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Lithologic interpretations of the earth crust from seismic wave velocities are non-unique so that inferences about composition
can not be drawn. In order to evaluate how elastic properties of rock materials are controlled by lithology at in situ pressures and
temperatures, compressional (Vp), shear wave velocities (Vs) and velocity anisotropy of crustal rocks were measured at conditions
of greater depth. The first part deals with the interdependence of elastic wave propagation and the physical and lithological
parameters. In the second part data from laboratory seismic measurements and theoretical calculations are used to interpret (1)
a shallow seismic reflection line (SE Finland) and (2) a refraction profile of a deep crust (Central China). The comparison of the
calculated velocities with the experimentally-derived in situ velocities of the Finnish crustal rocks give hints that microcracks have
an important bearing on the in situ seismic velocities, velocity anisotropy and the reflectivity observed at relative shallow depth. The
coupling of the experimentally-derived in situ velocities of P- and S-wave and corresponding Poisson’s ratios of relevant exhumed
high-grade metamorphic crustal rocks from Central China with respective data from seismic refraction profiling provided a key
for the lithologic interpretation of a deep seismic crustal structure.

1. Introduction

Investigation of the structure and composition of the earth’s
crust and upper mantle is a big challenge in Earth Sciences.
Direct information about the structure and composition of
the deep crust can be obtained either from crustal terrains
exposed at the surface (e.g., [1, 2]) or from xenoliths
brought to the surface by magmas (e.g., [3]). Deeply eroded
Precambrian terrains (e.g., Srilanka), and upthrust tectonic
slices in orogenic belts (e.g., Ivrea Zone, N. Italy; Serre
Mountains, S. Calabria; Kapuskasing Zone, Canada) provide
perhaps the best geologic guides to structural style and
composition at depth. Such rocks are important in providing
direct data although they contain a mixed message as they are
no longer the in situ deep crust.

Indirect information about the structure and composi-
tion of the inaccessible deep crust (and upper mantle) is
obtained by geophysical surveys. Most important is seismic
reflection and refraction profiling, and both techniques have
been successfully used (independently or in combination

with data from electrical, gravity, and magnetic investiga-
tions) to probe the deep crust and upper mantle. Seismic
reflection patterns provide a structural image of the crust,
and seismic refraction profiles give us information about
the velocity distribution within the crust. The measured
seismic velocity structures are very helpful in providing
a rough characterization of the earth’s crust in different
tectonic environments, but they are nonunique so that
inferences about composition cannot be drawn from wave
velocities (at least P-wave velocities). Even in case that we
can directly correlate various lithologies with, for example,
sonic log or VSP data (Kola superdeep borehole, Russia;
KTB, Germany), a basic question to be answered remains:
why are the in situ properties as they are, and which factors
control the in situ rock properties? The basic reason for
this ambiguity is that crustal and mantle rocks are very
complex materials and that their seismic properties at depth
are affected in a very complex manner by a number of
lithologic and physical factors. P- and S-wave velocities are
controlled by the matrix (intrinsic) properties of the rocks
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Figure 1: Commonly used sample geometries for laboratory seismic measurements (a) and the piston-sample-transducer arrangement in a
multianvil pressure apparatus (b).

(mineral mode, chemical composition, metamorphic grade,
and crystallographic preferred orientation of constituent
minerals) and by the physical environment of the crust
(temperature, pressure, porosity, fluid content, etc.).

A unique ability to correlate the seismic data with the
structure and composition of the in situ deep crust can be
provided by coupling experimentally determined or calcu-
lated P- and S-wave velocities for relevant crustal rocks
collected from surface outcrops or from xenoliths, simulating
in situ conditions: (1) by laboratory seismic measurements
at actual PT conditions (e.g., [4, 5]) and (2) by calculations
from modal analyses and elastic properties of the rock-
forming minerals and their pressure and temperature deriva-
tives (e.g., [6]).

In the first part of this paper, we will show, as an example,
how the seismic properties of a crustal rock are affected
by pressure and temperature and analyze the relationship
between velocities and structural and textural characteristics
of the rock. We will focus on the directional dependence
(anisotropy) of P- and S-wave velocities at PT conditions.
In the second part, we will interpret seismic field data
on the basis of measured and calculated velocities derived
from relevant crustal rocks for two case studies: Firstly,
we will investigate the nature of seismic reflections within
the 2500 m crustal section penetrated by the Outokumpu
scientific drill hole (SE Finland), and secondly, we will give a
lithologic interpretation for a seismic refraction profile cross-
ing the ultrahigh pressure (UHP) metamorphic belt of the
Dabie mountains (China). (for details, see [7] and [5], resp.).

2. Laboratory Measurements of
P- and S-Wave Velocities

Two sample geometries are commonly used for the exper-
imental determination of elastic wave velocities and their
directional dependence (anisotropy): (1) jacketed cylindrical
samples in an internally heated fluid or gas apparatus

(Figure 1(a), left) and (2) unjacketed cube-shaped specimens
in an externally heated multianvil apparatus (Figure 1(a),
right). On cylindrical samples, Vp and Vs measurements
can be done only in one direction so that experiments on
three sample cylinders taken in the three structural-related
orthogonal directions are needed for the determination of
velocity anisotropy. On cube-shaped samples, measurements
of Vp and Vs can be done simultaneously in three orthogonal
directions. In general, measurements are carried out in the
X, Y, and Z directions of the foliation-related structural
frame (XY is foliation, X is lineation and Z is foliation
normal).

In our lab, measurements of P- and S-wave velocities are
made on sample cubes (43 mm on edges) in a multianvil
apparatus using the pulse transmission technique with
transducers operating at 2 and 1 MHz for P- and S-waves,
respectively. As illustrated in Figure 1(b), the piston-sample-
transducer arrangement allows simultaneous measurements
of Vp and Vs and their directional dependence (velocity
anisotropy) in the X, Y, and Z directions of the sample cube
as a function of pressure (up to 600 MPa) and temperature
(up to 700◦C) and direct determination of length changes
(volume change) from the piston displacement. Shear wave
splitting (Vs1-Vs2) is measured by two sets of orthogonally
polarized transducers with perpendicular polarization direc-
tions. A complete set of measured data comprises three P-
wave velocities and six S-wave velocities along with the length
changes (volume change) of the sample. A full description of
the apparatus is given in [8].

To illustrate the effect of pressure and temperature on
elastic wave velocities, Figure 2 presents experimental data
for a biotite gneiss (OKU 578) from the Outokumpu scien-
tific deep drill hole (see Section 3). The biotite gneiss sample
is recovered from 578 m depth and made up by 34.1 vol-%
quartz, 19.9 vol.-% plagioclase, 28.4 vol.-% biotite and
16.7 vol.-% muscovite. The modal compositions of all rock
samples were calculated from bulk rock (X-ray fluorescence
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Figure 2: P- and S-wave velocities as a function of pressure up to 600 MPa (room temperature) (Figure (a), (c)–(e), resp.) of a biotite gneiss
(OKU 578) from Outokumpu, along with the temperature dependence of P-wave velocities measured at 600 MPa confining pressure (b). (f)
illustrates the measuring directions of P- and S-wave velocities and shear wave polarization according the foliation-related structural frame
X, Y, and Z (XY is foliation, X is lineation, and Z is foliation normal).
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analysis, XRF) and mineral chemistry (microprobe), using
least square fitting [7, 9].

Compressional and shear wave velocities measured in
X, Y, and Z as a function of pressure (up to 600 MPa) at
room temperature, along with the corresponding velocity
anisotropy of P-waves (A-Vp) are plotted in Figure 2(a) and
Figures 2(c)–2(e). P- and S-wave velocities are denoted by
Vpi and Vsi j , respectively. The first subscript i of Vp and Vs
indicates the propagation direction, and the second subscript
j of Vsi indicates the polarization direction of the shear
wave (Figure 2(f)). Anisotropy is defined by the percent
differences between maximum and minimum velocity with
respect to mean velocity [10].

At increasing confining pressure, P- and S-wave velocities
show a nonlinear increase approaching linear behaviour
above about 200 MPa. The nonlinear rise on the curves is due
to progressive closure of microcracks, typically illustrating
the pressure sensitivity of P- and S-wave velocities. The
velocities defining the nonlinear parts of the velocity versus.
pressure curves (Figure 2(a)) can be used to interpret seismic
data at shallow crustal depth (see Section 3). The linear
lopes of the curves reflect the intrinsic rock properties. They
are basically controlled by the volume percentage of major
minerals, their single crystal elastic properties and their
crystallographic preferred orientation (CPO). Increase of
temperature at the high confining pressure of 600 MPa that
prevents thermal cracking results in slight linear decrease
in wave velocities (Figure 2(b)). From the regression of the
linear parts of the pressure (200–600 MPa) and temperature
curves (20◦C–600◦C) one can derive the intrinsic pressure
and temperature derivatives of velocities and the reference
velocity V0,which is the projected velocity of a nonporous or
crack-free compacted rock at zero pressure. These data allow
one to extrapolate seismic velocities to greater depth (where
cracks are closed) for any P/T condition within the stability
field of the constituent assemblage of rock-forming minerals
(see Section 4).

The significant differences of P-wave velocities measured
in the three structural directions X, Y, and Z of the
Outokumpu biotite gneiss (OKU 578) indicate strong
velocity anisotropy (Figure 2(a)). Anisotropy is typical
for most of the rocks constituting the earth’s crust (e.g.,
[11–13]). Highest velocities are generally measured parallel
to foliation (XY-plane) and lineation [X] and lowest normal
to foliation. Anisotropy (A-Vp) is almost highest at low pres-
sure (Figure 2(a)) due to the effects resulting from oriented
microcracks and crystallographic preferred orientation of the
rock-forming minerals. Increasing pressure reduces the effect
of cracks and the residual (intrinsic) anisotropy is mainly
due to CPO (e.g., [14, 15]). Splitting of the two orthogonally
polarized shear waves (S1 and S2) is an important diagnostic
phenomenon for seismic anisotropy [16]. It is closely related
to the structural frame (Figures 2(c)–2(e). Pronounced
shear wave splitting is generally observed parallel to X and Y
within the foliation plane with the fast split shear wave being
polarized parallel to foliation. Normal to foliation, shear
wave splitting is generally low. Note that in the Outokumpu
biotite gneiss (OKU 578), there is practically no shear wave
splitting observed normal to foliation (Figure 2(c)). This

direction marks a singularity [16]; that is, S-waves propagate
in this direction like in an isotropic medium.

Anisotropy of P- and S-wave velocities as well as shear
wave splitting of the biotite gneiss (OKU 578) is mainly due
to the high volume proportions of biotite and muscovite
(about 28 vol.-% and 17 vol.-% resp.), their strong CPO
and the very high anisotropy of both minerals (>40%). It
should be noted that shape preferred orientation (SPO) of
biotite and muscovite as well as oriented microcracks may
also contribute to bulk anisotropy [17–19].

The experimentally derived relations between P- and
S-wave wave propagation and shear wave polarization to
the structural frame (foliation, lineation) are confirmed by
3D velocity calculations based on the preferred orientation
(CPO) of the constituent minerals, their volume fraction, the
crystal densities and their elastic stiffness coefficients [7, 17].

3. The Nature of Seismic Reflections Observed
within a Crustal Section at Shallow Depth

Here, we use calculated and experimental velocity data of
crustal rocks sampled by the Outokumpu deep drill hole (SE,
Finland) for an interpretation of sonic log data and of crustal
reflections observed on a high resolution reflection profile
(OKU-1) close to the bore hole (Figures 3(a) and 3(b)).

The high-resolution seismic line (OKU-1) in SE, Finland,
(Figure 3(c)) has revealed a high reflectivity zone between
about 1300 m–1500 m depth [20]. The line is close to the
Outokumpu scientific drill hole which has sampled a 2500 m
crustal section within Paleoproterozoic metasedimentary
and ophiolitic sequences [21]. The drilled Precambrian
crustal section comprises a 1300 m thick biotite gneiss series
at top, followed by a 200 m thick metaophiolite sequence,
underlain again by a 500 m thick biotite gneiss sequence with
intercalations of amphibolite and pegmatitic granite. From
2000 m downward the dominant rock types are pegmatitic
granites (see Figure 4, left).

We selected 29 core samples covering the depth range
198 m–2491 m for petrophysical studies [7, 17], in order to
interpret sonic log data and to provide constraints on the
nature of the reflectivity zone revealed by the high resolution
reflection line. For all samples, we calculated the average
(isotropic) intrinsic P- and S-wave velocities by combining
the modal composition of the rocks with the respective
velocities of the isotropic monomineralic aggregates (VRH
averages) of the constituent minerals [22]. On 13 oven-dried
(80◦C) cube-shaped samples representing main lithologies,
we measured P- and S-wave velocities in 3 orthogonal
directions at pressures up to 600 MPa in order to determine
their cracks sensitivity and directional dependence. Velocity
measurements as well as 3D velocity calculations, based on
neutron diffraction CPO measurements [7, 17], show that
velocity anisotropy and shear wave splitting are important
properties of the biotite gneisses that dominate about 70%
of the drilled crustal section. In Figure 4 (left), we compare
the calculated velocities and the experimentally derived in
situ velocities with sonic log data. It is clear from the
diagram that the calculated intrinsic velocities (red symbols)
are generally higher than those determined by the sonic



International Journal of Geophysics 5

Sweden
Finland Russia

Botn
ian

bay

0 100 200 (km)

Rovaniemi

Oulu

Kuopio

Joensuu

Helsinki

Outokumpu

(a)

Deep
hole

O
K

U
1

O
K

U
2

OKU 3

3600 3605 3610 3615

3600 3605 3610 3615

6970

6965

6960

6970

6965

6960

(b)

OKU R-2500CMP
500 600 700

0

1

2

(c)
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OKU-1 section at Outokumpu (c) (after Heikkinen et al. [20] and Kukkonen et al. [21] resp.).

log, whereas the experimentally derived in situ data (green
symbols) fit markedly better. Therefore, we conclude that
microcracks that are not completely closed at the relatively
shallow depth have an important bearing on the in situ
velocities in addition to the lithologic control. Importantly,
the experimentally derived velocities propagating in the Z
direction (black symbols), that is, normal to subnormal to
foliation (parallel to the bore hole), are closest to the sonic
log data. It should be noted, however, that the possible effect
of pore fluids has not been taken into account.

For assessing the potential importance of the various
lithologic interfaces as seismic reflectors and the role of
anisotropy, we calculated from the acoustic impedances I
(velocity multiplied with density) the corresponding normal
incidence reflection coefficients [Rc = (I1 − I2)/(I1 +
I2)]. Figure 4 (right) compares the reflection coefficients
derived from modal mineralogy and the isotropic aggregate

velocities of the constituent minerals (left vertical line)
with those derived from the average velocities obtained
by the laboratory seismic measurements for the in situ
pressure conditions (middle vertical line). Also included is a
calculation based on velocities measured normal to foliation
(parallel to Z), taking into account that the foliation of the
rocks constituting the 2500 m crustal section is normal to
subnormal to the borhole (right vertical line). The data refer
to an average density of 2.57 g/cm3. According to Warner
[23], reflection coefficients close to +/− 0.1 are required for
strong seismic reflections. From the reflection coefficients
Rc derived from modeled as well as from experimental in
situ velocities, we conclude that the multiple reflections
within the metaophiolite series (Figure 4, right) are caused
by the variation in lithology. This holds, in particular, for
the contacts of the diopside skarn to serpentinites and
serpentinites to pyr-hbl-gneiss and phlogopite-graph-gneiss.
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From the strong directional dependence of wave propagation
(slowest velocities normal to foliation; parallel to Z), we infer
that reflectivity at the contacts of the upper and lower gneiss
series with the metaophiolite series is significantly enhanced
by effects from oriented microcracks that are not completely
closed, in addition to the strong crystallographic preferred
orientation (CPO) of the constituent phyllosilicates (biotite
and muscovite) in the upper and lower gneiss series. From
the experimental results, we infer that variations in lithology
within the ophiolite-related assemblage are also responsible
for the strong seismic reflections revealed by the high-
resolution seismic reflection line (OKU-1) close to the
borehole at the depth of 1300 m–1500 m (Figure 3(c)).

4. Lithologic Interpretation of
a Crustal Seismic Velocity Structure
Based on In Situ P- and S-Wave Velocities
Derived from Experimental Data

We selected a seismic refraction profile crossing the Dabie
Mountain (Central China) in order to document the poten-
tial of laboratory seismic measurements simulating in situ
conditions for the lithologic interpretation of a seismic
crustal velocity structure.

The Dabie-Sulu ultrahigh-pressure metamorphic belt
(Figure 5(a)) represents a zone in which upper and lower
continental crust has been subducted and then rapidly
exhumed from the mantle back into the crust [24]. Seismic
refraction profiles [25] reveal a four layer structure (upper,
middle, upper-lower, and lowermost crust) with an average
thickness of 34 km (Figure 5(b)). Experimental petrophysical
investigations on about 30 UHP rock samples collected form
surfaces exposures [5] provide the basis for a lithologic

interpretation of the seismic velocity structure. The rock
samples span compositions from felsic through intermediate
to mafic, and metamorphic grades up to granulite and
eclogite facies. They comprise tonalitic and trondhjemitic
gneisses, metapelites, metagabbros, amphibolites, interme-
diate and mafic granulites, and eclogites. The experimental
data include compressional (Vp) and shear wave velocities
(Vs), velocity anisotropy, density, and intrinsic pressure
and temperature derivatives of Vp and Vs derived from
regression of the linear segments of the pressure (300–
600 MPa) and temperature curves (20◦C–500◦C). Using a
regional geotherm, velocity depth profiles were calculated
for the different lithologies [5]. Because most of the cracks
and fractures are closed at greater depth and the effects
of cracks are thus largely eliminated, we used the intrinsic
P-wave velocities together with the Poisson’s ratios for a
lithologic interpretation of the seismic model (Figure 5(b))
evaluated from seismic refraction data. The interpretation
is based on the averages of velocities measured in the three
directions X, Y, and Z, because no indications of seismic
anisotropy are reflected by the seismic data. The combined
measurements of P- and S-wave velocities on UHP rocks
and the availability of seismic data on the P-wave velocity
and the Poisson’s ratio structure along a profile crossing
the Dabie Mountains [25] provides valuable constraints
on the composition of the crust. Figure 6 compares the
ranges of experimentally derived in situ velocities and
Poisson’s ratios with the respective seismic refraction data
(red circles). From the comparison, we infer that the seismic
properties of the middle crust are in accordance with those
measured on amphibolite-facies tonalitic-trondhjemitic and
granitic gneisses. The upper-lower and lowermost crust may
be interpreted by intermediate (or mixtures of felsic and
mafic granulite) and mafic granulites, respectively. From the
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combined Vp and Poisson’s ratio data, we conclude that
eclogite which is exposed in many outcrops is not a volumet-
rically important constituent of the deep crust in the Dabie
mountains. The coupling of the laboratory-derived in situ
seismic data (Vp and Poisson’s ratio’s) with refraction seismic
data, along with evidence from geological and geochemical
investigations [26], suggests that lower crustal delamination
of high-density eclogitic rocks played an important role in
the modification of the East China crust [5].

5. Summary

Coupling laboratory seismic measurements on crustal rocks
from Outokumpu (SE, Finland) and the Dabie mountains
(Central China) along with model calculations provided the
basis for the following conclusions.

(1) Measured and calculated velocities of relevant rocks
sampled by the Outokumpu scientific drill hole (SE
Finland) show that variations of lithology within the
ophiolite-related assemblage have the potential to
generate the strong seismic reflections revealed by the
nearby high-resolution seismic reflection line (OKU-
1) at the depth of 1300 m–1500 m. Marked CPO- and
crack-related seismic anisotropy of the biotite gneiss
series hosting the ophiolite sequence may enhance
the seismic reflections at their contacts.

(2) Correlation of in situ velocities and Poisson’s ratios
derived from P- and S-wave velocities measured
on UHP metamorphic rocks collected from surface
exposures in the Dabie mountains (Central China)
with respective data of a refraction profile crossing
the Dabie metamorphic belt allowed a lithologic
interpretation of the velocity structure for the 34 km
thick continental crust. Importantly, the comparison
gives clear evidence that eclogite which is exposed
in many outcrops is not a main constituent of the
lowermost crust in the Dabie mountains.
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