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Anisotropy of elastic properties and thermal conductivity of the
upper mantle — a case study of xenoliths shape: Evidence from
xenoliths in basalts in North Eurasia
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The paper presents data on relations between the petrofabrics of olivine crystals, elastic
properties and thermal conductivity of mantle xenoliths in basalts from the Bohemian
Massif, Pannonian Basin, Baikal Rift, and Lanzarote Island (Canary Islands). The sizes
of the xenoliths themselves and olivine porphyroblasts and neoblasts in them were proved
to be distributed according to the lognormal law. The identified seismic anisotropy of
the xenoliths is controlled by the preferred orientation of the axis [100] of the olivine and
partial melting zones in the xenoliths. The axes of the maximum shortening of the samples
coincide with the dominant distribution mode of the axes [010] of olivine crystals. The
major maxima of the axes [001] are parallel to the long axes of the xenoliths, whereas the
maxima of [100] plot along the middle axis of the samples. The elastic properties (V,) and
thermal conductivity () of mantle xenoliths are controlled by parameters of the crystal
lattice of olivine and the orientation of partial melting zones, which are correlated with
the orientation of the long, middle, and short axes of the xenoliths. These data imply that
the geometrically regular shapes of mantle xenoliths had been in situ formed in the mantle

before these xenoliths were entrained by melts and brought to the surface.
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Introduction

The azimuthal seismic anisotropy of the oceanic litho-
sphere is actively studied by a wide circle of Earth scientists
starting from the first paper, published by Hess, [1964]. The
greatest progress in this field was achieved over the past
decades by based on studying Phanerozoic ophiolite com-
plexes with regard for experimental data on velocities of
seismic waves and orientation of rock-forming minerals in
oriented samples [Gass et al., . The significant lat-
eral heterogeneities in Earth’s deep-seated zones were lately
identified using seismic tomography techniques in both the
continental lithosphere and deeper sitting upper mantle.

The only source of information on the composition and
state of rocks in the Earth’s interiors is ultramafic xeno-
liths in alkali basalt lavas erupted in continental rifts and
at oceanic islands. Because the xenolith-hosting lavas are
young (their age ranges from 30 Ma to recent), the xenoliths
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themselves can provide unique information on the in statu
nascendi composition and structure of the upper mantle.
It has long been known that deep xenoliths show strongly
anisotropic physical characteristics, including their elastic
properties [Christensen, [1966f Verma, , Data on vari-
ations in the elastic properties with the shape and orienta-
tion of an ideal olivine crystal were extensively invoked to
explain the azimuthal and seismic anisotropy of the litho-
sphere [Babushka et al., . Following [Nicolas et al.,
, additional information for these studies was derived
from the petrofabrics of ultramafic xenoliths, which make it
possible to evaluate the strain that produces oriented fabrics
in mantle xenoliths and the P — T parameters at the depths
from which the xenoliths were brought to the surface. The
anisotropy of the lithosphere is commonly explained by the
well-known fact that the elastic characteristics of olivine are
different along its principal crystallographic axes. However,
when discussing the anisotropy of large lithospheric blocks
ranging from hundreds to a few thousand kilometers across,
it is necessary to identify the mechanism that can control an
ordered olivine distribution relative to the major elements
of the surface structure.

This publication presents recently obtained information
that demonstrates relations of certain characteristics of the
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Figure 1. Distribution frequencies of the orientation of (1)
the major and (2) minor axes of xenoliths.

petrofabrics, elastic properties, and thermal conduction of
mantle xenoliths with their shapes, which in turn reflect the
fragmentation of large blocks of the upper mantle.

Size Distribution of Mantle Xenoliths and
Relations Between Their Petrofabric
Parameters and Shapes

Mantle xenoliths in basalt mostly have geometrically reg-
ular ellipsoidal shape and reach 60-80 cm along their major
axes; although more rare xenoliths are irregularly shaped,
angular, and smaller.

Extensive literature on mantle xenoliths provides however
no information on their size distribution and no explana-
tion why these xenoliths are mostly of geometrically regular
shape. It is commonly thought that ascending basalt melt
entrained their wall rocks [Kluegel, and several others],
and the xenoliths acquired certain shapes when brought to
the surface because of their interaction with the melt.

This hypothesis fails however to explain why the neck
facies of fissure eruptions host practically no crustal xeno-
liths. Earlier we have addressed this problem when studying
xenoliths in basalts from Tumbusun-Dulga volcano in the
Khamar-Daban Range, southern central Siberia [Grachev et
al., . We have measured the directions of the axes of
1800 ellipsoidal (in cross section) xenoliths. The size dis-
tribution of the xenoliths complies with the lognormal law
(Figure 1)

According to Kolmogorov , lognormal distributions
are typical of products of crushing and shattering processes.
It is however uncertain as to when these processes took place:
whether when the xenoliths were entrained to the surface by
melts or when their rocks resided in the upper mantle at
depths of 40-70 km (spinel depth facies).

The former scenario seems to be unrealistic in view of the
fact that, according to our data, melts usually carry no more
than 20% xenoliths, which is insufficient for them to come in
contact with one another and thus become eroded. Also, the
times of melt ascent are too short: estimates for the ascent
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Figure 2. Size of olivine porphyroblasts in xenolith sample
979/152, Tumbusun-Dulga volcano.

velocities of melts according to the Stokes law vary from 0.4
to 36 km/h [Morin and Corriveau, Spera, [1984].

The other scenario (in situ sorting) implies that separated
fragments of the partly molten lherzolite mantle can interact
during a long enough time spans when the mantle ascends
from the asthenosphere level to the lithosphere where alkali
basalt can be generated (40-70 km) [Grachev et al.,[T985]. A
decrease in the density of mantle material due to its melting
allows individual fragments to revolve relative to one another
under shear strain (see below for more detail).

This conclusion receives further support from data on the
distribution of porphyroblasts and neoblasts of olivine, the
dominant mantle mineral, whose content in spinel lherzolite
is > 60%. The lengths of olivine grains were measured in
thin sections in three distinct sections of xenolith samples.
The size of both olivine porphyroblasts and its neoblasts in
a single sample were proved to also be distributed according
to the lognormal law (Figure 2| and [Figure 3.
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Figure 3. Size of olivine neoblasts in xenolith sample
979/152, Tumbusun-Dulga volcano.
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When mantle processes are modeled, the size of the olivine
grains is usually assumed to be 1 mm, but even rocks of the
spinel depth facies alone show significant variations in the
size of their mineral grains. In some samples, the average
olivine grains are 4—5 mm. The size of olivine grains notably
affects the rheology of the mantle. At small sizes and low
strain, deformations develop according to the diffuse creep
mechanism, and the viscosity varies in this situation depend-
ing on the grain size. For example, an increase in this pa-
rameter from 10 pm to 1 mm changes the viscosity by a
factor of 100 [Karato, [2008].

Our data thus suggest that the xenoliths were shaped by
processes in the upper mantle, before being entrained by
melts to the surface. In view of this, the petrofabrics and
physical characteristics of the xenoliths were further stud-
ied in samples whose orientation relative to the axes of the
respective xenoliths was known.

Lattice Preferred Orientation of Olivine

The petrofabrics of xenolith samples were examined in
thin sections cut parallel to three mutually perpendicular
planes oriented relative to the maximum elongations of the
xenoliths.

When studying spinel lherzolite sample CH-1 from the
Bohemian Massif in a section perpendicular to the maxi-
mum elongation of the xenolith, we have found out that
mantle deformations, which are expressed in the preferred
orientation of olivine grains in the xenoliths, are strongly
correlated with the shapes of the xenoliths [Grachev et al.,
. As follows from the diagrams , the samples
show a common petrofabric pattern in the section perpen-
dicular to the long axis of the xenolith. The longer axis of
the xenolith coincides with the dominant orientation of the
[001] axes of olivine grains, with their [001] axes defining a
girdle zone perpendicular to the middle axis of the xenolith.
The axes [100] are parallel to the middle axis of the xeno-
lith and lie in the flattening plane, which is perpendicular
to the maximum shortening axis of the sample. The [010]
girdle zone is parallel to the short axis of the sample, and
the main maxima of the zone are perpendicular to the flat-
tening plane @D At the same time, some points in
the plots for [001] and [010] are scattered, which suggests
a tendency toward forming zones normal to the flattening
plane and the maxima of the [100] axes. The geometry of
kink-bands in olivine suggests the development of {0k1}{100]
gliding systems [Grachev et al., . The type of olivine
orientation corresponds to gliding along (010) [100], i.e., type
A in experiments with simple shear [Kneller et al.,[2005].

Analogous tendencies were identified in samples CH-25,
CH-26, V-5/1, V-10/1, and V-10/2 from basalt of the Bo-
hemian Massif and Pannonian Basin [Grachev and
Dobrzhinetskaya, .

The flattening of xenoliths from the Bohemian Massif
(Figure 5h, [Figure 5p) is accentuated by the orientation of
Cr-spinel grains. The fabric patterns of these samples are
similar to those in sample CH-1. In [100] plots, the projec-
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Figure 4. Olivine pole figures for six sections perpendic-
ular to the long axis of xenolith CH-1 from the Bohemian
Massif [Grachev et al.,[1987). The arrow in the right-hand
part indicates the direction along which the thin sections
were marked (Wulf’s stereographic projection, upper hemi-
sphere). All diagrams are based on data of 100 measure-
ments.

tions of the axes define two maxima at low angles to the
flattening plane. The [001] axes make up a maximum in the
central part of the diagrams. At the same time, some points
of the [001] projections cluster in the peripheries of the main
maximum and resemble a girdle zone normal to the flatten-
ing plane. The axes [010] also tend to project within zones,
with the major maxima almost perpendicular to the flatten-
ing plane and parallel to the short axes of the xenoliths. The
axes [001] of olivine are mostly parallel to the long axis of
the xenolith, whereas the axes [100] are parallel to the mid-
dle axis of the xenolith, lie in its flattening plane, and are
perpendicular to the short axis of the xenolith.
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Figure 5. Olivine pole figures for xenoliths form the Bo-
hemian Massif and Pannonian Basin in sections perpen-
dicular to the long axes of the xenoliths (Wulf’s stereo-
graphic projection, upper hemisphere) [Grachev and Do-
brzhinetskaya, . a: sample CH-25; b: sample CH-26;
c¢: sample V-10/1; d: sample V-10/2; e: sample V-5/1. All
diagrams are based on data of 100 measurements. The ar-
row in the left-hand part indicates the orientation of the
thin section relative to the xenolith shape.

Xenoliths from the Pannonian Basin (Figure 5,
[ure 5, [Figure 5f) are flattened and show lineation due to

the orientation of Cr-spinel grains (solid triangle indicates
the projection of lineation in the [100] plots). The axes [100]
cluster close to the flattening plane and define two major
maxima at low angles to the lineation. Some of the [100]
points are scattered around the major maxima because of
the orientation of the neoblasts, which were formed during
dynamic recrystallization. The axes [001] define girdle zones
perpendicular to the flattening plane and lineation, which
lies in this plane. At the same time, the distribution of the
axes [001] has a major maximum, which occurs in the flat-
tening plane and is parallel to the long axis of the xenolith.
The [010] projections show an analogous tendency toward
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clustering within zones with two major maxima in the pe-
ripheral parts of the plots, perpendicular to lineation. All of
the thin sections show kink-bands, whose geometry allowed
us to determine the gliding planes {0kl} [100]. According
to experimental data [Nicolas et al., Raleigh, ,
{Okl} [100] gliding systems in olivine become active at tem-
peratures of 900-1250°C.

Petrofabric analysis thus shows that girdle zone of the
[010] axes tend to be oriented perpendicular to the flatten-
ing planes in which the axis [100] and flattening of the Cr-
spinel lie. The [001] axes define a girdle zone, and their ma-
jor maxima generally tend toward being oriented along the
elongation of the xenoliths [Grachev and Dobrzhinetskaya,
1557.

Similar results were obtained in [Grachev et al.,[1994} Ko-
reshkova, when studying xenoliths (samples Tim-1,
Tam-1, and L-88) in basalt of historic eruptions on Lan-
zarote Island; the xenoliths consist of harzburgite and dunite
[Grachev, [2012].

Stereographic projection of the petrofabric elements of
sample Tim-1 show a well-pronounced orientation of the
olivine porphyroblasts, which are deformed and display glide
dislocation in the form of kink-bands. The dominant gliding
direction is [100]: 34 of the 43 measurements correspond to
{0k1} [100], eight measurements correspond to (010) [100],
and only one is (001) [100] [Koreshkova, (Figure 6)).
The [100] gliding direction, which corresponds to the direc-
tion of the plastic flow of the rock, exhibits a maximum plot-
ting close to the lineation defined by elongate olivine grains
and coinciding with the long axis of the ellipsoidal xenolith.
The crystallographic axes [010] and [001] swarm within zones
in a plane roughly perpendicular to the lineation. Thereby
some of the projection points of [010] (which is perpendic-
ular to the gliding plane) cluster around the short axis of
the xenolith, and some of the [001] projections plot near the
middle axis. The oblique setting and asymmetry of the [100]
maxima relative to the lineation reflect a simple strike-slip
faulting regime and correlates to sinistral strike-slip at angles
of 70-80°. The strike-slip plane is thus close to the foliation
plane . This conclusion is somewhat different from
the documented dominant orientation of olivine relative to
the axes of xenolith CH-1, in which [001] coincides with the
long axis and [100] coincides with the short one [Koreshkova,
990,

Similar to sample Tim-1, olivine porphyroblasts in sam-
ple Tam-1 define a fabric pattern typical of porphyroclastic
textures. The axis [100] shows a maximum that coincides
with the long axis of the xenolith and indicates the flow
direction. The axes [010] and [001] lie within a zone perpen-
dicular to the long axis of the xenolith, with the projection
points clustering around the middle and short axes, respec-
tively .

The orientation of olivines in sample L-88 are different
from those described above: the dominant orientation of
olivine in this sample is not as clear as in samples Tim-1 and
Tam-1 (Figure 8)). This xenolith consists of dunite and rep-
resents a refractory residue material after melting [Grachev,
. Such rocks are usually thought to be formed by solid-
ification in a magmatic chamber (magmatic underplating)
and thus show no traces of mantle deformations.
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Figure 6. Olivine pole figures for sample Tim1-2, Lanzarote Island, Canary Islands [Koreshkova, :1996 .
1 and 3 are the long and short axes of the xenolith, respectively. The horizontal line indicates the foliation
plane. The lineation coincides with the long axis of the xenolith. Schmidt’s stereographic projection,
lower hemisphere. Contours are to 1, 2, 3, 5, and 7%.

The olivine orientations in xenoliths from the Baikal Rift
were studied in 70 xenoliths, all of which were collected at
Tumbusun-Dulga volcano in the Khamar-Daban Range to
find possible petrofabric variations between xenoliths sam-
pled at a single locality. The xenoliths were classified into
two types [Moltchanova and Ratnikova, .

The xenoliths of type 1 are characterized by weak flat-
tening accentuated by their Cr-spinel (S1), which is perpen-
dicular to the axis of the maximum shortening of this xeno-
lith . The samples have a typical porphyroclastic
texture and similar fabric patterns with clearly seen girdle
distribution of the axes [010] and [001] and two maxima of
the axes [100] of olivine. The arrangement of the kink-bands
makes it possible to identify the {0kl} [100] translation sys-
tems of the olivine, which reflect the solid-state plastic flow
of olivine in the experiments at temperatures of 950-1250°C.

In one of the samples (Figure 9¢), a (010) [100] gliding sys-

tem was detected, which could be formed, according to ex-

perimental data, at T > 1250°C [Carter et al., [1970]. It is
worth mentioning that this exactly sample hosts the great-
est number of melting zones, some of which are oriented at
45°to the symmetry axis of the xenolith.

The xenoliths of the other type show more clearly pro-
nounced Cr-spinel lineation, which is orthogonal to the max-
imum flattening of the samples. The projections of the axes
[100] and [001] swarm within zones parallel to flattening
plane Si, while the axes [010] define two maxima perpen-
dicular to the flattening plane Sy .

Comparison of the results of petrofabric analysis shows
that the two distinguished types likely reflect different defor-
mation circumstances in the anomalous mantle of the Baikal
Rift [Grachev, . The relations between the textures of
xenoliths of both groups with their shapes indicate that the
maximum shortening axes coincide with the dominant ori-
entation of the axes [010] of olivine, even when these axes
project within zones. The major maxima of the axes [001]

[001]

3

Figure 7. Schmidt’s stereographic projections (lower hemisphere) for olivine porphyroclasts in sample
Tam-1 [Koreshkova, [1996]. Isolines are 1, 2, 3, 5, and 7%; 1 and 3 are the long and short axes of the

sample, respectively.
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Figure 8. Schmidt’s stereographic projections (lower hemisphere) for olivine porphyroclasts in sample
L-88 [Koreshkova, [1996]. Isolines are 1, 2, 3%; 1 and 3 are the long and short axes of the sample,
respectively.

Figure 9. Wulf’s stereographic projections (lower hemisphere) for olivine in type-1 mantle xenoliths
from the Baikal Rift in sections perpendicular to the long axes of the xenoliths. a: sample 979/104;
b: sample 979/106; c: sample 979/165 [Moltchanova and Ratnikova, . All diagrams are based on
data of 100 measurements. Straight lines in the diagrams indicate the flattening planes S1, and the solid
triangles show the lineation L;.
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Figure 10. Wulf’s stereographic projections (lower hemisphere) for olivine in type-2 mantle xenoliths
from the Baikal Rift in sections perpendicular to the long axes of the xenoliths. a: sample 979/117;
b: sample 979/149; c: sample 979/146 [Moltchanova and Ratnikova, . All diagrams are based on
data of 100 measurements. Straight lines in the diagrams indicate the flattening planes S;.

are parallel to the long axes of the xenoliths, whereas the
maxima of [100] are parallel to the middle axes of the sam-
ples.

Experimental Study of the Elastic
Characteristics of Mantle Xenoliths

Laboratory studies of the elastic characteristics (V, and
V) of mantle xenoliths under a pressure of 20 kbar were
launched at the Schmidt Institute in 1970 in coopera-
tion with A. I. Levykin and then continued together with
G. A. Efimova [Grachev and Levykin, Grachev et al.,
[1987], following the methods described in [Volarovich
et al., . The velocities of P-waves were measured
by ultrasonic pulse techniques in a piston-cylinder appara-
tus, with Pb as the pressure-transmitting material. Samples
for the experiments were sawn off rock cubes in the form of

cylinders 17.5 mm long and 22 mm in diameter. Prepara-
torily to the experiments, the cubes were measured under
atmospheric pressure. The orientation of each of the cubes
relative to the long axes of the xenoliths and the orienta-
tion of the thin sections used in petrofabric analysis were
known and documented. The theoretical velocities of s- and
p-waves were calculated by the generalized singular approx-
imation technique [Bayuk and Rodkin, from data of
petrofabric analysis to reveal the anisotropy of the xenoliths.

presents plots of V,, determined for the long,
middle, and short axes of sample CH-1 under pressures up
to 12 kbar. The anisotropy of V,, is clearly seen and system-
atically varies from minimum values along [010] to maximum
ones along [100]. The V,, curves in correspond to
three mutually perpendicular directions: a is the V), values
measured along the middle axis of sample CH-1, and b and ¢
are the values along the long and short axes of this sample,
respectively. It can be readily seen that the experimental de-
termined V), values exactly match petrofabric data on sample

CH-1 (Figure 4)), which show that the seismic anisotropy of
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Figure 11. Variations of V, in mantle xenolith CH-1 from
the Bohemian Massif depending on pressure and orientation
of the axes of this xenolith; a, b, and ¢ are the middle, long,
and short axes of the xenolith, respectively.

the sample is closely related to its shape, i.e., to the orien-
tation of the long, middle, and short axes of xenolith.

Theoretical values of the elastic properties of sample CH-1
calculated by the generalized singular approximation tech-
nique [Bayuk and Rodkin, from petrofabric data for a
pressure from 5 to 20 kbar are shown in

The V, values determined at pressures up to 15 kbar for
a number of xenoliths from a single locality in the Baikal
Rift demonstrate analogous relations between the anisotropy

of V,, and the shape of the xenolith. shows ex-
perimental results on representative xenolith samples from

Vp, Sample Ch-1

10kb

8.8 km/s

15kb

47 5.2 km/s

Figure 12. Calculated V,, and Vi of mantle xenolith CH-1
from the Bohemian Massif depending on pressure.
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Figure 13. Variations of V, in mantle xenoliths from the
Baikal Rift depending on pressure and orientation of the
axes of this xenolith; a, b, and ¢ are the middle, long, and
short of the xenolith, respectively, and b’ is a melting zone
oriented along the long axis of the xenolith.

basalt of Tumbusun-Dulga volcano. These data demonstrate
systematic relations between the seismic anisotropy of the
xenoliths and their shapes, i.e., the orientation of the [100],
[010], and [001] axes of olivine relative to the long, mid-
dle, and short axes of the samples. Again, data on these
samples show relations identified in xenolith samples from
the Bohemian Massif, Pannonian Basin, and Lanzarote Is-
land. The most interesting sample is 979/165, which shows a
clearly seen melting zone approximately 0.5 mm thick, which
is parallel to the long axis of this xenolith and, as was proved
by petrofabric analysis, and also parallel to the axes [001] of
the olivine grains. As follows from the experimental data,
the decrease in the V}, values in the melting zone is about
20% (Figure 13).

This result is consistent with the known fact that the wet-
ting characteristics of crystals are different along their dis-
tinct crystallographic directions [Yoder, [1976]. It has been
experimentally proved that the greater portions of wetted
crystals are parallel to the axis [001] [Jung and Waff,
Waff and Faul, . Theoretical and experimental studies
[Yoshino et al., predict that wetting is enhanced as the
square root of the melt fraction.

In the xenolith discussed above, the setting of the melt-
ing zone is thus consistent with the seismic anisotropy of

8 of 11



ES2002

—_—1 4 cm

Figure 14. Histogram of thermal conductivity values of
the studied xenoliths (up) and directions of the scan lines
relative to xenolith shape (below).

this xenolith (Figure 13)), i.e., the plane (010) of the olivine,

which is characterized by the strongest wettability and is
perpendicular to the axis [100] and the direction of shear
deformation. This should result in changes in the V, val-
ues and other physical properties (thermal conductivity and
viscosity) along this direction. This should also affect the
dynamics of movement of the partly molten material of the
anomalous mantle beneath continental rifts.

Anisotropy in the Thermal Conductivity of
Mantle Xenoliths

The thermal conductivity (M) of mantle xenoliths was
studied by optical scanning techniques developed by
Yu. A. Popov [Popov et al., at a laboratory of the Or-
dzhonikidze Moscow Geological Exploration Institute. The
measurements were carried out under normal thermody-
namic conditions to ensure the integrity of the samples and
enable later measurements. The data were measured ac-
curate to at least 3%, which was controlled by replicate A
measurements of a standard (quartz).

Each xenolith sample was sawn into two parts along its
long axis so that the roughness of the cut surfaces did not
exceed £0.5 mm. The scan lines were marked with black
enamel stripes 10 mm wide, and the measurements were
carried out along two orthogonal directions: either along
the long and short axes or along the long and middle ones
(Figure 14). Values of A were thus obtained along each of the
axes of the xenoliths of ellipsoidal shape. The thermal con-
ductivity of olivine is controlled by parameters of its crystal
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Table 1. Thermoconductivity of the Mantle Xenoliths

Sample Middle axis, Short axis, Long axis,
A [100] A [010] A [010]
979/117 3.40 2.40 2.77
3.12 2.32 2.62
979/146 4.37 3.75 4.05
4.30 3.95 4.15
979/149 3.95 3.28 3.56
3.79 3.20 3.42
4.04 3.41 3.75
3.88 3.35 3.55
3.66 3.20 3.40
979/162 4.03 3.42 3.68
3.97 3.56 3.80
3.83 3.52 3.66
CH1 4.50 3.77 4.11
4.37 3.85 4.24

lattice: thermal conductivity is at a maximum along [100]
and at a minimum along [010] [Gibert et al.,
Tommasi et al., . Thermal conductivity also depends
on the size of the olivine grains, i.e., the contribution of the
olivine neoblasts to A is insignificant.

The thermal conductivity of studied xenoliths is charac-
terized by significant anisotropy along various axes of the
samples . In all samples, A along the middle axis,
i.e., parallel to [100], is always greater than this parameter
along the short axis and long axis. The thermal conductivity
in the partial melting zone (sample 979/104) is 1.9 W/m K.

Our data on the thermal conductivity of mantle xenoliths
along their long, middle, and short axes proves that A de-
pends on the shapes of the samples, and these relations can
be explained by the dominant orientation of the crystallo-
graphic axes of the olivine, whose content in these samples
exceeds 60%.

The anisotropy of thermal conductivity also depends on
the pyroxene content in the xenoliths, with an increase in
this parameter decreasing the anisotropy [Tommasi et al.,
, but does not principally modify these relations.

The dependence of the thermal conductivity anisotropy of
xenoliths on their shape is thus proved without any a priori
assumptions concerning the petrofabrics of the samples.

Discussion and Conclusions

As follows from experimental results, the seismic
anisotropy of the upper mantle can be explained by either a
preferred orientation of the axis [100] of olivine, which coin-
cides with flow direction of the material [Nicolas and Chris-
tensen, and several others], or by the dominant orien-
tation of the partial melting zones (OMP model in [Kendall,
2006]). In the latter situation, an important role (along with
the degree of partial melting, which is no lower than 2%) is
also played by the morphology of these zones [Schmeling,
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Our results indicate that the development of the seismic
anisotropy of our xenolith samples predetermined by con-
tributed by both of these processes. The arrangement of
the melting zones is consistent with the anisotropic fabric
of the xenoliths and hence provides further support to the
hypothesis that the anisotropy of the xenoliths depends on
their shapes and was in situ produced in the mantle before
the xenoliths were captured by melt.

The degree of partial melting should control the viscosity
of the mantle material and, hence, also the spreading veloc-
ity of the anomalous mantle material beneath continental
rifts. Because the degree of partial melting is not constant,
it is reasonable to suggest that the horizontal spreading ve-
locity of mantle material should also vary, and this should
bring about large scale zones of plastic shearing along which
mantle material flows.

Our results are important for understanding processes
in the anomalous mantle of continental rifts. Isotopic-
geochemical data indicate that volcanism in the Baikal Rift
is affected by a mantle plume [Grachev,|1998 Johnson et al.,
, and seismic tomography data suggest the occurrence
of low-velocity mantle to a depth of 600 km [Mordvinova et
al., [20005 Zhao et al.,|2006].

Models of the ascent of a mantle plume suggest that it
should be fragmented into a number of cells when approach-
ing the bottom of the solid crust [Grachev et al., . The
mantle cannot be fragmented if no partial melting zones are
formed in it. As follows from data on the xenoliths, these
zones are arranged in the samples parallel to the long axes
of the xenoliths and [001] of their olivine. The setting of the
melting zone is thus consistent with the seismic anisotropy of
the xenolith, i.e., the plane (010) of the olivine is perpendic-
ular to the axis [100] and the direction of shear deformations,
and this should result in changes in the V}, velocity, thermal
conductivity and viscosity Grachev and Malevskii, .
Acknowledgments. We are grateful to A. I. Levykin, G. A. Efi-
mova and Yu. A. Popov for providing xenolith physical properties
study and I. O. Bauk for the theoretical velocities calculation pro-
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