Tectonophysics 370 (2003) 11 – 30
www.elsevier.com/locate/tecto

Anisotropic seismic properties of the upper mantle beneath the
Torre Alfina area (Northern Apennines, Central Italy)
Emanuela Pera a, David Mainprice b,*, Luigi Burlini c
b

a
Università degli Studi di Milano-Bicocca, piazza dell’Ateneo Nuovo, 4-20126 Milan, Italy
Laboratoire de Tectonophysique, ISTEEM, UMR 5568 CNRS, Université de Montpellier II, 34095 Montpellier, Cedex 05, France
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Abstract
Central Italy is an active tectonic area that has been recently studied by several regional mantle, Pn and SKS, studies
which revealed the presence of a strong regional anisotropy. In this paper, we present the first petrophysical results on the
only mantle xenoliths from Central Italy, which place new constraints on the upper mantle structures of this region. The Torre
Alfina mantle xenoliths are very small in size, from few millimetres to about 1.5 cm. They are mainly dunites and
harzburgites, with subordinate lherzolites and wehrlites. Since olivine and spinel are always present, they should have
crystallised in the spinel-bearing lherzolite field. Their mineralogical composition is ol + spl F opx F cpx. Both olivines and
pyroxenes are present as porphyroclasts and as neoblasts. The xenoliths show different degrees of recrystallization.
Geothermobarometry on these xenoliths give a temperature range of 1040 F 40 jC and a pressure estimate of about 1.5 GPa,
corresponding to 50 to 60 km depth. Previous seismic studies have estimated the Moho to be at 20 to 25 km in this region,
hence the xenoliths come from a hot mantle, probably asthenospheric, below a lithosphere of about 25 to 40 km in thickness
below the Moho. We measure the crystallographic preferred orientation (CPO) of olivines and pyroxenes using a SEM and
the Electron Back Scattered Diffraction (EBSD) technique. The CPO shows all three axes of olivine are tightly clustered:
[100] axis is typically more tightly clustered than [010] and [001] is the most widely distributed axis. The fabric strength
expressed by the integral J index, varies from 4.5 to 25.9, and decreases with the degree of recrystallization. We use CPO data
to calculate anisotropic seismic properties of the xenoliths. They are very homogenous and probably statistically
representative of the mantle below the Torre Alfina area. Vp ranges from 8.4 to 9.1 km/s, Vs1 from 4.8 to 5.0 km/s. The
seismic anisotropy is more variable; AVp ranges from 9.8% to 19.3% and AVs from 7.3% to 13.4%. The majority of the
xenoliths display an orthorhombic seismic symmetry, but xenoliths with a transverse isotropic behaviour have also been
observed.
We consider four geodynamic models for the source region of the xenoliths (extension, shear, upwelling, slab tilted), defined
by different orientations of the structural reference frame, and we calculated for each model the variation of the seismic
properties with temperature, pressure and volume fraction of orthopyroxene. After comparing this variation of calculated
seismic parameters with seismic observations from the region, we form the hypothesis that the xenoliths come from either an
extensional tectonic zone (lineation X and foliation plane XY horizontal) or transcurrent shear zone (lineation X horizontal and
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foliation plane XY vertical) and that the mantle beneath Torre Alfina is composed by 70% olivine and 30% orthopyroxene
forming an anisotropic layer of about 160 or 110 km in thickness, respectively.
D 2003 Elsevier B.V. All rights reserved.
Keywords: Anisotropy; Seismic properties; Upper mantle; Xenoliths; Subduction

1. Introduction
Deep seismic continental profiling, and several
regional mantle Pn and SKS studies have extensively
characterised Central Italy. The Pn and SKS studies
show that there is coherent regional pattern of strong
upper mantle anisotropy. The presence of mantle
xenoliths in the region makes it an excellent choice
for the study of the constraints that petrophysics can
place on the upper mantle structure of this tectonically
active area. In Central Italy, mantle xenoliths are only
present within the Torre Alfina (Northern Latium)
potassic lavas, which have a 0.82 F 0.04 Ma whole
rock K/Ar age (Nicoletti et al., 1981). These xenoliths
are of petrological and petrophysical interest, because
they represent the only mantle material found in
volcanic rocks of Central Italy. They have been
interpreted as mantle material carried to the surface
during the upwelling of magma (Conticelli and Peccerillo, 1990; Conticelli, 1998). In the Torre Alfina
area, the Moho is estimated to be at 20 to 25 km depth
from seismic reflection studies (Nicolich and Dal
Piaz, 1990; Geiss, 1987) and the sub-Moho lithospheric thickness is roughly 40 km (Panza, 1984). The
evolution of the Apennines – Tyrrhenian region is still
poorly understood because of the limited knowledge
of its deep structure. In recent years, several studies
using passive seismology (e.g. Margheriti et al., 1996;
Amato et al., 1998a,b; Mele, 1998; Mele et al, 1998;
Hearn, 1999) have been undertaken, permitting a
more detailed understanding of the structure and the
evolution of this complex area. For example, Pn
waves that travel mainly in the uppermost part of
the mantle along and just beneath the Moho discontinuity have been used to investigate the velocity
structure at sub-Moho depth. It has been observed
that Pn waves generally travel with velocities ranging
from 7.7 to 8.4 km/s depending on the rheological
characteristics of the lithosphere (Mele, 1998 and
references therein). The average Pn velocity beneath
the whole Italian region is 8.2 km/s (Mele, 1998; Mele

et al., 1998) and in the Torre Alfina area the average
of the uppermost mantle Pn travel velocity is about
7.9 km/s (Mele et al., 1998; Hearn, 1999) and the Pn
anisotropy is between F 0.10 and F 0.20 km/s (Mele
et al., 1998; Hearn, 1999).
Vertically propagating SKS waves have also been
used in this region. Margheriti et al. (1996) examined
the shear wave splitting along an ENE – WSW oriented
transect, about 30 km North of Torre Alfina (Fig. 1).
They observed a SKS delay time of 1.3 s in the Torre
Alfina region. Moreover, they pointed out that the
fastest polarization direction is parallel to the trend of
the Apennine watershed in the external parts of the belt,
whereas in the internal areas it is normal to the
Apenninic axis. According to Amato et al. (1998a),
the rapid variation of the fast polarization direction and
the SKS delay time suggest that the anisotropic layer
should be shallow and probably confined in the upper
150 km. Since SKS propagate at near vertical incidence, they measure a vertically integrated anisotropy
in the mantle. On the contrary, Pn propagates horizontally and are confined to the top of the mantle. Since in
the external part of the belt the Pn anisotropy and the
SKS anisotropy match very well (Margheriti et al.,
1996; Mele et al., 1998), the anisotropy should have a
stable orientation throughout the upper most part of the
upper mantle, and the whole region should have been
deformed as a coherent unit (Hearn, 1999). However, in
the Tyrrhenian side of the belt the Pn anisotropy is not
consistent with values derived from SKS waves, suggesting a heterogeneous source of anisotropy for this
area (Margheriti et al., 1996; Mele et al., 1998).
The presence of seismic anisotropy in the upper
mantle is now well established from seismic observations and laboratory experiments on mantle xenoliths.
Seismic anisotropy in the upper mantle is mainly due
to the elastic anisotropy and crystal preferred orientation of the volumetrically dominant phase (olivine;
e.g. Nicolas and Christensen, 1987; Ben Ismaı̈l and
Mainprice, 1998; Mainprice et al., 2000). Because
olivine develops a strong preferred crystal orientations
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Fig. 1. Geographical localisation of the Torre Alfina area and sketch map of the volcanic region (modified after Innocenti et al., 1992) and the
fast direction of Pn (Mele, 1998; Mele et al., 1998; Hearn, 1999) and the fast polarization of SKS (Margheriti et al., 1996; Amato et al.,
1998a,b).

during plastic deformation, there is a link between
seismic anisotropy and tectonic regime in the upper
mantle. The objective of this study is to characterise
the anisotropic seismic properties of the xenoliths
from the sub-Moho mantle below Torre Alfina zone
of magma extraction and use the results to constrain
the tectonic regime at depth.

2. Geological outline
In the Mediterranean area, from lower Oligocene to
lower Miocene, a tectonic extension occurs opening
of several basins (e.g. Patacca et al., 1990; Carmignani and Kligfield, 1990; Boccaletti et al., 1990;
Bernini et al., 1990; Serri et al., 1991; Jolivet et al.,
1991; Coli, 1992; Carmignani et al., 1994; Bartole,
1995; Amato et al., 1998b). The opening of Provencal
basin between 22 and 17 Ma caused the anticlockwise
rotation of the Sardinian-Corsica lithospheric block,
and related compressive tectonic forces between European and African plates and triggered the building of
the Apennines mountains. A characteristic of this
tectonic event is the progressive migration of the
compressive front towards east.

From upper Miocene, a regime of tectonic extension is established in the internal area of the Apenninic chain; the extensive front, moving progressively
towards east, allows the upwelling of Provincia
Magmatica Toscana (PMT; Marinelli, 1961) magmas
(Fig. 1). The PMT is conventionally subdivided in four
phases, progressively younger from west to east (Innocenti et al., 1992) and connected with the migration
towards East of the lithospheric thinning (Patacca et
al., 1990; Serri et al., 1991). The mafic ultrapotassic
lavas of Torre Alfina (Conticelli and Peccerillo, 1990)
belong to the fourth phase, starting at 1.3 Ma with
Radicofani volcanic neck and finishing at 0.30 Ma
with Monte Amiata lavas.
Today, the compressional front of the Apenninic
chain is situated in the external areas of the chain
(Adriatic area), whereas the extensive front is located
along the Apenninic watershed (Coli, 1992). From
seismic investigations (Amato et al., 1998b; Selvaggi
and Amato, 1992), the compression seems to be still
active, with the slab in subduction towards west, under
the chain. Tomographic seismic studies show clear
evidence of a slab beneath the Apenninic chain (Carminati et al., 1998; Cimini, 1999; Lucente et al., 1999).
In Torre Alfina lavas, Conticelli and Peccerillo (1990)
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recognise two coeval facies with different physical,
chemical, isotopic and mineralogical characteristics.
Both lavas contain olivine xenocrystals and several
mantle and crustal xenoliths. Since the former do not
show any reaction rim with basaltic liquid and the
latter are very regular in shape, the cooling is thought
to be fast, the magma should have a low viscosity and
the system energy should be very high (Conticelli and
Peccerillo, 1990), resulting in a rapid ascent of the
xenoliths to the surface. According to Conticelli and
Peccerillo (1990), mantle xenoliths represent mantle
peridotites that underwent different degrees of partial
fusion before being extracted by magma.

3. Microstructure and petrography
Petrographically, Torre Alfina mantle xenoliths are
mainly dunites and harzburgites, with subordinate
lherzolites and wherlites. They are extremely fresh

and occasionally they show interaction structures with
the host lava or exhibit weathering. They are rounded
to elongated in shape, with a size ranging from few
millimetres to 1.5 cm. Besides olivine, spinel is
always present and clinopyroxene and/or orthopyroxene may be present; occasionally, secondary phlogopite is observed. The dominant phase is olivine (at
least 90%), which defines a granoblastic –porphyroclastic texture. Olivine is present both as porphyroclasts and neoblasts; the former are large grains (up to
4 mm), generally elongated, with strong internal
deformation features (subgrains, undulose extinction)
and curved grain boundaries. The latter are smaller
(0.5 to 1 mm), equant, without intracrystalline deformation and with rectilinear grain boundaries with
well-developed triple junctions. This texture implies
that xenoliths underwent high-temperature plastic
deformation with dynamic recrystallization producing
olivine neoblasts. Different xenoliths show considerable variations in the degree of recrystallization, some

Fig. 2. Comparison of the olivine fabrics of the sample Epta3 obtained by EBSD technique in Zurich (a) and in Montpellier (b). Pole figures on a
lower hemisphere equal area net; nonpolar data; contours as multiples of a uniform distribution; dashed line is the lower contour; N is the
number of measurements.
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xenoliths are composed almost entirely of porphyroclasts, whereas others are totally recrystallized.
Different kinds of geothermometer (Fe – Mg distribution in cpx and opx, Ca in opx, Al and Cr in opx
coexisting with spinel and olivine; Wells, 1977; Bertrand and Mercier, 1985/86; Brey and Köhler, 1990;
Witt-Eickschen and Seck, 1991) have been applied to
the mantle xenoliths. The estimated equilibrium temperature from all geothermometers is very similar,
ranging from 1000 to 1080 jC. Since spinel is always
present and because of the lack of plagioclase or
garnet in these xenoliths, the Torre Alfina mantle
xenoliths are formed inside the spinel-bearing peridotite field. Preliminary results using the Köhler and
Brey (1990) geobarometer gives an equilibrium pressure of 1.6 F 0.2 GPa, corresponding to a depth of 50
to 60 km using PREM (Dziewonski and Anderson,
1981). This means that the mantle xenoliths should
come from the limit lithosphere – asthenosphere or just
inside the hot asthenospheric mantle below the litho-
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sphere. Both hypotheses are consistent with the
present-day extensional tectonic regime of this area
and with the hypothesis of a hot asthenospheric
upwelling of Margheriti et al. (1996) and Mele et al.
(1998).

4. Methodology
Seismic properties of upper mantle rocks are controlled by the modal composition, the orientation of
the structural frame and the strength of statistical
alignment of the crystal axes (crystal preferred orientation, CPO) of the mineralogical phases (e.g.
Birch, 1961; Babuska, 1982; Mainprice and Silver,
1993; Mainprice et al., 2000). Since most of the Torre
Alfina xenoliths contain more than 90% of olivine and
since a second phase may modify seismic properties
only if it is more than 10% to 15% (Mainprice and
Silver, 1993), the xenoliths modal composition has

Fig. 3. Comparison of olivine fabric of the sample Vs50/1 obtained by 5-axis universal stage measurements (a) and by EBSD technique in
Montpellier (b). Pole figures on a lower hemisphere equal area net; nonpolar data; contours as multiples of a uniform distribution; dashed line is
the lower contour; N is the number of measurements.
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Table 1
Torre Alfina xenoliths CPO characteristics

Epta 3
Epta14a
Epta14b
Epta18d
Epta19a
Epta20
Epta28a
Epta31b
Epta37a
Epta37b
Epta48
Epta56
Epta70
Vs50-1
Vs90b
Average sample
Max
Min
Mean

Number of
measurements

J index

7570
9400
4099
2966
5983
4754
2674
4138
10 634
8112
5853
6099
3289
6277
5863
87 711

[100] axis

[010] axis

[001] axis

Max density

pfJ

Max density

pfJ

Max density

pfJ

12.90
16.87
9.30
4.46
6.65
4.88
13.67
7.68
6.76
10.35
9.50
9.41
7.32
25.95
5.99
5.87

10.75
12.83
9.78
4.77
6.80
4.89
10.22
5.52
7.92
7.42
9.43
5.41
7.03
17.67
6.55
7.26

4.45
4.95
2.74
1.81
2.73
1.81
3.33
2.41
2.66
3.14
3.02
2.23
2.54
6.42
2.16
2.66

7.16
9.37
7.49
5.27
5.87
4.26
11.88
6.72
7.13
9.50
8.18
6.93
5.56
14.87
6.72
5.61

2.89
4.12
2.49
1.70
2.11
1.86
4.00
2.26
2.48
3.01
2.75
2.94
2.10
5.51
1.91
2.31

7.87
10.94
7.72
3.93
4.57
4.80
9.48
6.07
5.05
5.32
5.64
6.73
5.09
13.48
4.50
4.72

2.37
3.65
2.02
1.32
1.71
1.62
2.88
1.86
1.68
1.84
1.87
1.87
1.64
4.36
1.48
1.57

25.95
4.46
10.11

17.67
4.77
8.46

6.42
1.81
3.09

14.87
4.26
7.79

5.51
1.70
2.81

13.48
3.93
6.75

4.36
1.32
2.14

Number of measurements and J index value for the 15 Torre Alfina mantle xenoliths, maximum density and pfJ values for any crystallographic
axis. In the last line, the crystallographic data of the average sample are reported. The average sample has been calculated from the sum of all
measurements, giving the same weight to each single measure.

been considered as 100% olivine. Only in few cases
the real modal analysis (maximum 11% pyroxene) has
been considered, the calculated seismic properties
were not substantially different.
In order to characterise the CPO, we need to
evaluate the fabric strength and the distribution
density of the principal crystallographic axes. To
obtain a representative CPO of a rock, at least 100
to 150 grains for each phase should be measured
(Ben Ismaı̈l and Mainprice, 1998). The orientation g
of a grain or crystal in sample co-ordinates can be
described by the rotation matrix between crystal and
sample co-ordinates. In practice, it is convenient to
describe the rotation by a triplet of Euler angles, for
example g=(u1 / u2) used by Bunge (1982). One
should be aware that there are many different definitions of Euler angles that are used in the physical

sciences; here we use the definition given by Bunge
(1982). The orientation distribution function (O.D.F.)
f(g) is defined as the volume fraction of orientations
with an orientation in the interval between g and
g + dg in a space containing all possible orientations
given by
Z
DV =V ¼ fðgÞdg
ð1Þ
where DV/V is the volume fraction of crystals with
orientation g, f(g) is the texture function and dg = 1/
8p2 sin/ du1 d/ du2 is the volume of the region of
integration in orientation space. Several factors will
affect the magnitude of anisotropy. It is well established that strength of CPO is a function of finite
plastic strain and hence the seismic anisotropy should
evolve with deformation history. To quantify the

Fig. 4. Characteristic CPO patterns of olivine [100], [010] and [001] pole figures plotted on a lower hemisphere equal area net; nonpolar data.
All crystallographic pole figures are plotted in the structural reference frame (XYZ) derived from the literature for natural peridotites: the [100]
best fitting is assumed parallel to lineation (X direction) and the [010] best fitting normal to the foliation plane (Z direction) (e.g. Mainprice and
Silver, 1993; Ji et al., 1994; Ben Ismaı̈l and Mainprice, 1998; Soedjatmiko and Christensen, 2000). Contours are in multiples of uniform
distribution and dashed line represents the minimum contour. N is the number of measurements. The pfJ number is the density of
crystallographic orientation in any direction of the structural frame. See text for explanation.
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degree of CPO, Mainprice and Silver (1993) used the
J index, which is defined by Bunge (1982) as:
Z
J ¼ fðgÞ2 dg
ð2Þ
The J index has a value of 1 for a random
distribution and a value of infinity for a single crystal.
However, the J index has a maximum of about 250 for
olivine in our calculations because of the truncation of
the spherical harmonic series at an expansion of 22.
Mainprice and Silver (1993) showed that J index and
seismic anisotropy increased with increasing axial
strain of the olivine aggregates. A more extensive
study of the methods used for numerical models of
CPO development (Tommasi et al., 1999) confirms
that the J index increases with finite plastic strain. In a
similar manner, the sharpness of a pole figure can be
analytically defined by the pfJ index as:
Z
2
pfJ ¼ Phkl
ða; bÞdx
ð3Þ
where a and b are the spherical co-ordinates of the
considered direction in the pole figure, Phkl(a,b) is the
density in that direction for a given crystallographic
pole defined by hkl and dx = 1/4p sina dadb is the
volume of the region of integration. pfJ index has a
value of 1 for a random distribution and a maximum
value for olivine of about 60 in the present case (which
depends on the crystal symmetry and the symmetry of
the crystal direction) for a single crystal of olivine.
To describe the CPO of a rock, the orientation of
crystallographic axes of each crystal with respect to an
external reference frame (X, Y, Z) must be known. The
external reference frame is normally the rock fabric

(e.g. X parallel to lineation, Y normal to lineation in the
foliation plane, Z normal to foliation). However, in the
case of the Torre Alfina xenoliths, the orientation of
the external reference frame is unknown, because of
the small size of xenoliths and the lack of macroscopic
fabric. The orientation of the thin sections was therefore random and independent of the orientation of the
foliation plane and the lineation. Thus, to describe the
olivine CPO, all the orientation data were rotated into a
common external reference frame derived from the
literature for natural peridotites. The highest density of
[100] axes was rotated parallel to the reference direction X (east of the pole figures) and the highest density
of the [010] axes was rotated parallel to Z (north of the
pole figures). These two directions were constructed so
that they are orthogonal. In what follows, the directions are assumed to be good estimates of the lineation
(X) and the normal to the foliation (Z), which is the
case for almost all the published pole figures of olivine
(e.g. Mainprice and Silver, 1993; Ji et al., 1994; Ben
Ismaı̈l and Mainprice, 1998; Weiss et al., 1999; Soedjatmiko and Christensen, 2000; Mainprice et al., 2000;
Ben Ismaı̈l et al., 2001).
CPO has been determined by Electron Back Scattered Diffraction (EBSD) technique (e.g. Schwarzer,
1997; Prior et al., 1999) for 15 xenoliths. EBSD
analyses were mainly performed at the University of
Montpellier II. Data were collected on grids with 100Am steps using a computer-controlled SEM stage in
order to measure the orientation of between 100 and
500 grains. In order to confirm CPO data obtained
with the recent EBSD system in Montpellier, we
measured the CPO of one xenolith by 5-axes Universal Stage and of other three xenoliths by EBSD

Fig. 5. Olivine CPO pattern of the average sample plotted on a lower hemisphere equal area net. Symbols and reference frame as in Fig. 4.
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system at ETH of Zurich. In both cases, the correspondence was excellent (Figs. 2 and 3).

5. Results
5.1. Crystal preferred orientation (CPO)
All CPO data are presented by pole figures on a
lower hemisphere equal area net. In Table 1, the
number of measurements on olivine and the J index
for each xenolith, as well as the maximum density and
the pfJ for each pole figure are reported.
CPO of Torre Alfina mantle xenoliths are similar to
that of the olivine single crystal, with all three axes
tightly clustered (Fig. 4a, xenolith Epta14a, and Fig.
4b, xenolith Epta28a): [100] axis is normally much
more concentrated than the others two axes and generally the [001] axis is the most widely distributed axis.
In only two xenoliths, CPO appears slightly different. In the xenolith Epta19a (Fig. 4c), with an intensely
recrystallized microstructure, [010] defines a girdle
normal to the maximum concentration of [100] axis,
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which is the axial symmetry axis. In the xenolith
Epta56 (Fig. 4d), essentially porphyroclastic, [100]
and [001] axes show girdle behaviour and the symmetry axis is parallel to the maximum concentration of
[010] axis.
The J index varies from 4.5 for recrystallized
xenoliths to 25.9 for porphyroclastic xenoliths, with
a mean value of 10.1.
From the 15 xenoliths data, we calculated the
average sample (87 711 measurements, the sum of
all the measurements), giving the same weight to each
measurement, independently of the number of measurements in each xenolith. The crystallographic data
and the J index of the average sample are reported in
Table 1 and plotted in Fig. 5. As expected, the average
sample shows all the axes very concentrated, with the
[100] more clustered than the other two axes.
5.2. Seismic velocity and seismic anisotropy
In order to compare seismic results with the
(updated) Ben Ismaı̈l and Mainprice (1998) database,
we used the elastic constant for forsterite Fo93 meas-

Table 2
Torre Alfina xenoliths seismic properties
Vp (km/s)

AVp (%)

AVs (%)

dVs (km/s)

Vs1 (km/s)

Vs2 (km/s)

Max

Min

Max

Max

Max

Min

Max

Min

Epta 3
Epta14a
Epta14b
Epta18d
Epta19a
Epta20
Epta28a
Epta31b
Epta37a
Epta37b
Epta48
Epta56
Epta70
Vs50/1
Vs90b
Average samplea

8.93
8.96
8.66
8.48
8.76
8.53
8.76
8.67
8.68
8.76
8.70
8.43
8.65
9.06
8.57
8.53

7.56
7.50
7.64
7.69
7.67
7.70
7.51
7.64
7.64
7.57
7.63
7.53
7.65
7.46
7.71
7.54

16.7
17.7
12.5
9.8
13.2
10.2
15.4
12.7
12.8
14.5
13.1
11.2
12.2
19.3
10.5
12.4

12.48
13.37
9.37
7.28
8.67
7.70
11.16
8.82
9.54
11.32
10.36
10.27
8.94
13.34
8.10
8.73

0.58
0.63
0.43
0.34
0.40
0.36
0.51
0.41
0.44
0.53
0.48
0.48
0.42
0.62
0.38
0.40

4.98
5.01
4.87
4.80
4.86
4.80
4.87
4.84
4.89
4.96
4.84
4.91
4.89
5.01
4.82
4.76

4.58
4.56
4.58
4.56
4.63
4.62
4.59
4.60
4.55
4.55
4.53
4.46
4.59
4.57
4.61
4.50

4.62
4.62
4.64
4.65
4.66
4.65
4.68
4.67
4.64
4.62
4.69
4.57
4.64
4.63
4.65
4.56

4.29
4.27
4.38
4.44
4.34
4.41
4.31
4.38
4.38
4.34
4.34
4.43
4.39
4.26
4.40
4.28

Max
Min
Mean

9.06
8.43
8.71

7.71
7.46
7.61

19.3
9.8
13.5

13.37
7.28
10.05

0.63
0.34
0.47

5.01
4.80
4.89

4.63
4.46
4.57

4.69
4.57
4.64

4.44
4.26
4.36

Seismic properties (Vp, AVp, AVs, dVs, Vs1, Vs2) for the 15 Torre Alfina mantle xenoliths. In the last two lines, the seismic properties of the
average sample are reported. The natural sample that is in best agreement with the average sample is Epta37a.
a
Abramson et al. (1997). 1.5 GPa. 1000 jC. VRH average.
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Fig. 6. Seismic properties of the xenoliths in Fig. 4 plotted on a lower hemisphere equal area net. Structural reference frame as in Fig. 4. Dashed
line is the minimum contour. Seismic properties calculated by the Kumazawa and Anderson (1969) elastic constant at 1000 jC and 0.5 GPa
using the Voigt average.
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Table 3
Torre Alfina xenoliths average sample
Depth (km)
Temperature (jC)
Pressure (GPa)
Modal
composition
Mean density
(g/cm3)
Elastic stiffness
matrix (GPa)

50 to 60
1000
1.50
olivine=70%
enstatite=30%
3.3062
187.76

70.72
240.47

73.76 0.02
72.98 0.44
206.47 0.22
70.23

0.22
0.16
0.31
0.06
60.63

0.31
0.31
0.14
0.19
0.00
66.92

ured by Kumazawa and Anderson (1969) at T = 1000
jC and P = 0.5 GPa as used by Ben Ismaı̈l and Mainprice (1998) in their original paper. All seismic calculations have been done using the Voigt average, as
suggested by Crosson and Lin (1971). To calculate the
seismic anisotropy, the convention of Mainprice and
Silver (1993) has been used: anisotropy of P-waves
(AVp) is defined as percentage by 200(Vpmax  Vpmin)/
(Vpmax + Vpmin) for the maximum and minimum Vp
values on a hemisphere, and anisotropy of the S waves
(AVs) is defined for a specific propagation direction as
200(Vs1  Vs2)/(Vs1 + Vs2) where Vs1 and Vs2 are fast
and slow S wave velocities.
For each xenolith, the seismic velocities (Vp, Vs1,
Vs2) and seismic anisotropy are reported in Table 2.
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From a seismic point of view, the xenoliths are reasonably homogenous and thus probably statistically representative of the shallow mantle of the Torre Alfina area.
All seismic velocities are very similar and a very
little variability is observed. Vpmax range from 8.4 to
9.0 km/s (Vpmean = 8.7 km/s), Vs1max from 4.8 to 5.0
km/s (Vs1mean = 4.9 km/s) and Vs2max from 4.6 to 4.7
km/s (Vs2mean = 4.6 km/s). Seismic anisotropy is
much more variable: AVp ranges from 9.8% to
19.3% (AVpmean = 13.5%), AVs from 7.3% to 13.4%
(AVsmean = 10.0%). Stereographic projections of Vp,
AVs and the orientation of polarisation plane of the
fastest Vs (Vs1) are shown in Fig. 6. Most of the
xenoliths display an orthorhombic seismic symmetry
(Epta14a, Epta28a), but xenoliths with a transverse
isotropic behaviour with the symmetry axis parallel to
the Vpmax have also been observed (Epta19a). Only
one xenolith (Epta56) has a transverse isotropic
behaviour with symmetry axis normal to the Vpmax.
The fastest P wave always propagates in the same
direction of maximum concentration of the [100] axis,
while the slowest one propagates parallel to the maximum concentration of the [010] axis. The maximum
AVs is generally parallel to the maximum concentration of the [001] axes (Epta28a), although it can be in a
direction between the maximum concentration of the
[001] and [100] axes (Epta14a, Epta19a, Epta56). The
minimum AVs is generally parallel to the maximum
concentration of the [100] axis; only in Epta56 it is
parallel to the maximum concentration of [010] axes.
For all xenoliths, the polarisation plane of the fastest S

Fig. 7. Seismic properties of the Torre Alfina average sample plotted on a lower hemisphere equal area net. Structural reference frame as in Fig.
4. Dashed line is the minimum contour. Average sample calculated by the Kumazawa and Anderson (1969) elastic constant at 1000 jC and 0.5
GPa.
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wave is parallel to (010) planes, which generally is the
foliation plane of natural peridotites.
The seismic data of the average sample are reported
in Table 2, the elastic constants of the average sample
are given in Table 3 and the seismic properties are
plotted in Fig. 7. The average sample shows an
orthorhombic pattern with a tendency to a transverse
isotropic behaviour with the symmetry axis parallel to
the Vpmax. The Vp range between 7.6 and 8.7 km/s and
their anisotropy is 13.8%; the AVsmax is 9.9%. From a

seismic point of view, the Torre Alfina xenolith that is
best match with the average sample is Epta37a, even if
Epta14a and Epta37b are very similar, too.
5.3. Relationship between seismic anisotropy and
fabric strength
The logarithmic equation to fabric strength versus
AVp and AVs has been fitted in Figs. 8 and 9, respectively; seismic anisotropy increases strongly at low

Fig. 8. Logarithmic equation to fabric strength ( J index) versus AVp. Seismic anisotropy increases strongly at low fabric intensity and rapidly
saturates. All Torre Alfina data are compared with the updated Ben Ismaı̈l and Mainprice (1998) database. The dashed line is the logarithmic fit
of the database (126 measurements), the pointed line is the logarithmic fit of the Torre Alfina xenoliths (15 measurements). The full line
represents the logarithmic trend for all data (141 measurements).
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Fig. 9. Logarithmic equation to fabric strength ( J index), maximum density of [100], [010], [001] axes versus AVs. See Fig. 8 for explanations.

fabric intensity and then rapidly saturates for high J
index. In these figures, the Torre Alfina data are
compared with the updated Ben Ismaı̈l and Mainprice
(1998) database. The logarithmic fit of the database
(126 measurements) is represented by a dashed line and
the Torre Alfina’s fit by a dotted line. The full line
represents the new logarithmic trend for all data (141
measurements). The trends for AVp and AVs versus J
index of the Torre Alfina data agree very closely with
the existing database, even if Torre Alfina xenoliths
saturate at lower J index and have higher anisotropy for
low J index.

6. Variation of seismic properties as a function of P
and T
In order to test a correlation between petrophysical
and geophysical data, we calculated the seismic properties over a large range of pressure (0.5 to 5 GPa) and
temperature (600 to 1400 jC). Since the orientation of
the xenoliths in the mantle before being extracting was
unknown, we calculated the variation of the seismic
properties as a function of pressure and temperature for
the structural planes XY, XZ and YZ and for a slab tilted
at 70j (Fig. 10). We chose these three orientations
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Fig. 10. Different structural orientations of mantle peridotite.
Shaded area: foliation plane; lines: lineation directions. (a)
extension model: Pn propagate in XY plane and SKS in Z direction;
(b) shear model: Pn in XZ plane, SKS in Y direction; (c) upwelling
model: Pn in YZ plane, SKS in X direction; (d) structural orientation
of a slab tilted 70j.

because they refer, respectively, to an extension, a
vertical shear plane (e.g. transcurrent or strike slip)
and an upwelling model. The slab tilt was deduced
from the seismic data of Mele et al. (1998).
Finally to better represent the lithospheric mantle,
we varied the mantle composition from 100% olivine to
70% olivine + 30% orthopyroxene, adding step-bystep 10% of opx. We used the calculated average sample for Torre Alfina olivine, and for orthopyroxene an
average sample calculated from 30 different mantle
peridotites samples, each one containing more than 50
measurements. We used published and unpublished
opx fabric data on Alpe Arami (Bascou, 1998), Oman
(Jousselin, 1998), Canadian Cordillera and Alaska (Ji
et al., 1994), Zabargad (Maumus, 1998), Lanzo (Boudier, 1969), and the French Pyrenees (Ferreira, 1996).
We used the elastic constants given by Abramson et al.

(1997) for forsterite Fo90 and by Chai et al. (1997) for
enstatite, both calculated at 1000 jC and 1.5 GPa, the
estimated PT conditions of the xenoliths. The elastic
constants of the resulting rocks were calculated by the
Voigt –Reuss – Hill average. The more recent elastic
constants of Abramson et al. (1997) and Chai et al.
(1997) were used for the modelling because they have
more accurate pressure derivatives. The VRH average
was used for the seismic modelling because the Pn
wave speeds are an important aspect of the present application, using the Voigt average would have artificially increased the mean velocities. The seismic data
of the average sample so calculated are reported in
Table 2.
The variation of the average Vp and deviation of Vp
as a function of pressure and temperature for the
orientation of structural planes discussed above and
the S wave anisotropy for propagation directions normal structural for a mantle compositions of 70%
ol + 30% opx are shown in Fig. 11. In all these figures,
a shaded square localises the equilibrium PT conditions
of the Torre Alfina mantle xenoliths obtained by geothermobarometry. Among the three seismic parameters
investigated, the Vp is the more sensitive to PT variation in all the structural orientations, whereas the
deviation of Vp and the AVs shows significantly less
variation. As expected, Vp increases with increasing P
and decreasing T; Vp are higher in XY plane, and a
minimum is in YZ plane. The deviation of Vp shows a
very small decrease of the Vp deviation with increasing
P and T.
As expected, the AVs increase with increasing
temperature and decreasing pressure. The highest
AVs is in the Y direction, while the lowest is in the
X direction; in the slab case, because of the 70j tilt, S
waves propagate at 20j from X to Z directions, where
the anisotropy is a minimum, as shown by the pole
figures. Hence for 70j tilt, S waves record anisotropy
essentially in the mantle wedge above the slab and not
in the slab itself. The pressure sensitivity of S wave
anisotropy is much less for propagation in the Z
direction than X and Y. The Z direction is statistically
parallel to [010] axis of olivine crystals. The propagation of S waves in the [010] direction depends on
the olivine single crystal elastic constants C66 (polarisation parallel to [100]) and C44 (polarisation parallel
to [001]). The pressure derivatives of these constants
are dC66/dP = 1.93 and dC44/dP = 1.67, and the sec-
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Fig. 11. Variation of mean Vp (a), deviation of Vp (b) and S wave anisotropy (c) as a function of P and T for a mantle composition of 70%
olivine + 30% orthopyroxene. Seismic properties calculated with the Abramson et al. (1997) elastic constants at 1000 jC and 1.5 GPa and the
V – R – H average. The PT conditions of the xenoliths is marked by a grey square. The range of Pn velocities in the Torre Alfina region is marked
by grey shading.

ond derivatives (d2Cij/dP2) are 0 (Abramson et al.,
1997). The X and Y directions are statistically aligned
with [100] and [001] axes of the olivine crystals. The
propagation of Vs along [100] depends on C55 and

C66, whereas propagation along [001] depends on C44
and C55. Hence, the difference in pressure sensitivity
between S wave propagation in Z versus X and Y
directions depends on the behaviour of C55. C55 has a
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similar value of pressure derivative to C44 and C66
with dC55/dP = 1.81, however d2Cij/dP2 is not zero
but has a value of  0.07. Thus, the high-pressure

sensitivity of S wave anisotropy appears to be directly
related to second pressure derivative of C55 for olivine
in these model calculations.
In Fig. 12, we have extrapolated the variation of
the average Vp, the deviation of Vp and the anisotropy of Vs respect to the mantle composition (from
70% ol + 30% opx to 100% ol) at the equilibrium
conditions recorded by Torre Alfina mantle xenoliths
(T = 1000 jC, P = 1.5 GPa). The addition of opx
causes a reduction of Vp mean, Vp deviation and
Vs anisotropy; the influence of the second phase is
very dependant on structural orientation. Vp decrease
significantly only in the XY and XZ planes, while the
upwelling and slab models are not sensitive to the opx
volume fraction in the mantle. The variation of Vp
deviation is quite important in all the structural planes,
especially in the XZ plane. The S wave anisotropy
shows the greatest variation in the Y direction with a
smaller in the Z and X directions. Interestingly, the S
wave anisotropy the vertical direction through a slab
tilted at 70j is not sensitive to the variation of the opx
volume fraction.

7. Discussion

Fig. 12. Variation of Vp mean, deviation of Vp and S wave
anisotropy as a function of mantle composition (from 70% ol + 30%
opx to 100% ol) at T = 1000 jC and P = 1.5 GPa. The range of Pn
velocities and deviation of Pn in the Torre Alfina region is marked
by grey shading.

Published geophysical data on Torre Alfina area
are Pn = 7.9 km/s, Pn anisotropy = 0.2 km/s (Mele et
al., 1998; Hearn, 1999), delay time of SKS = 1.3 s
(Margheriti et al., 1996). In the four geodynamic
model orientations proposed in Fig. 11 with a mantle
composition of 70% olivine and 30% orthopyroxene
for the average Vp, we have 8.1, 8.0, 7.7 and 7.8 km/
s, respectively, for extension, vertical shear, upwelling
and slab models for petrologically determined PT
conditions of Torre Alfina xenoliths. If we allow for
a reasonable error bar of 0.1 km/s on the Pn value of
7.9 km/s, then upwelling and extension are outside the
permitted range (shown in Figs. 10 and 11) and
vertical shear and slab are within or very close to
the permitted range. Upwelling and extension are
close to the permitted range, we could not really rule
these possibilities out at this stage. The measured
deviation of Pn is 0.2 km/s, if we allow possible error
of 0.05 km/s, so a range of 0.15– 0.25 km/s then only
the extension model has values in this range with
0.234 km/s for the Torre Alfina xenoliths. We cannot
appeal to variations in conditions of pressure and
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temperature to make other models agree with measured deviation of Pn as the model values are essentially constant of a wide range of PT shown in Fig. 11.
The situation for shear waves is slightly more
complicated as the measured delay time for SKS
waves depends on the thickness of the coherent
anisotropic layer sampled by the S waves. The thickness (T) of an anisotropic layer is given by
T ¼ ð100dthVsiÞ=AVs

ð4Þ

where dt is the delay time of S waves, hVsi the
average velocity of the fast and slow velocities and
AVs their anisotropy expressed as a percentage. For
the four models the S wave anisotropy is 3.70%,
5.20%, 1.65% and 0.16% for extension, vertical shear,
upwelling and slab models. Taking the observed SKS
dt = 1.3 s and hVsi of 4.46 km/s, we have anisotropic
layer thicknesses of 157, 111, 351 and 3624 km for
extension, vertical shear, upwelling and slab models,
respectively. Only the extension and vertical shear
models give thicknesses which are consistent with
previous suggestions for this region, for example
Amato et al. (1998a).
The extension and vertical shear models seem to
be the most consistent with the observed values for
average Pn, deviation of Pn and SKS delay times in
the Torre Alfina region. The model value of average
Pn would seem to be slightly high for extension
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using the PT conditions of the Torre Alfina xenoliths. However, the agreement would be nearly
perfect for average Pn if the xenoliths actually came
from a region 100 jC hotter and the change in
temperature would not affect significantly the deviation of Pn and SKS delay times. The vertical shear
model agrees well with average Pn, the deviation of
Pn prediction is slightly too high and SKS delay
times are consistent with 111 km anisotropic layer
which is reasonable. In this case, a change of
temperature of 100 jC could not explain the deviation of Pn prediction being too high. From a geological point of view, variations of temperatures are
very likely in this area which is a geothermal region
(Larderello, Torre Alfina, Amiata geothermal fields).
Moreover, extension tectonics is also the model normally proposed in the geodynamic studies of this area.
However, in our summary (Fig. 13), one can see that
the nature of the regional seismic observations varies
widely over distances of a few hundred kilometres,
suggesting that the region has a complex tectonic
pattern with probable extension and vertical shear
being present, as well as upwelling, oblique subduction, corner and slab parallel flow in the surrounding
regions. From Figs. 1 and 13, we can see that the Torre
Alfina region is at the boundary between Pn parallel to
the Northern Apennine, which is also parallel to the
plate boundary, and the region with East – West Pn and
SKS.

Fig. 13. A summary diagram showing the seismic data in Fig. 1 and the possible types of mantle flow (extensional, upwelling, corner, slab
parallel) and oblique subduction parallel to the mountain range that could contribute to the complex observed Pn and SKS observations. Refer to
Fig. 1 for the localisation of the region.
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8. Conclusions
In this paper, we presented the first petrophysical
results on the mantle xenoliths from Torre Alfina. The
xenoliths, mainly dunites and harzburgites, show different degrees of recrystallization, and contain porphyroclasts with strong internal deformation features
as well as neoblasts. The PT equilibrium conditions of
the xenoliths is 1040 F 40 jC and 1.6 F 0.8 GPa.
These pressures correspond to about 50 to 60 km
depth. As the Moho is estimated to be at a depth of
20– 25 km, and the sub-Moho lithospheric thickness is
40 km, the xenoliths come from hot mantle, probably
asthenospheric, involved in the melt extraction process
or from the lithosphere –asthenosphere boundary.
The CPO of mantle xenoliths is generally similar to
that of the olivine single crystal, with all three axes
tightly clustered; the fabric strength seems to be
related to the degree of recrystallization.
We use CPO data to calculate seismic properties
of the xenoliths. From a seismic point of view, the
xenoliths are reasonably homogenous and thus
probably statistically representative of the mantle
of the Torre Alfina area. Most of the xenoliths
display an orthorhombic seismic symmetry, but
xenoliths with a transverse isotropic behaviour have
also been observed. As expected, we found that the
fastest P wave propagates in the direction of the [100]
axis (corresponding to the lineation in peridotite),
while the slowest one is parallel to the [010] axis
(corresponding to the normal of the foliation). The
maximum AVs is parallel or sub-parallel to the [001]
axis (normal to the lineation in the plane of the
foliation), and the minimum AVs is along a direction
at about 20j from the [100] axis to the [010] one. For
all xenoliths, the polarisation plane of the fastest S
wave is parallel to (010) planes, corresponding to the
foliation plane. Seismic anisotropy increases strongly
at low fabric strength, then rapidly saturates for high
J index.
We calculated the variation of three seismic
properties (Vp, Vp deviation, AVs) in a large range
of pressure (0.5 –5 GPa) and temperature (600 –
1400 jC) varying the opx amount (0 –30%) in the
mantle; we considered four different structural orientation of the mantle, corresponding, respectively,
to extension, vertical shear, upwelling and slab
tilted models. We have shown that Vp is the

property more sensitive to PT variation in all the
structural orientations, whereas the deviations of Vp
and the AVs are less sensitive. We have also shown
that the addition of opx causes a general reduction
of these three properties, even if its influence varies
in the different structural orientations.
Finally, we have shown as geophysical and petrophysical data can match to give further information
on the structural orientation of the mantle peridotite
when the reference frame is unknown. We considered the Pn velocities and anisotropy and the SKS
delay time recorded in the Northern Apennine.
Among the four structural orientations discussed
above, only the extension and vertical shear models
in a 70% olivine + 30% opx mantle (in the range of
the PT conditions of the xenoliths) agree with the
observed geophysical data, considering that the Torre
Alfina area is a geothermal region. If a small
variation of temperature is allowed, then the extension model appears to be a better fit. Thus, the
foliation plane of the mantle peridotite under Torre
Alfina should be horizontal. In this case, the lineation should be oriented east-west. Once defined the
structural orientation of the mantle, we also calculated the thickness of the anisotropic layer to be 157
km. Because the anisotropy for wave propagation
directions in a high tilted (70j) slab is negligible,
this depth should correspond to the depth of the
mantle wedge under Torre Alfina.
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