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Increased knowledge of the elastic and geomechnical properties of rocks is important for numerous
engineering and geoscience applications (e.g. petroleum geoscience, underground waste repositories,
geothermal energy, earthquake studies, and hydrocarbon exploration). To assess the effect of pressure
and temperature on seismic velocities and their anisotropy, laboratory experiments were conducted on
metamorphic rocks. P- (Vp) and S-wave (Vs) velocities were determined on cubic samples of granulites
and eclogites with an edge length of 43 mm in a triaxial multianvil apparatus using the ultrasonic pulse
emission technique in dependence of changes in pressure and temperature. At successive isotropic
pressure states up to 600 MPa and temperatures up to 600 �C, measurements were performed related to
the sample coordinates given by the three principal fabric directions (x, y, z) representing the foliation
(xy-plane), the normal to the foliation (z-direction), and the lineation direction (x-direction). Progressive
volumetric strain was logged by the discrete piston displacements. Cumulative errors in Vp and Vs are
estimated to be <1%. Microcrack closure significantly contributes to the increase in seismic velocities and
decrease in anisotropies for pressures up to 200e250 MPa. Characteristic P-wave anisotropies of about
10% are obtained for eclogite and 3e4% in a strongly retrogressed eclogite as well as granulites. The wave
velocities were used to calculate the geomechanical properties (e.g. density, Poisson’s ratio, volumetric
strain, and elastic moduli) at different pressure and temperature conditions. These results contribute to
the reliable estimate of geomechanical properties of rocks.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Reliable estimates of the elastic and geomechanical character-
istics of natural rocks are required for almost any form of design
and analysis used in various geomechanical projects such as min-
ing, nuclear waste disposal, geothermal energy, and geotechnical
engineering (Ringwood, 1985; Gibb, 1999; Sanchez et al., 2012;
Feng et al., 2012; Nakaten et al., 2014). Changes in loading and
temperature play an important role in the behavior and stability of
engineering structures built on or within crystalline rocks in terms
of the integrity of the elastic and geomechanical properties, for
example by inducing the closing or further opening of existing
cracks as well as the generation of new cracks. Although many
otra).
f Rock and Soil Mechanics,
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geomechanical projects are planned and executed within meta-
morphic basement rocks (Watts et al., 1993; Carpenter, 1997), the
elastic and geomechanical properties of such rocks remain poorly
constrained compared to those of sedimentary rocks. Additionally,
while rock deformation and failure or strength behavior are
fundamental problems in geomechanics (Schön, 2011), most pre-
vious studies have focused on the effect of uniaxial compression on
the properties of various rock types, establishing that changes in
loading and heating modify the elastic and geomechanical prop-
erties of rocks including elastic moduli, e.g. shear modulus, bulk
modulus and Poisson’s ratio as well as compressive and tensile
strengths (e.g. Cheatham,1968; Wai et al., 1982; Heuze, 1983; Inada
and Yorkota, 1984; Alm et al., 1985; Hommand-Etienne and
Houpert, 1989; Duclos and Paquet, 1991).

Experimental studies (Griggs et al., 1960; Scholz, 1968;
Tapponnier and Brace, 1976; Simmons and Cooper, 1978; Handin
and Carter, 1979; Batzle et al., 1980; Bauer et al., 1981; Fredrich
and Wong, 1986) dealing with the physical properties of natural
rocks have shown that high loading and thermal stress can lead to
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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volume changes of the rock forming minerals as well as various
changes in mineralogy and microstructures (Merriam et al., 1970;
Sammis and Ashby, 1986; Ashby and Sammis, 1990; Prikryl, 2001)
and thus induce changes in rock elasticity and geomechanical
properties (Rocchi et al., 2003, 2004; Balme et al., 2004; Spieler
et al., 2004; Vinciguerra et al., 2005; Smith et al., 2005; Kueppers
et al., 2006; Lavalle et al., 2007, 2008; Benson et al., 2008; Scheu
et al., 2008; Cordonnier et al., 2009; Heap et al., 2009, 2010,
2014; Loaiza et al., 2012; Kendrick et al., 2013a, 2013b).

Seismic wave velocities (compressional P-wave (Vp) and shear
S-wave (Vs)), which are closely linked to the elastic and geo-
mechanical properties, can be determined using the ultrasonic
pulse emission technique (Kern et al., 1997). Properties that influ-
ence the velocity of seismic waves traveling through a rock include
mineral assemblage and orientation (anisotropy), density, porosity,
pore filling and alteration (Lama and Vutukuri, 1978), all in
dependence of confining pressure and temperature. Although,
previous studies have dealt with the pressure dependence of ul-
trasonic wave velocities in rocks (e.g. D’Andrea et al., 1966; Deere
and Miller, 1966; Smorodinov et al., 1970; Youash, 1970; Kern,
1978; Gebrande et al., 1982; Kern et al., 1997, 2001; Punturo et al.,
2005; Moradian and Behnia, 2009; Sarkar et al., 2012), few exper-
iments have focused on the temperature dependence (e.g. Kern
et al., 1997). Motra and Wuttke (2016) and Wuttke et al. (2017)
studied the characteristics of acoustic emissions during the defor-
mation of different kinds of metamorphic rocks under true in situ
conditions. They suggested that rock fabric has an important effect
on the spatial and temporal distribution of microfractures. How-
ever, many aspects of the impact of mechanical loading and thermal
stress on the true triaxial conditions of metamorphic rocks are not
well understood. This includes the effects of grain distribution and
microcracking as well as the influence of loading and heating rates
on the rocks geomechanical properties and the different impacts
when comparing uniaxial and true triaxial conditions.

Many in situ stress and heating processes are relevant for engi-
neering applications. For example, heat generated from radioactive
waste repositories causes a long-term increase in the temperature of
the host rock. Unfortunately, little is known regarding how thermal
stress influences the mechanical properties of the rock.

In this context, we focus on the characterization of elastic
properties of metamorphic rocks and addresses the influence of
pressure and temperature changes. For this, mechanical and tem-
perature stress tests were performed on granulite and eclogite
samples at various confining pressures (up to 600 MPa) and tem-
peratures (up to 600 �C), and elastic wave velocities were measured
under true triaxial conditions. The acoustic emissions recorded
during the experiments were then used to calculate geomechanical
properties.

2. Theoretical background

The propagation of an elastic wave through an elastic medium
can be described by the infinitesimally small deformations in the
transmitting body as a response to an external stress. Hooke’s law
states that for small elastic deformations, the strain that a deformed
body experiences is linearly proportional to the applied stress. This
can be expressed mathematically as

sij ¼ Cijklεkl (1)

where s is the second-rank stress tensor, C represents a fourth-rank
tensor of elastic stiffness (i, j, k, l¼ 1, 2, 3, indicating one of the three
orthogonal axes) with 81 components, and ε is a second rank strain
tensor:
εkl ¼
1
2

�
vuk
vxi

þ vui
vxk

�
(2)

where u is the displacement. Eq. (1) can be further reduced from
four indices (i, j, k and l) to two indices (m and n) by introducing the
’Voigt’ notation (Nye, 1985) and considering the conservation of
energy:

Cijkl ¼ Cjikl ¼ Cijlk ¼ Cjilk ¼ Cmnði; j; k; l ¼ 1;2;3;m;n

¼ 1;2;.;6Þ (3)

Then the generalized Hooke’s law can be simplified into amatrix
equation:

sI ¼ CIJεJ (4)

The elastic stiffness tensor can be reduced from 81 to 36 inde-
pendent components or elastic constants. Each Cij is one of the
components of a 6 � 6 symmetric matrix with the stiffness tensor
reduced to 21 independent components that is symmetric about
the diagonal:

0
BBBBBB@

s1
s2
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s4
s5
s6

1
CCCCCCA

¼

0
BBBBBB@

C11 C12 C13 C14 C15 C16
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1
CCCCCCA

¼

0
BBBBBB@

ε1
ε2
ε3
ε4
ε5
ε6

1
CCCCCCA

(5)

This describes the stressestrain relations for a general aniso-
tropic material such as that observed in a triclinic symmetry in
which the indices I and J are related to ij according to the cyclical
notation I, J ¼ 1, 2, 3, 4, 5, 6 when ij or kl ¼ 11, 22, 33, 13 or 31, 23 or
32, 12 or 21, respectively.

For an isotropic material, the number of independent constants
reduces to two, and the tensor of elasticity has the form:

Cij ¼

0
BBBBBB@

C11 C12 C12 0 0 0
C12 C22 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44

1
CCCCCCA

(6)

with C12 ¼ C11 � 2C44. The relationship between the components
and the Lamé parameters l and m is

C11 ¼ lþ 2m; C12 ¼ l ¼ r
�
V2
p � 2V2

s

�
; C44 ¼ m (7)

where r is the bulk density.
In addition to the Lamé parameters l and m, any pair of two of

the following moduli can be used to describe the elastic properties
of an isotropic material.

However, if the mean elastic wave velocities in x, y, z direction
(Vp and Vs, respectively) and bulk density r are known from mea-
surements, the elastic parameters can be calculated:

m ¼ rV2
s (8)

The dry density (r) is determined as follows:

r ¼ md
V

(9)

where md is the weight of the sample after drying and V is the
sample volume. The Poisson’s ratio n is calculated using
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Fig. 1. Microscope images depicting the main rock forming minerals of samples A (a)
and B (b) as well as C1 and C2 (c). The images depict the xz-plane of the samples with x
being horizontal and z vertical in each image. cpx e clinopyroxene; grt e garnet; symp
e symplectites; plg e plagioclase.
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n ¼ 1
2
V2
p � 2V2

s

V2
p � V2

s
(10)

The Young’s modulus E is calculated using

E ¼ rV2
p
ð1þ nÞð1� 2nÞ

1� n
¼ rV2

s
3V2

p � 4V2
s

V2
p � V2

s
(11)

and the bulk compressional modulus K is calculated as follows:

K ¼ r

 
V2
p � 4V2

s
3

!
(12)

3. Sample characterization

The samples analyzed in this study are natural metamorphic
rocks (eclogites and granulites) and were collected in Norway. They
represent surface samples of crystalline basement rocks. In total,
four samples were investigated.

Samples A and B are eclogites and dominantly contain clino-
pyroxene (omphacite), garnet, clinozoisite, kyanite andmica. While
sample A (Fig. 1a) represents an unaltered eclogite, sample B
(Fig.1b) shows clear signs of retrogression in the amphibolite-facies
(symplectites). Both samples have a pronounced foliation domi-
nantly produced by the shape preferred orientation (SPO) of
omphacite, kyanite, and clinozoisite. The rocks lineation is clearly
visible macroscopically and is produced by stretchedmineral grains
(e.g. clinopyroxene) and stretched mineral aggregates.

Samples C1 and C2 are aliquots of the same granulite sample
(Fig. 1c). Both contain abundant plagioclase together with garnet
and clinopyroxene (diopside). Sample C2 contains a higher amount
of clinopyroxene and garnet in comparison to sample C1. Addi-
tionally, microscopic zoisite needles in both samples indicateminor
rehydration of the rocks. The foliation seen in samples C1 and C2 is
less pronounced than that in samples A and B and is mainly pro-
duced by aligned garnets and/or clinopyroxene. The lineation is
produced by the elongated aggregates of garnet and clinopyroxene.

Although themineral composition of the sample selected for the
experiments varies (Fig. 1), they comprise very similar elemental
compositions as obtained by X-ray fluorescence (XRF) analysis
(Table 1).

4. Experimental setup

The elastic P- and S-wave velocities (Vp and Vs) and the resulting
velocity anisotropies of the investigated samples were determined
experimentally using the ultrasonic pulse emission technique
(Lama and Vutukuri, 1978; Rummel and Van Heerden, 1978; ISRM,
2007). The measurements were conducted on cube-shaped speci-
mens (Fig. 2) in a true triaxial multianvil press, which allows
maximum pressure and temperature conditions of 600 MPa and
600 �C, respectively. A state of nearly isotropic stress was achieved
by confining the sample cube with six pyramidal pistons. The
arrangement of the sample-piston-transducer assembly allows
simultaneous measurements of Vp and the two orthogonally
polarized shear wave velocities (Vs1, Vs2), each in three orthogonal
directions of a sample cube (43 mm edge-length). The possibility to
measure Vs1 and Vs2 allows for the extraction of the amplitude of
shear wave splitting, which in itself is a measure for anisotropy
(Kern et al., 1997, 2001; Punturo et al., 2005; Scheu et al., 2006).

Measurements were carried out over a range of pressures up to
600 MPa and temperatures up to 600 �C. The measurement pro-
cedure can be divided into three cycles. During the first cycle
(pressure cycle), pressure is increased stepwise, starting with
12 MPa followed by 25 MPa, 35 MPa, 50 MPa, 75 MPa and 100 MPa.
Following that, the applied pressure is increased in steps of 50 MPa
up to a maximum of 600 MPa. The sample is then depressurized
using the same increments as during pressurization. The temper-
ature during this cycle remains at 20 �C.

During the second cycle (pressure and temperature cycle),
pressure and temperature are increased stepwise with increments
of 100 MPa and 100 �C, respectively, until the maximum conditions



Table 1
Major element compositions of the investigated samples (in weight%; b.d.l ¼ below
detection limit).

Composition Sample A Sample B Samples
C1 and C2

SiO2 52 51.47 52.96
Al2O2 21.57 21.08 23.16
Fe2O3 5.19 5.51 4.49
MgO 6.19 6.7 4.36
MnO 0.09 0.09 0.08
CaO 9.82 10.46 9.76
Na2O 3.52 2.94 4.07
K2O 0.23 0.29 0.42
TiO2 0.28 0.35 0.23
P2O5 0.02 0.02 0.02
SO3 b.d.l. 0.02 b.d.l.
LOI 0.22 0.6 0.35

Total 99.13 99.53 99.9

z
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Vpz
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Vsxz

Vszx
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Fig. 2. Representative illustration of a cube-shaped sample and its sample reference
system as used during the experiments. x is parallel to the rocks lineation and z is
perpendicular to the foliation (xy plane).
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of 600 MPa and 600 �C are reached. The last cycle (release path)
involves the decrease of temperature in steps of 100 �C while
maintaining the maximum pressure of 600 MPa. After the temper-
ature is released completely, thepressure is decreased in increments
of 50MPa. At every step of the described three cycles, P- and S-wave
velocitites are measured to ensure that the influences of pressure
and temperature can be analyzed independently. The heating
rate during the experiments is approximately 100 �C/30 min and
it is necessary to maintain the temperature for 30 min in order
to guarantee that all of the sample cube has a homogeneous
temperature.

To measure the directional dependence of wave velocities
(anisotropy), particularly in natural metamorphic rocks, which are
generally anisotropic, the three orthogonal measuring directions
must be related to the structural reference frame x, y, z, where z is
perpendicular and x and y are parallel to the foliation (xy plane).
Further, x is parallel to the samples lineation (Fig. 2). Length changes
(volume changes) of the samples as a function of pressure and
temperature were obtained by measuring the piston displacements.
A complete set of measured data comprises three P-wave velocities
and six S-wave velocities obtained by determining the time it takes
thewave to travel through the sample cube and the cubes changes in
length (volume changes). The sample-piston-transducer assembly is
identical to the assembly used in Kern et al. (1997) and the trans-
ducers operate at 2 MHz (P-wave) and 1 MHz (S-wave).
5. Results

5.1. Seismic wave velocities and anisotropy

P-wave velocities (Vp) for all samples increase with pressure,
regardless of their propagation direction with respect to the
structural reference frame of the sample. In the lower pressure
range (up to approximately 200e250 MPa), the increase is rapid
and non-linear. When further increasing pressure, the increase in
Vp is slight and linear in a first approximation. The results obtained
for S-wave velocities show the same qualitative trend. Seismic
velocity increasewith increasing pressure is awell-known behavior
of natural rocks. However, the results show that, Vp is highly
dependent on the propagation direction, which means that the
samples are seismically anisotropic (Figs. 3 and 4).

The results from both Vp and Vs measurements are summarized
in Table 2 and Figs. 3e6. In samples A, B and C2, Vp is the fastest
when propagating in x direction, parallel to the rocks lineation.
Additionally, in both samples A (eclogite) and B (retrograde eclo-
gite), the slowest Vp was obtained perpendicular to the foliation of
the rock (z-direction), i.e. Vp�x > Vp�y > Vp�z is true for samples A
and B.

The behaviors of samples C1 and C2 are slightly different.
Sample C1 (like A and B) has its slowest P-wave propagation in the
direction perpendicular to the foliation, however, within the xy-
plane, the waves travel faster in y-direction than that in x-direction.
In sample C2, the behavior varies with pressure. Up to a pressure of
200 MPa, the same is true as in samples A and B, i.e.
Vp�x > Vp�y > Vp�z. At higher pressures, however, the waves in the
z-direction are faster than that in the y-direction, with this differ-
ence being in the order of 1% only.

The seismic anisotropy itself is calculated as

A ¼ Vmax � Vmin
Vmean

� 100% (13)

Seismic anisotropy is highest during the nonlinear part of the
experiment and becomes relatively constant during the linear part.
Anisotropy is highest for the eclogite (sample A, 10%) and lowest for
the retrograde eclogite (sample B, 2%) (Fig. 3). The granulites have
similar anisotropies in the orders of 3% (C1) and 4% (C2) (Fig. 4).

In order to derive pressure independent information on how Vp
and Vs of the studied rocks are affected by temperature changes
measurements during decreasing temperature were carried out at
a constant pressure of 600MPa, which is needed to ensure the best
signal transmission through the sample. The results from all four
samples show that Vp and Vs decrease with increasing tempera-
ture. Additionally, the P-wave anisotropy changes in response to
temperature changes. With increasing temperature, the anisot-
ropy increases for samples A, B and C2, while it decreases for
sample C1.

As mentioned above, the S-wave velocities follow the same
general trend as the P-wave velocities, i.e. they increase with
pressure and decrease with increasing temperature. This is also
true for the different polarization directions of the shear waves.

The difference between the two shear-wave components (po-
larization directions) is generally related to the relationship be-
tween the P-wave velocity and the fabric of the rock. In all samples,
for example Vp�x > Vp�z and in agreement with that the two
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Table 2
Summary of the mean elastic wave velocities, density, and elastic moduli as a function of pressure and temperature.

Sample Loading
stress (MPa)

Temperature (�C) Density (g/cm3) Vp mean (km/s) Vs mean (km/s) Young’s
modulus (GPa)

Bulk
modulus (GPa)

Shear
modulus (GPa)

A 12 20 3.25 6.24 3.79 113.06 64.78 46.75
50 20 3.26 6.95 4.13 136.92 83.4 55.82

100 20 3.27 7.29 4.31 149.78 92.79 60.83
400 20 3.28 7.79 4.71 170.34 108.13 68.82
600 20 3.29 7.87 4.08 173.46 111.03 69.96
600 100 3.28 7.92 4.62 174.63 112.5 70.34
600 600 3.22 7.7 4.5 162.58 104.36 65.54

B 12 20 3.11 6.76 3.81 111.07 66.74 45.42
50 20 3.12 6.9 4.09 128.77 79.4 52.35

100 20 3.13 7.08 4.15 133.93 85.02 54.11
400 20 3.14 7.32 4.28 143.23 92.34 57.95
600 20 1.32 7.37 4.3 144.94 93.77 58.33
600 100 3.11 7.43 4.33 145.21 94.08 58.42
600 600 3.06 7.23 4.23 136.49 87.32 55.06

C1 12 20 2.79 6.1 3.37 81.66 61.7 31.91
50 20 2.8 6.58 3.62 94.73 72.42 36.94

100 20 2.81 6.77 3.68 98.5 77.89 38.2
400 20 2.82 6.95 3.75 102.93 83.59 39.8
600 20 2.83 7.35 3.75 103.49 84.95 39.89
600 100 2.82 7 3.74 103.6 85.05 39.41
600 600 2.79 6.86 3.66 97.59 81.62 37.51

C2 12 20 2.85 6.03 3.33 80.98 61.73 31.6
50 20 2.85 6.67 3.62 97.16 77.27 37.64

100 20 2.86 6.81 3.71 101.91 80.09 39.56
400 20 2.87 6.97 3.85 109.26 83.73 42.78
600 20 2.88 7 3.85 110.05 84.44 42.89
600 100 2.88 7.02 3.85 109.93 84.72 42.42
600 600 2.84 6.89 3.75 103.45 81.62 40.13
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Fig. 5. S-wave velocities of samples A (a and c) and B (b and d) with respect to changes in pressure (a and b) and temperature (c and d). The black lines represent mean velocities for
each propagation direction (x, y, and z) and the blue lines show the difference between polarization directions (in %) for each propagation direction.
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polarizations of the S-wave in y-direction (Vs�xy and Vs�zy) have the
same relationship, i.e. Vs�xy > Vs�zy (Figs. 5 and 6). This relationship
is true for all polarization directions in sample A. In samples B and
C2, the correlation holds in two directions (x and y) with the
exception of S-waves propagating perpendicular to the foliation (z-
direction). However, in sample C1, this link can only be implied
fromwaves traveling in the y-direction and it is inverse for waves in
x- and z-direction.
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Fig. 6. Granulite S-wave velocities in dependence of pressure (a and b) and temperature (c and d) of samples C1 (a and c) and C2 (b and d) shown as mean velocities for each
propagation direction in black. The blue lines show the corresponding difference for polarization directions (in %) for each propagation direction (x, y, and z).
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It has to be noted that while the differences in S-wave velocity
are relatively constant in the range of higher pressures (above
250e300 MPa), they vary unsystematically in the lower pressure
range.

5.2. Density, volumetric strain and elastic moduli

The densities of the samples were calculated as a function of
pressure and temperature from themeasured Vp and Vs and the dry
density measured before each experiment. The densities of all
samples increased almost linearly with pressure (Fig. 7). On the
other hand, with increasing temperature, the density of the sam-
ples decreased. A consistent relationship between velocity and
density is evident, i.e. the higher the density, the higher the P- and
S-wave velocities (Table 2, Figs. 3, 4 and 7). Furthermore, the
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velocity increase with the decrease in temperature as well as the
increase in pressure is considered to be a typical behavior of natural
rocks.

The effect of pressure and temperature on volumetric strain are
shown in Fig. 8. Pressure and temperature induced deformations
were measured in all six directions with the help of 12 strain
measurement gages. We report compression as a positive value and
expansion as a negative value. The resulting stressestrain and
thermal stressestrain curves increase as a function of pressure and
decrease as a function of temperature (Fig. 8). Since the applied
pressure and temperature conditions are isotropic, the samples did
not sustain any failure during the experiments. The relationships
between volumetric strain vs. pressure (Fig. 8 left) and volumetric
strain vs. temperature (Fig. 8 right) are proportional to the changes
in density with pressure and temperature.
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Similar to the P- and S-wave velocities, the Poisson’s ratio in-
creases with pressure in a nonlinear fashion up to approximately
200e250 MPa after which the increase becomes moderate and
linear (Fig. 9). The Poisson’s ratio of the eclogite samples (A and B) is
significantly lower than that of the granulite (C1 and C2). For all
rock types, the Poisson’s ratio is more or less unaffected by tem-
perature changes, and the minor variations (Fig. 9) are random and
can be considered as within the measurement uncertainty (Motra
et al., 2013, 2014a, b, 2016).

The average values for the Young’s (E), bulk (K) and shear (m)
moduli of sample A are presented in Fig.10 as a function of pressure
and temperature. Deviations are again closely related to changes in
P- and S-wave velocity of the corresponding sample, i.e. they in-
crease with pressure and decrease with increasing temperature.
0 100 200 300 400 500 600
0.2

0.22

0.24

0.26

0.28

0.3

Pressure [MPa]

]-[
oitars'nossioP

A B C1 C2

a)

Fig. 9. Poisson’s ratio as a function of (a) pressure an

a)

K
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6. Discussion

Vp and Vs measured during increasing pressure along three
perpendicular directions of the sample cubes showed a rapid in-
crease in velocity up to pressures of approximately 200e250 MPa,
followed by a subtle and almost linear increase with pressure. This
characteristic is typical for such experiments (e.g. Kern et al., 1997).
The initial rapid increase in P- and S-wave velocities results from
the closure of microcracks that any metamorphic rock has after
exhumation. The following linear increase reflects the specific
properties of the analyzed rock and is mainly influenced by its
modal abundance of the mineral rock forming minerals. Our results
show that although the investigated samples have only minor
variations in chemical composition, their mean P- and S-wave
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velocities vary significantly due to their variability in mineral
assemblage, i.e. the P- and S-wave velocities of eclogites are higher
than those of granulites. The alteration of eclogite reintroduces
seismically slower mineral phases (mostly feldspar) and hence
lowers the bulk velocity of the aggregate.

The differences in Vp between the three different propagation
directions within one sample are essentially a result of the rocks
fabric. More precisely, the orientation of the minerals (SPO) con-
tained within the sample primarily forms the rocks fabric and
subsequently produces the anisotropy observed in P-wave veloc-
ities (see also Kern et al., 1997). For this reason, the highest P-wave
anisotropy is produced in the unaltered eclogite sample (sample A,
w10%), which is well foliated and has the strongest SPO. The
retrograde eclogite (sample B), however, has a low anisotropy of
w2%, although the rock is macroscopically well foliated. This can be
attributed to the fine-grained and randomly oriented symplectites
that essentially neutralize the P-wave anisotropy. The granulites
(samples C1 and C2) on the other hand have a coarse foliation and
no dominant SPO, resulting in low anisotropies of 3e4%.

To understand the P-wave anisotropy of the investigated sam-
ples it is essential to understand how the propagation directions (x,
y and z) relate to each other in terms of their Vp. In this regard, the
relationship Vp�x > Vp�y > Vp�z would be expected. This holds true
for samples A and B, i.e. thewell foliated rocks. This, however, is not
the case for samples C1 and C2 which represent the less or unfo-
liated granulites (C1: Vp�y > Vp�x > Vp�z, C2: Vp�x > Vp�z > Vp�y).
This indicates that the more foliated a natural rock is, the larger the
probability of the expected relationship to be accurate.

The variations of Vp with temperature observed in this study
reflect the intrinsic rock properties of the investigated samples.
Higher temperatures induce expansion of the mineral phases and
hence lower their density. This results in the observed decrease ofVp.

The difference in S-wave velocity between two orthogonally
polarized shear wave components measured along a mutual
propagation direction (shear wave splitting) is more complicated to
be predicted. It seems that in most cases, it can be related to the
information extracted from Vp, e.g. in all samples investigated in
this study, Vp�x is larger than Vp�z and subsequently Vs�xy > Vs�zy.
However, this is not always the case. Principally, the velocity for a
specific S-wave results from the interplay between its propagation
direction and its polarization direction, meaning that both have an
influence on the resulting S-wave velocity. This also implies that
like Vp, Vs mainly depends on the mineral assemblage and the SPO
of the investigated rocks.

It has been suggested that the greater the difference in Vs be-
tween the two orthogonal shear wave components, the higher the
anisotropy (Kern et al., 1997, 2001; Scheu et al., 2006; Motra and
Wuttke, 2016). Accordingly, the sample with the highest P-wave
anisotropy (sample A) also has the highest average difference be-
tween the shear wave components. The change in Vs accompanied
with the change in polarization directions is typically the type of Vs
variation used for studying reservoir azimuthal anisotropy.

The density of the investigated samples increases linearly with
pressure and decreases linearly with increasing temperature. This
reflects that higher pressures lead to compaction of the sample and
subsequently a higher density and higher temperatures lead to
expansion and subsequently lower densities. However, the rapid
increase observed in Vp and Vs at lower pressures is not apparent in
the changes in density for the same pressure range. This implies
that the effects of microcracks on density are significantly smaller
than they are on seismic velocities. Hence, P- and S-wave velocities
are more sensitive to fracturing of the rock.

Additionally, the volumetric strain of the samples during the ex-
periments increases rapidly up to about 100MPa before it passes into
an almost linear increase, and is therefore less sensitive to the
pressure increase than the seismic velocities which increase rapidly
up to 200e250MPa. The same is true for the elasticmoduli (Poisson’s
ratio, Young’s modulus, bulk modulus and shear modulus). This is
mostly due to the fact that they are calculated from both P- and S-
wave velocites and therefore unexpected changes in one can be
reduced in magnitude by the behavior of the other. In sample C2, for
example, the Poisson’s ratio decreases between 34 MPa and
200 MPa, which is contrary to the behavior of the other samples. The
reason for this is that in this pressure range, the increase inmeanVp is
lower than in the other samples and the increase in Vs is significantly
higher than that in the other samples. Most likely, the effect of a
preferred microcrack orientation in sample C2 results in a negative
trend in Poisson’s ratio.

In terms of engineering applications, the results for P-wave
anisotropy in the pressure range from 12 MPa to 200 MPa are
extremely important. As previouslymentioned, the anisotropy here
is significantly higher and produced by microcracks. Such infor-
mation can be used to predict the orientation of fractures in the
underlying rock before or during construction. Additionally, this
implies that such fractures will only be closed at depths of around
6e7 km when assuming a typical pressure gradient.

7. Conclusions

In this study, the basic elastic and geomechanical properties of
four rock samples were measured and analyzed using laboratory
measurements. We determined compressional wave velocities (Vp)
and orthogonally polarized shear wave velocities (Vs1, Vs2) as a
function of pressure as well as temperature using a true triaxial
multianvil apparatus.

The effects of the applied pressure and temperature on rocks and
their physical properties are considered to be reversible changes
that occur at changing pressure and temperature conditions. In
metamorphic rocks, increasing pressure leads to increasing veloc-
ities, and increasing temperature leads to decreasing velocities.

The general increases of Vp and Vs with increasing pressure are
the result of the sample compaction, as is confirmed by the volu-
metric strain vs. pressure (Fig. 8 and Table 2) and density vs.
pressure relationships (Fig. 7 and Table 2). The Vp and Vs decreasing
with temperature result from the expansion of the samples, i.e.
lower densities. The Vp and Vs changes are most likely affected by
the changes in the contact conditions at grain boundaries and
microcracks.

An increase in velocity under the influence of applied pressure in
the lower pressure range was primarily due to the closure of pre-
existing microcracks. This closure improves the contact between
rock-forming minerals. At higher pressures (above 250 MPa), this
first compaction of the aggregate is nearly complete. As the seismic
wave propagation is related to the geomechanical properties of
rocks, in particular to the elastic moduli, the change in seismic wave
velocities involves a change in geomechanical properties of rocks.

The velocity anisotropy is linked to the fabric of the samples.
Rocks with a high anisotropy show a pronounced shape preferred
orientation. In general, the elastic, bulk, and shear moduli of the
metamorphic rocks decrease with increasing temperature. The
relationship between the Young’s, bulk, and shear moduli as well as
density, Poisson’s ratio, and volumetric strainwith elastic Vp and Vs
are valuable for understanding metamorphic rocks.
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