞ is calcu-
lated as

c ¼ vN · n: (A-10)

The individual steps of calculating the complex phase velocity sur-
face c ¼ cðnÞ from the complex energy velocity surface v ¼ vðNÞ
can be summarized as follows. First, we interpolate ray velocity and
amplitude measurements to get a sufficiently dense complex energy
velocity surface v ¼ vðNÞ using equations 7 and 8. Second, we cal-
culate the real unit vectors sR and sI as the normals to the real part
vR ¼ vRðNÞ and to the imaginary part vI ¼ vIðNÞ of the energy
velocity surface v ¼ vðNÞ. Because surfaces vR ¼ vRðNÞ and vI ¼
vIðNÞ are real, we can use standard formulas of differential geometry
(Lipschutz, 1969). Third, we calculatepR and pI using equations A-6
and A-7, and subsequently the complex slowness vectors p and its
direction n using equations A-8 and A-9. Finally, the complex phase
velocity surface c ¼ cðnÞ is obtained using equation A-10.
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