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Abstract

We investigated the deformation mechanisms and the seismic properties of 10 eclogite samples from different localities
(Alps, Norway, Mali and eastern China) through the analysis of their microstructures and lattice-preferred orientations (LPO).
These samples are representative of various types and intensity of deformation under eclogitic metamorphic conditions.
Omphacite and garnet LPO were determined from electron backscatter diffraction (EBSD) technique. Garnet appears to be
almost randomly oriented whereas omphacite develops strong LPO, characterized by the [001]-axes concentrated sub-parallel
to the lineation, and the (010)-poles concentrated sub-perpendicular to the foliation. In order to analyze the deformation
mechanisms that produced such omphacite LPO, we compare our observations to LPO simulated by viscoplastic self-
consistent numerical models. A good fit to the measured LPO is obtained for models in which the dominant slip systems are
1/2(110) {110}, [001] {110} and [001] (100). Dominant activation of these slip systems is in agreement with TEM studies of
naturally deformed omphacite. Seismic properties of eclogite are calculated by combining the measured LPO and the single
crystal elastic constants of omphacite and garnet. Although eclogite seismic anisotropies are very weak (less than 3% for both
P- and S-wave), they are generally characterized by a maximum P-wave velocity sub-parallel to the lineation and by a
minimum velocity approximately normal to foliation. The mean P- and S-wave velocities are high (respectively, 8.6 and 4.9
km/s). The S-wave anisotropy pattern displays complex relationships with the structural frame but the fast polarization plane
generally tends to be parallel to the foliation. Calculated reflection coefficients show that an eclogite/crust interface is
generally a good reflector (Rc>0.1), whereas an eclogite body embedded in the upper mantle would be hardly detectable.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
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ence of eclogite bodies within the continental litho-
sphere could explain high velocity patches detected
in seismic tomography models or bright seismic
reflectors on deep seismic reflection profiles (Butler,
1986; Laubscher, 1990; Nicolas et al., 1990; Austr-
heim, 1991; Warner et al., 1996). Laboratory meas-
urements of P- and S-wave velocities (e.g. Fountain
et al.,, 1994; Kern et al., 1999) show that eclogites
are characterized by P-wave velocities around 8.0
km/s, which are much faster than the average P-
wave velocities of other crustal rock (e.g. Barruol
and Mainprice, 1993a; Christensen and Mooney
1995). These velocities are however similar to the
average velocity in the uppermost mantle, i.e., 8.09
km/s for the Pn-average velocity.

Possible effects of seismic anisotropy on the reflec-
tivity of eclogite bodies in contact with peridotite have
been pointed out by Mauler et al. (2000). Unfortu-
nately, if peridotite seismic anisotropy and its relation-
ship with olivine lattice-preferred orientation is widely
documented (Babuska, 1972; Nicolas et al., 1973;
Nicolas and Christensen, 1987; Ben Ismail and Main-
price, 1998), it is not the case of eclogitic rocks
seismic properties. Eclogites seismic anisotropy is
also expected to be controlled by the anisotropy of
the elastic properties of omphacite single-crystal
(Bhagat et al., 1992), but the relationship between
the omphacite LPO, the deformation mechanisms and
the resulting seismic properties is poorly documented
(Godard and Van Roermund, 1995).

The overall aim of this paper is therefore to
increase our knowledge on the eclogite physical
properties. To access this point, (1) we quantify the
crystallographic orientations of omphacite and garnet
in eclogites sampled from various localities (Alps,
Norway, Mali and eastern China) that display differ-
ent types and intensity of deformation; (2) we dis-
cuss the deformation mechanisms that produce the
measured omphacite LPO. The lack of experimental
data on omphacite polycrystals deformation stimu-
lates us to perform numerical models of LPO devel-
opment by dislocation glide in order to constrain the
relationship between LPO and slip systems activity;
(3) we compute the seismic properties (P and S
velocities) of the selected eclogites from their meas-
ured LPO; and (4) we finally discuss the reflectivity
of horizontal interfaces involving eclogite, crustal
and mantle rocks.

2. Geological settings and textures description
2.1. Alpe Arami eclogites (Alps)

The Alpe Arami peridotite massif is located within
the Lepontine gneisses, north from the Insubric Line
(Fig. 1). This lens-shaped peridotite massif, 1-km
long, is surrounded by eclogite boudins partly con-
verted to an amphibolite assemblage (Mdockel, 1969;
Ernst, 1977). Thermobarometric investigations (Hein-
rich, 1986) suggest P—T metamorphic conditions in
the range 1.8—3.5 GPa and 750-900 °C.

Sample ABL.E is petrologicaly representative of the
eclogitic event. It contains 60% of omphacite, 30% of
garnet and rutile, ca—amphibole and kyanite as
accessory minerals. This rock is characterized by a
penetrative foliation and a lineation marked by a
shape-preferred orientation of omphacite crystals.
The largest omphacite crystals are more than 4-mm
long (Fig. 2a). The garnet crystals, weakly elongated,
are roughly 800-pm long in average and contain
inclusions of omphacite.

2.2. Mt Mucrone eclogites (Alps)

In the Monte Mucrone area (Fig. 1), glaucophane-
bearing eclogitic boudins are embedded in the Sesia—
Lanzo zone micaschists. These eclogites are charac-
terized by a good preservation of the high-pressure
mineralogical assemblages (Lardeaux et al., 1982;
Rubie, 1984) and might represent a slice of Austro-
alpine continental crust subducted during the creta-
ceous Alpine collision (e.g. Compagnoni et al., 1977).
The metamorphic conditions are estimated to be
around 1.4—1.6 GPa and 500-560 °C (Lardeaux et
al., 1982).

Sample eclo 01 is composed of omphacite (55%),
garnet (25%), zoisite (10%) and minor phengite,
glaucophane and rutile. The microstructure is charac-
terized by a bimodal distribution of omphacite grain
size with large porphyroclasts (>2 mm) surrounded by
fine-grained recrystallized omphacite. The largest
grains show undulose extinction and subgrain boun-
daries (Fig. 2b). Another class of omphacite crystals is
made of elongated grains about 2-mm long that are
free of sub-structure. The foliation is marked by
zoisite-rich layers and the elongation of omphacite
porphyroclasts.
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Fig. 1. Schematic maps showing the geographical and geological setting of the studied eclogite samples. (I) Alps region: AB.E, Alpe Arami
massif; eclo 01, Monte Mucrone; y4129, Monviso Complex; y3638 Siviez—Mischabel nappe. 1=Helvetic basement; 2 =Penninic realm
undifferentiated; 3 = Piemonte zone (Penninic); 4 = Monte Rosa, Gran Paradiso and Dora Maira nappes (Penninic basement); 5 = Sesia Zone and
Dent Blanche nappe; 6=South Alpine units. (IT) Norway area: G3 (Holsngy island), Bergen Arc; B6 and Norv.1, Western Gneiss Region
(WGR). (III) Mali area: S522 and S509, Gourma basin. (IV) Dabie and Sulu areas: SL50, Sulu terrain. NCB=North China Block, and

SCB = South China Block.

2.3. Monviso eclogites (Alps)

The Monviso meta-ophiolitic complex is located in
the Western Alps (Fig. 1). Eclogitic metamorphism is
related to the subduction of an oceanic crust during
the Alpine orogeny (e.g. Caby et al.,, 1978). The
pressure and temperature conditions of the eclogitic
metamorphism have been estimated to be 2.4 GPa and
620450 °C (Messiga et al., 1999).

Sample y4129 (65% omphacite, 20% garnet, 8%
rutile) was collected within the highly deformed,
eclogitic metagabbros outcropping in the Lago Supe-
rior Unit (Philippot and Kienast, 1989). This sample is
characterized by a mylonitic foliation formed by fine
(<40 pm), recrystallized omphacite grains. Some large

omphacite grains (>1 mm; Fig. 2¢) are remnants of the
original texture; they display undulose extinction and
subgrain boundaries. Garnet grains are small (500 pm)
and rounded. Fine layers of elongated and fragmented
rutile grains underline the foliation and the lineation.

2.4. Siviez—Mischabel nappe eclogites (Alps)

These eclogites are located in the polymetamorphic
basement of the Penninic Siviez—Mischabel nappe
(Valais, Switzerland; Fig. 1). Eclogitization was not
generated during Alpine orogeny but is supposed to
have occurred during Paleozoic times at a temperature
around 650 °C and a pressure above 1.5 GPa (Thélin
et al., 1990). Lately, the high-pressure mineral assem-



Fig. 2. Photomicrographs showing typical microstructures of eclogite samples. (a) Sample AB.E; (b) sample eclo 01; (c) sample y4129; (d)
sample y3638; (e) sample G3; (f) sample B6; (g) sample Norvl; (h) sample S522. Thin sections in the XZ structural plane except g; g contains

X-axis and makes an angle of 60° with the XY plane. Polarized light.

blage has been partially retrogressed in the amphib-
olite- and greenschist-facies.

Sample y3638 was collected in the core of a
decametric-scale boudin enclosed in retrogressed
gneisses. Its modal composition is primarily ompha-
cite (65%) and garnet (20%). White mica, zoisite and
kyanite are present as accessory components. In thin
section (Fig. 2d), elongated crystals of omphacite as
well as mica, zoisite and rutile underline the foliation.

Omphacite grains are sub-automorphous and about
500-pm long. Garnet grains are fractured and rounded.

2.5. Bergen Arc eclogites (Norway)

The eclogites of series G (three samples) have been
collected on Holsney Island (Western Norway; Fig. 1),
within the Hundskjeften shear zone that crosscut
granulite facies anorthositic complex of the Bergen



Arc. This complex formed during the Proterozoic
Grenvillian orogeny (i.e., 1 Ga) was subsequently
strongly deformed and partially eclogitized during
the Caledonian orogeny (Austrheim and Griffin,
1985; Austrheim, 1987). The pressure and temperature
conditions of eclogitization were estimated to be
around 1.8 GPa and 700-800 °C (Austrheim and
Griffin, 1985).

The three samples of the series G are fine grained
and display similar modal content. Thus, we only
present one of those samples (G3) in Fig. 2e; it is
composed of omphacite (65%), garnet (25%) and
minor phengite, zoisite and kyanite. Sub-automor-
phous omphacite crystals, 200—500-pm long, mark
the foliation. Garnet generally is rounded and gener-
ally millimetric in size. The other mineralogical
phases are strongly elongated in the foliation.

2.6. Western Gneiss Region eclogites (Norway)

These eclogites are located within the Western
Gneiss Region (WGR; Fig. 1), north of the Nordf-
jord—Sogn Detachment. This detachment was active
during the late to post orogenic extension of the
Caledonides and is thought to have played an important
role in the exhumation of the WGR (Andersen, 1998).

Sample B6 is sampled from the core of an eclogite
boudin that was retrogressed in the amphibolite meta-
morphic facies. In the core of this boudin, eclogite
facies parageneses are still preserved. B6 contains
55% omphacite, 35% garnet plus minor quartz, phen-
gite and rutile. Omphacite grains up to 2-mm long
display a weak symplectization. A shape-preferred
orientation of omphacite crystals marks the foliation
and lineation. Garnet is inclusion-rich and millimetric
in size (Fig. 2f).

Sample Norvl (not in-situ) was collected in the
Nordfjord area (Fig. 1). Mineral composition is
omphacite (60%), garnet (30%), with kyanite, zoisite,
phengite and quartz as minor components. This sam-
ple is coarse-grained with omphacite grains >4 mm
and large garnets (>3 mm; Fig. 2g) showing abundant
amphibole and quartz inclusions.

2.7. Gourma eclogites (Mali)

Samples S522 and S509 represent eclogitic meta-
sediments from the internal nappes of the Gourma

area, northern Mali (Fig. 1). These eclogites are
thought to represent sediments of a passive continen-
tal margin subducted during the closure of a pre-Pan-
African ocean. They might be exhumed during the
Pan-African collision of the West African craton with
an arc and/or with the Hoggar—Iforas continental
margin (Caby, 1994). The eclogitic metamorphism
occurred at pressure above 2.7 GPa and temperature
ranging between 700 and 750 °C (Caby, 1994).

In the calc-silicate sample S522 (Fig. 2h), coesite
relics in omphacite have been described by Caby
(1994). Omphacite represents the major mineral phase
(70%). The other phases are garnet, quartz, ankerite
and accessory rutile and phengite. A penetrative
foliation is defined by the shape fabric of tabular
omphacite crystals (>1.5 mm). Garnet crystals are
millimetric in size and rounded in shape. A fine-
grained matrix contains omphacite grains of about
400 um, quartz and ankerite.

Sample S509 was collected in a metabasic sill
within micaschists. This sample is characterized by
a mineralogical layering of omphacite-rich (+ quartz)
and omphacite-poor, garnet-rich layers. In the ompha-
cite-rich layers, omphacite displays evidence of an
overgrowth with megacrysts above 1.5 cm in length
containing abundant quartz inclusions. In omphacite-
poor, garnet-rich layers, the grain size of omphacite
and garnet is relatively homogeneous (1-2 mm).

2.8. Sulu eclogites (eastern China)

Dabie and Sulu areas are considered as the eastern
extension of the Quinling—Dabishan orogenic belt,
which results from a collision between the North and
South China Blocks (Fig. 1). The occurrence of
coesite in the Dabie and Sulu gneissic and eclogitic
terranes indicates a subduction of the South China
continental crust down to more than 100 km (e.g.
Faure et al., 2001). In the Sulu terrain, the P, T
conditions were evaluated at ca. 700—890 °C and
P>2.8 GPa (Zhang et al., 1995).

Studied eclogites were sampled in the southern part
of the Sulu terrain. The less retromorphozed sample
(SL50) is made of omphacite (70%), garnet (20%),
quartz (7%) and minor phengite, epidote, rutile and
kyanite. Elongated crystals of omphacite (about 1 x 3
mm in size) underline the foliation and lineation.
Garnet grains of about 0.8 mm are equidimensional



and quartz grains up to 1-mm long are strongly
deformed.

3. Electron backscatter diffraction (EBSD)
measurements

3.1. Experimental setup and indexing procedure

Omphacite and garnet lattice-preferred orientations
(LPO) were measured on a scanning electron micro-
scope JEOL JSM 5600 by electron backscatter dif-
fraction techniques (EBSD; Lloyd et al., 1991; Adams
et al., 1993; Dingley and Field, 1997). This technique
is based on automatic analysis of diffraction patterns.
These patterns composed of Kikuchi bands are gen-
erated by interaction of a vertical incident electron
beam with a flat crystal surface. We used polished thin
sections about 10 cm” and tilted at 70° from the
horizontal within the microscope chamber. A phos-
phor screen is located close to the thin section to
collect the backscattered electrons and to emit a
photonic image of the EBSD pattern. A low-light,
high-resolution camera acquires this photonic image,
which is then processed and indexed using the
CHANNEL + software (Schmidt and Olesen, 1989).
At each point of measurement, the Euler angles
(p1,0,92) characterizing the lattice orientation of the
crystal are determined and stored together with the
nature of the mineral. The whole procedure (pattern
acquisition, image freezing, band detection, indexing
and result backup) can be carried out automatically.
The relative precision of crystal orientations measured
from electron backscattering patterns is better than 1°
(Krieger Lassen, 1996).

In order to improve the quality of the diffraction
patterns, relief on the thin section is minimized by a
careful polishing. The polishing procedure ends with a
1/4-pm diamond paste followed by a SYTON chem-
ical polishing. In addition, charging effect were pre-
vented by a slight platinum coating. EBSP were
acquired at accelerating voltage of 15 kV and a
working distance of about 40 mm.

Crystal orientation is determined by comparing
the observed pattern of Kikuchi bands with those
simulated for a pre-defined crystallographic structure.
For each investigated mineral phase, one has there-
fore to generate first the crystallographic structure file

(Laiie group, unit cell parameters, atoms position
within the unit cell) and calculate the corresponding
database file containing the reflectors suitable for the
best indexing. For garnet, we used a set of the 64
strongest reflections bands calculated from pyrope
structure of cell edge 11.459 A. For omphacite, we
used a set of the 73 strongest Kikuchi bands calcu-
lated using the crystallographic data of a Norway
omphacite (Clark et al., 1969). The weak impact on
the reflection of the C2/c to P2/n ordering structure
transformation (Mauler et al., 1998) in the omphacite
compositional range, allows using a single omphacite
hkl-file. Lattice-preferred orientations were measured
in automatic mode when no electronic charging
artifacts affected the pattern quality. Otherwise, we
used a manual procedure. During automatic measure-
ments, we used discriminators in order to reject
suspicious indexings. These discriminators give a
control on the pattern quality (band contrast and
band slope parameters), but also on the indexation
velocity (search rounds parameter) and on the quality
of the agreement between detected and simulated
Kikuchi bands (Mean Angular Deviation parameter).
Data that did not fulfill the parameters were rejected.
The diffraction pattern of mineral other than ompha-
cite and garnet, as for example, kyanite, systemati-
cally produced a zero solution. For all the samples,
the whole surface of the thin sections was investi-
gated. Finally, the stage motorization allows a step-
by-step measurement on a predefined grid. We
choose a step size of the same order as the omphacite
grain size of the studied sample (see Table 1), except
for the sample Norvl, whose grain size was too
large. In most cases, the relative small size of the
mean grains relative to the thin section area secures a
good sampling statistic in spite of a possible over-
sampling of the largest grains. In ‘““manual” proce-
dure, only the step size along the Y direction was
imposed, whereas along the X direction, each new
pattern was indexed by the operator avoiding dupli-
cate measurements in the same grains (Table 1
summarizes all methodological information). For
each sample, both omphacite and garnet were
indexed. If omphacite displays significant lattice-
preferred orientations, it is not the case for garnet
that is almost randomly oriented. For this reason, we
concentrate our following microstructural analyze on
omphacite.



Table 1

P, T conditions of eclogitic metamorphism, analytic data and grain size for the studied samples

Samples Sample location P (GPA), T (°C) peak Mean EBSD Step (pm) Mean grain size (um)
reference procedure
Alpine eclogites
AB.E Alpe Arami 1.8-3.5, 750-900 [1] manual y: 1000 omph: 4000 x 1000; grt: 800
Eclo 01 Mt. Mucrone 1.3-1.6, 600—650 [2] automatic x,y: 500 omph: 3000 x 1000 (porph);
<1000 (recr); grt: 1000
v4129 Monviso >2.4,570-670 [3] manual y: 500 omph: 2000 x 500 (porph);
<40 (recr); grt: 500 x 300
v3638 Siviez—Mischabel >1.5, 620-680 [4] automatic x,y: 500 omph: 500 x 200, matrix <300;
grt: 500
Norway eclogites
Gl Bergen Arcs >1.8, 700-750 [5] manual y: 500 omph: 500 x 50; grt: 15000
G2 automatic x,y: 300 omphl: 1000 x 300,
omph2: 200; grt: 2000
G3 automatic x,y: 400 omph: 500 x 200;
grt: 1000 x 1500
Western gneiss region
B6 Nordfjord area manual omph: 3 000 x 1000; grt: 2000
Norv.1 (Verpeneset ) 1.4-1.6, 650-700 [6] automatic x,p: 1000 omph>4000; grt>3000
Gourma eclogites
S522 >2.7, 700-750 [7] manual y: 1000 omph: 1500 x 800 and
400 x 200; grt<1000
S509 >2.7, 700-750 [7] manual y: 1000 omph>1000; grt:1000
Sulu eclogites
SL50 >2.8, 700—890 [8] automatic x,y: 1000 omph: 3000 x 1000; grt<1000

Omph: omphacite; grt: garnet; porph: porphyroclasts; recr: recrystallized grains. Figs. 3 and 5 give the number of measurement (N) of
omphacite per sample. [1] Heinrich (1986); [2] Lardeaux et al. (1982); [3] Messiga et al. (1999); [4] Thélin et al. (1990); [5] Austrheim and
Griffin (1985); [6] Krogh (1982); [7] Caby (1994); [8] Zhang et al. (1995).

3.2. Omphacite lattice-preferred orientations

Omphacite LPO is generally measured from thin
section cut parallel to the structural (XZ)-plane, i.e.,
normal to the foliation and parallel to the lineation. The
well-marked mineralogical foliation and lineation
characterizing our samples ensures a good precision
in the determination of the orientation of the structural
X-, ¥-, and Z-axis (X=lineation; Z=pole of the folia-
tion). The measured omphacite LPO (Figs. 3, 4 and 5)
are presented on equal area, lower hemisphere projec-
tions in the structural (XZ) reference frame. Foliation
is vertical £— W and the lineation is horizontal in this
plane. Only sample Norvl was not cut parallel the
(XZ)-plane and LPO of this sample was rotated a
posteriori for easier comparison with the others sam-
ples.

Omphacite LPO (Figs. 3, 4 and 5) are characterized
by strong concentrations of (010)-poles and [001]-
axes normal to the foliation and parallel to the
lineation, respectively. [100]-axes and (110)-poles
are poorly oriented. However, (110)-poles tend to
concentrate in a girdle perpendicular to the lineation
with a maximum at ca. 60° to the foliation. [100]-axes
display a maximum of concentration close to the ¥-
structural axis (i.e., normal to the lineation within the
foliation) is often observed.

Besides these general features, LPO variations are
observed from sample to sample. Sample AB.E from
Alpe Arami (Fig. 3) displays the best concentration of
(010)-poles close to the Z-axis. A weak but significant
obliquity (about 7°) is observed between the max-
imum of density of [001]-axes and the lineation. For
this sample, three thin sections in the XZ plane were
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Fig. 3. Omphacite LPO of Alpine eclogites measured using EBSD technique. Equal area projection, lower hemisphere. Contours 1, 2, 3%. .. by
1% area. Foliation (XY plane; full line) is vertical and lineation (X) is horizontal in this plane. N: number of measurements. DM: maximum
density.

manually measured on a S5-axis universal stage axis universal stage are very similar. Especially, we
mounted on an optical microscope (Fig. 4). The observe for both techniques an obliquity between the
LPO measured from EBSD technique and from a 5- maximum concentration of [001]-axes and the line-
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Fig. 4. Omphacite LPO of Alpe Arami eclogite measured using a 5-axes universal stage. Equal area projection, lower hemisphere. Contours 1, 2,
3%. .. by 1% area. Foliation (XY plane; full line) is vertical and lineation (X') is horizontal in this plane. N: number of measurements. DM:
maximum density.
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ation. Discrepancies between LPO patterns may be
related partly to lower precision of measurement
derived from U-stage optical technique (which is
expected to be about 5°) relative to the EBSD techni-
que (<1°; Mainprice et al., 1993; Krieger Lassen,
1996). Moreover, the higher concentration of ompha-
cite LPOs derived from universal stage measurements
may be due to grain selection. Indeed, due to the
monoclinic symmetry of omphacite crystals, only the
grains showing a cleavage plane, such as {110}, can
be measured at the universal stage.

Samples eclo 01, y4129, y3638 (Fig. 3), B6,
Norv1, S509 and SL50 (Fig. 5) are characterized by
a strong [001] maximum sub-parallel to the lineation.
These samples (except y4129) present a slight oblig-
uity between the maximum of [001]-axes concentra-
tion and the lineation. The concentration of (010)-
poles is weaker than one [001]-axis and (010)-poles
tend to form a girdle perpendicular to the lineation.
Moreover, (010)-poles of samples y4129, B6 and
Norvl are grouped in two maxima: the strongest
maximum is close to the Z-axis and the weakest is

(110) [100]

Simple Shear
N=1000_Z

close to the Y-axis. Also, sample SL50 shows two
maxima located between the Z- and Y-axis: the stron-
gest is close to the Z-axis and the weakest is at ca. 45°
from the Z-axis. Sample eclo 01 shows (010)-poles
located between the Z- and Y-axis and (110)-poles
close to the Z-axis, whereas for the other samples the
maximum of density of (010)-poles stands close to the
Z-axis and the maximum of (110) is located between
the Z- and Y-axis. Sample Norvl displays [100]-axes
close to Y with a weaker sub-maximum at ca. 20°
from Z. However, the larger concentration of LPO for
Norvl may be due to oversampling of the largest
omphacite crystals. Sample S509 is characterized by a
clustering of [001]-axes in the foliation at ca. 20° from
X. [100]-axes show a weak maximum of density
normal to the foliation. (010)-poles and (110)-poles
tend to form a girdle perpendicular to the lineation
with a density maximum close to the Z-axis.

The three samples of the series G (we only present
G3 in Fig. 5) from Norway present similar LPO
characterized by weak density maxima. The maxi-
mum of (010)-poles concentration is normal to the

(010) [001]
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Fig. 6. Omphacite LPO simulated using an anisotropic viscoplastic self-consistent (VPSC) model in simple shear and axial compression
(Bascou et al., 2001). These LPOs are developed for an equivalent strain of 1. Equal area projection, lower hemisphere. Contours 1, 2, 3%. . . by
1% area. Full line: foliation (XY plane) is vertical and lineation (X) is horizontal. Dotted line: shear direction (y=1.73). N: Number of grains.

DM: maximum density.



foliation and the [001]-axes tend to form a girdle in
the foliation plane.

Sample S522 from Gourma area (Fig. 5) is char-
acterized by [001]-axes scattered in the foliation plane
and (010)-poles strongly concentrated close to Z.
(110)-poles and [100]-axes display weak preferred
orientations. However, (110)-poles present a weak
maximum near the normal to the foliation.

3.3. Omphacite LPO significance

Variations in omphacite LPO are generally related
to the strain regime (Helmstaedt et al., 1972; Boundy
et al., 1992; Godard and Van Roermund, 1995;
Abalos, 1997). Omphacite LPO of samples AB.E,
eclo 01, v4129, v3638, B6, Norvl, S509 and SL50
are similar to the L-type or LS-type LPO pattern
defined by Helmstaedt et al. (1972) as resulting from
constriction strain. On the other hand, samples S522
and G3 display LPO similar to the S-type or SL-type,
interpreted as resulting from flattening (Helmstaedt et
al., 1972; Godard and Van Roermund, 1995; Abalos,
1997). The asymmetric omphacite LPO observed for
samples AB.E, y3638 (Fig. 3) and samples B6, Norvl
and SL50 may result from a noncoaxial deformation
and the obliquity between the LPO and the X, Yand Z
structural axes could be related to the sense of shear
(Bouchez et al., 1983; Mainprice and Nicolas, 1989).
Asymmetric omphacite LPO were already described
by Boundy et al (1992) within eclogitized metagabbro
dykes from the Bergen Arc, and by Abalos (1997)
who used this obliquity to deduce the sense of shear.

In plastically deformed rocks, the LPO develop-
ment due to intracrystalline slip is well established.
For most minerals (e.g. olivine), when one slip system
is predominant during deformation, the slip direction
and the slip plane tend to coincide with the flow
direction and the flow plane, respectively (Mainprice
and Nicolas, 1989). Thus, the strong preferred orien-
tation of [001]-axes parallel to the lineation and (010)-
poles perpendicular to the foliation that characterizes
the omphacite LPO in naturally deformed eclogites,
suggest a dominant activation of the [001] (010) slip
system. However, dislocations associated with this
slip system have rarely been observed in naturally
deformed omphacite. The dominant slip systems iden-
tified from TEM observations are 1/2(110){110},
[001] {110} and [001] (100) (Van Roermund and

Boland, 1981; Van Roermund, 1983; Buatier et al.,
1991; Godard and Van Roermund, 1995).

In order to better understand the deformation
mechanisms that could have produced the omphacite
LPO, we compared the LPO of naturally deformed
omphacite with those simulated by numerical models
(Bascou et al., 2001). In polycrystal plasticity models,
like the anisotropic viscoplastic self-consistent model
(VPSC) developed by Lebensohn and Tomé (1993)
and applied to mantle rocks by Tommasi et al. (2000),
the LPO evolution is directly related to the slip
systems activity. Fig. 6 displays some modeled
omphacite LPO developed in simple shear and axial
compression. The relative strength (Critical Resolved
Shear Stresses) of the various omphacite slip systems
(Table 2) are derived from naturally deformed ompha-
cites TEM observations of dislocations (lowest CRSS
values have been affected to those systems whose
dislocations are the most frequently observed).

Simulated LPO display general characteristics sim-
ilar to those observed in the LPO measured in natu-
rally deformed eclogites. In particular, modeled
omphacite LPO developed in simple shear deforma-
tion (y=1.73) reproduces well LPO observed for

Table 2
Slip systems data used to simulate the omphacite deformation
(Bascou et al., 2001)

Slip system CRSS*

[001] (100)
[001] (110)
[001] (110)
[170] (110)
[110] (110)
[001] (010)
[112] (110)
[112] (110)
[010] (100)
[112] (110)
[113] (110)
[100] (010)
[101] (010)

0 00 OO0 OO0 00 OO0 00 Q0 = M= = = =

The various potential slip systems considered come from diopside
deformation experiments (Raterron et al, 1994).

& Critical Resolved Shear Stress. For this model, lowest CRSS
values have been affected to those systems whose dislocations are
the most frequently observed in the TEM analyses of omphacite
naturally deformed (see text).



sample AB.E (Fig. 3). Likewise, omphacite LPO
predicted to develop under axial compression repro-
duces well LPO observed for sample S522 (Fig. 5).
Interestingly, a strong preferred orientation of the
(010)-poles is developed during these simulations
even when the [001] (010) slip system is not activated.

The good agreement between the omphacite LPO
measured in naturally deformed eclogites and the LPO
simulated using a self-consistent polycrystal plasticity
model suggests that omphacite LPO may be generated
by dominant slip on the 1/2(110){110}, [001] {110}
and [001] (100) systems. These models may reconcile
the interpretation of the measured omphacite LPO in
eclogites and TEM observations of dislocations in
naturally deformed omphacite. From our measure-
ments, we propose that most of the omphacite LPOs
could have developed through plastic deformation
during noncoaxial strain under eclogitic conditions.
These LPOs are therefore related to the tectonic
history of eclogites.

4. Eclogite seismic properties
4.1. Seismic properties calculation

Seismic velocities are calculated from the Chris-
toffel equation (Crosson and Lin, 1971) that takes into

account each single crystal elastic stiffness matrix, the
crystals orientation and density. The knowledge of the

single crystal elastic constants and the LPO of each
rock-forming mineral allows to determine the 6 x 6
elastic stiffness matrix characterizing the elastic
behavior of each mineral phase (Mainprice, 1990).
The rock elastic stiffness matrix is computed taking
into account the elastic matrix of each mineral phase
according to its modal proportion in the rock. In the
calculation, we only take into account the major
mineral phases of eclogitic metamorphism (i.e.,
omphacite, garnet, and epidote). For sample SL50
from the Sulu terrain, we also considered the contri-
bution of quartz in the seismic properties. Seismic
calculations were carried out using the single crystal
elastic constants measured at room temperature and
atmospheric pressure by Bhagat et al. (1992) for
omphacite (30% diopside, 58% jadeite), Babuska et
al. (1978) for garnet (40% pyrope, 40% almandin,
20% grossular) and McSkimin et al. (1965) for quartz.
For sample eclo 01 containing 10% of epidote, we
used the epidote elastic constants reported by Ryz-
hova et al. (1966) but we assumed this mineral as
randomly oriented.

The omphacite single crystal seismic properties are
presented in Fig. 7. The maximum P-wave velocities
(9.37 km/s) is at ca. 30° from the [001] direction
which is also a direction of fast propagation (9.0 km/
s). A girdle of lower velocity contains the (010)-pole.
The P-wave anisotropy (AVp) defined as 100 x [Vp
max — Vp min)/((Vp max + Vp min)/2)] is rather high
(20.4%) for the omphacite. The S-wave anisotropy is

Omphacite single crystal

Vp Contours (km/s)
8.0
82
8.4
8.6
8.8
9.0

® Max.Velocity =9.37
OMin.Velocity = 7.64

Anisotropy = 20.4 %

AVs (%)

Vs1 Polarisation Planes

AVs Contours (%)
4.0

® Max.Anisotropy = 15.73

O Min.Anisotropy = 0.36
Vsimax. =541 km/s  Vsi min. =4.76 km/s
Vs2max. =530km/s  Vs2min. =4.33 km/s

Fig. 7. Seismic properties of the omphacite single crystal. Equal area projection, lower hemisphere.



defined for each propagation direction as 100 x
[Vs; — Vs))/((Vs) +Vs,)/2)]. The S-wave anisotropy
is characterized by a complex pattern with three zones
of high anisotropy (>10%) containing the (010)-pole
and [001]-axis. The orientation of the fast S-wave
polarization plane has rather complex relationship
with the crystallographic axis.

4.2. Eclogite seismic properties

The seismic properties of the selected eclogites
are summarized in Table 3 and the 3D results are
shown in equal area projection (Fig. 8). The P-wave
velocity patterns of eclogite samples are rather sim-
ilar. The fast P-wave velocity (Vp max) ranges from
8.51 to 8.75 km/s and its propagation direction is
generally close to the X-axis. The low velocity (Vp
min) ranges from 8.39 to 8.62 km/s and is roughly in
a direction close to the Z structural axis. The direc-
tion of Vp max and Vp min are directly related to the
omphacite single crystal properties and the observed
LPO. The [001]-axis (a fast velocity direction) is
indeed preferentially oriented close to X and the

(010)-pole (a low velocity direction) is statistically
oriented close to Z. The P-wave anisotropy is weak,
generally less than 3%.

The S-wave anisotropy is also very weak (less than
2%) and characterized by complex patterns. However,
most of the samples (excepted S522) show directions
of highest anisotropy concentrated in four zones at
45° between X, Y and Z. Although the orientation of
the fast S-wave polarization plane depends strongly
on the orientation of the incoming S-wave with
respect to the structural fabric, polarization planes
tend to be parallel to the foliation.

For sample SL50, we calculated the seismic
properties of omphacite aggregate (100% omphacite)
and velocities calculation, ignoring the contribution
of quartz (75% omphacite, 25% garnet; Table 3).
Despite a high seismic anisotropy of omphacite
single crystal and a significant omphacite LPO, the
seismic anisotropy of omphacite aggregate is very
weak (AVp=1.90% and AVs max=2.52%). The
contribution of garnet (25%) increases the P- and
S-waves velocities but reduces the overall seismic
anisotropy (AVp=1.30% and AVs max=1.80%).

Table 3
Seismic properties of eclogite samples
Samples Vpmax Vpmin Vp/Z AVp Vslmax Vslmin Vs2max Vs2min AVsmax Omph/grt Density
(km/s) (km/s) (km/s) (%) (km/s) (km/s) (km/s) (km/s) (%) (%) (kg/m®)
AB.E 8.75 8.53 8.54 2.5 4.97 4.94 4.95 4.90 1.25 70/30 3490
Eclo 01 8.58 8.47 8.49 1.3 491 4.88 4.9 4.87 0.74 60/30/10" 3497
v4129 8.71 8.54 8.59 1.9 4.98 4.93 4.94 4.92 1.25 70/30 3490
v3638 8.66 8.56 8.57 1.2 4.98 4.93 4.94 491 1.07 75/25 3462
G3 8.67 8.53 8.53 1.7 4.97 493 4.95 4.92 0.87 75/25 3462
B6 8.72 8.62 8.63 1.2 4.99 4.93 4.95 4.92 1.41 60/40 3544
Norv.1 8.68 8.57 8.63 1.3 4.99 4.92 4.96 4.9 1.74 70/30 3490
S522 8.73 8.48 8.50 2.9 4.97 4.93 4.95 491 1.18 75/25 3462
S509 8.75 8.56 8.59 2.3 5 4.92 4.94 49 1.66 70/30 3490
SL50 8.51 8.39 8.43 1.4 4.94 4.87 4.91 4.84 2.02 70/20/10° 3368
SL50 8.68 8.56 8.61 1.3 5.00 4.92 4.96 4.90 1.80 75/25 3462
SL50 8.61 8.45 8.52 1.9 5.00 4.89 4.95 4.86 2.52 100 (omph) 3327

Vp//Z: P-wave velocity normal to the foliation; AVp: P-wave anisotropy; omph/grt: modal proportion of omphacite and garnet used for the
calculation. Calculations are performed using the Voigt average. For sample SL50, also are calculated the seismic properties ignoring the
contribution of quartz (75% omphacite, 25% garnet) and the seismic properties of omphacite aggregate (100% omphacite).

 Tsotropic epidote (10%) has been taken into account to calculate the seismic properties.

° Quartz (10%) has been taken into account to calculate the seismic properties.
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Fig. 8. Seismic properties of eclogite samples. Equal area projection in the structural reference frame X, ¥, Z, (lower hemisphere).

The effect of quartz is to decrease the P- and S-
waves velocities and slightly increase the P- and S-
wave anisotropies. The average seismic properties
and the corresponding elastic constants of the 10

selected samples have been calculated (Fig. 9 and
Table 4). This mean sample is almost isotropic, P-
wave anisotropy is 1.4% and S-wave anisotropy is
less than 1%.
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Fig. 9. Average seismic properties from the 10 eclogite samples studied in this work. Equal area projection in the structural reference frame X, ¥,
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4.3. Comparison between calculated and measured
eclogite seismic velocities

In their compilation of laboratory measurements in
continental crustal rocks, Christensen and Mooney
(1995) have highlighted the narrow range of P-wave
velocity variation in eclogite facies rocks compared to
others major metamorphic rocks. For these authors,

Table 4

Elastic constants (Cij) of the average of the 10 eclogite samples
Modulus Cij (GPa)
Ch 254.57
Ciz 86.80
Cis 86.83
Cia —0.16
Cis 0.12
Cis —0.30
Cy 261.43
Cys 87.77
Cos 0.37
Cys 0.01
Cas —0.11
Css 256.07
Cs4 0.07
Css 0.05
Cs6 —0.08
Cas 84.70
Cys —0.02
Cys —0.02
Css 84.29
Cse —0.11
Ces 84.31

Density of this mean aggregate of eclogite: d=73487 kg/m®.

mean P-wave velocities in eclogites range between 7.9
and 8.5 km/s at pressure corresponding to a depth of
20 km. Compared to these measured velocities, our
calculated P-wave velocities are slightly faster, around
8.6 km/s. As for the P-waves, the average calculated
S-wave velocities (around 4.9 km/s) are higher than
seismic velocities, which are measured around 4.5
km/s by Kern et al. (1999) and by Manghnani et al.
(1974). Such discrepancy may be related to the
presence of minor phases, grains boundaries, micro-
cracks, and to alteration of the main minerals whose
effects are not taken into account in the calculations,
and may affect velocity measurements. Compositional
layering may also induce significant differences
between calculations and measurements (Mauler et
al., 2000). In addition, we calculated velocities with
the Voigt average that usually gives an upper bound
for seismic velocities (Crosson and Lin, 1971; Main-
price and Humbert, 1994). Sample G3 is interesting
since direct laboratory measurements were performed
by Fountain et al. (1994) on samples collected in the
same area. The calculated mean P-wave velocity for
this sample is 8.6 km/s, close to the fastest velocities,
about 8.5 km/s, measured at 600 MPa confining
pressure in the eclogite from this locality (Fountain
et al., 1994). Both calculated and measured Vp
anisotropy are weak, respectively, about 2% and 3%
in average. Moreover, calculated and measured P-
wave velocities display roughly the same anisotropy
pattern characterized by fast velocities parallel to the
lineation, and low velocities normal to the foliation
(Manghnani et al., 1974; Fountain et al., 1994; Kern et
al., 1999; Mauler et al., 2000). This suggests that, in



eclogite, the P-wave velocity pattern is primarily
controlled by omphacite LPO.

5. Discussion

Although the primary goal of this paper is to
characterize the 3D seismic properties of eclogite
rocks, a potential use of these data is to discuss the
detectability of eclogite bodies within the crust and
the mantle. Our calculations show that eclogites are
systematically quasi isotropic. This absence of aniso-
tropy implies that eclogites are poor candidates to
generate any detectable shear wave splitting that could
be used to indirectly detect eclogites bodies. Although
the nondetection of a geophysical signal (here the
splitting of shear wave ) is always hard to interpret in
a field experiment, eclogite bodies are characterized
by high density, high seismic velocities and very small
seismic anisotropies. Since upper mantle rocks are
generally much more anisotropic, this isotropy is the
main criterion that may distinguish peridotite bodies
from eclogites.

On the basis of geothermal and seismic consider-
ations, possible eclogite/peridotite contact at the base
of the continental crust has been suggested by several
authors (e.g. Furlong and Fountain, 1986; Griffin and
O’Reilly, 1987). Moreover, eclogite layers, as relicts
of subduction zones, may be preserved within the
crust or the mantle. Preservation of these layers
depends on the protolith composition and on the
thermal gradient. If large eclogite layers escape from
the thermal reactivation, the interface eclogite/crustal
rocks could generate bright seismic reflectors that
might be misinterpreted as a Moho discontinuity.

In order to quantify the reflectivity of such eclo-
gites in contact with crustal or mantle rocks, we
present simple geometric models, taking into account
the seismic properties issued from our calculations.
We evaluate the reflectivity of simple lithological
interfaces between eclogite and various lithologies
(Table 5). The reflection coefficient (Rc) is calculated
for a seismic wave arriving at vertical incidence on a
horizontal interface. For this simplest case, a simple
relation allows to calculate the reflection coefficient:
Re=[Vp(//Z)1p1 — Vp(//1Z)202)/[VP(//Z)1p1 + VD(//
Z)p2]- To evaluate the influence of seismic aniso-
tropy, we determined in a first calculation the reflec-

Table 5
Absolute reflection coefficients [Re| calculated from anisotropic P-
wave velocity and from isotropic P-wave velocity

Interfaces [Re| coefficient [Re| coefficient
for the anisotropic for the isotropic
medium medium

Eclo/gneiss® 0.30 0.30

Eclo/kinzigite' 0.28 0.26

Eclo/magmatic gabbro' 0.19 0.20

Eclo/diorite’ 0.20 0.20

Eclo/stronalite’ 0.14 0.14

Eclo/mean crust’ 0.26 0.25

Eclo/peridotite® 0.06 0.04

Mean crust/peridotite 0.2 0.2

The P-wave propagation is assumed to be vertical and the foliation
horizontal. For eclogite (eclo), Vp is the average of velocities
normal to foliation. In the anisotropic case Vp=8.56 km/s, and in
the isotropic case Vp=8.6 km/s. References for the others rocks:
'Barruol and Mainprice (1993a); *Barruol et al (1992); *Barruol and
Mainprice (1993b); “*Vauchez and Garrido (2001).

tion coefficient, taking into account the anisotropic
seismic properties of the rocks, and in a second
calculation, the isotropic properties of the rocks. In
the anisotropic case, Rc calculation is carried out
using the P-wave velocity in a direction normal to
the foliation. The seismic velocities of typical crustal
lithologies (gneiss, kinzigite, gabbro, diorite and stro-
nalite) were taken from the literature (Barruol et al.,
1992; Barruol and Mainprice, 1993a,b). The “mean
crust” (plagioclase 35%, quartz 15%, biotite 7%,
clinopyroxene 8%, amphibole 15%, K-feldspar 20%
(isotropic)) corresponds to the average crustal compo-
sition given by Anderson (1989). We also investigated
the reflectivity of an eclogite body embedded within
the mantle. The seismic properties of this upper
mantle rock correspond to those of a continental
lherzolite sampled in the Ronda massif (Vauchez
and Garrido, 2001). We selected this lherzolite sample
on its typical porphyroclastic texture and LPO and on
its modal composition (65% olivine, 20% orthopyr-
oxene, 10% clinopyroxene and 2% spinel). Seismic P-
wave properties of this peridotite are characterized by
a maximum velocity (8.55 km/s) parallel to the
lineation, a minimum velocity (8.09 km/s) normal to
the foliation and by a P-wave anisotropy of 5.5%. We
summarize in Table 5 the calculated Rc for the various
interfaces. The eclogite/crustal rocks interfaces as well



as the peridotite/““mean crust” interface systematically
display very high reflection coefficient (higher than
0.1). This strong reflectivity is primarily due to the
density contrast between eclogite (density of 3487 kg/
m’® on average) or peridotite (density of 3310 kg/m?)
and the crustal rocks (mean density of 2700 kg/m”).
Reflectivity of the eclogite/kinzigite interface as well
as eclogite/*“main crust”/interface is slightly higher
when the seismic anisotropy of the rocks is taken into
account. This is due to the fact that these rock types
are characterized by high velocities parallel to the
foliation and by lower velocities for directions at high
angle from the foliation. Therefore, in the isotropic
case, the velocity along the Z structural directions is
higher than in the anisotropic case, and the Rc slightly
lower. On the other hand, the eclogite/peridotite inter-
face is characterized by a much weaker reflection
coefficient (Rc=0.06). Such reflection magnitude
could be almost impossible to detect, particularly at
a large depth by seismic reflection techniques. This
interface becomes even less reflective when the man-
tle seismic anisotropy is not taken into account. Such
difference between an anisotropic (Rc=0.06) and
isotropic medium (Rc=0.04) suggests that the eclo-
gite/““upper mantle” reflectivity could be sensitive to
the direction of the seismic wave propagation.

The main result of these simple calculations is that
an eclogite body embedded in the crust would gen-
erate very strong seismic reflections, which could help
to identify eclogite bodies but which may be mis-
interpreted in terms of Moho discontinuity. On the
other hand, our calculations show that an eclogite
body within the upper mantle would generate weak
seismic reflection and might therefore remain almost
invisible to vertical seismic reflection techniques.
Moreover, the Vp/Vs ratio and the corresponding
Poisson ratio o (Christensen, 1996) calculated for
eclogite ((Vp/Vs)iso=1.74) and for the Ronda lherzo-
lite (Vp/Vs)iso=1.71) are very close and therefore not
discriminatory.

6. Conclusion

Although the studied eclogites come from orogenic
domains of contrasted age and geodynamic evolution,
garnet and omphacite LPO patterns display similar
main characteristics. Garnet appears to be almost

randomly oriented, whereas omphacite develops
strong LPO characterized by the [001]-axes concen-
trated sub-parallel to the lineation and the (010)-poles
roughly normal to the foliation. We suggest that these
LPOs formed in relation with the deformation of
eclogites through dislocation creep. This statement is
supported by a numerical model result, which shows
that omphacite lattice-preferred orientation can
develop through plastic deformation by dominant
activation of 1/2(110){110}, [001] (110) and [001]
(100) slip systems, in agreement with TEM observa-
tions of naturally deformed omphacite. LPO of ompha-
cite may therefore help to constrain the tectonic
processes active during the high-pressure deformation
of eclogites.

Seismic properties of eclogites are mostly gov-
erned by omphacite LPO. As variations of these
LPO in our dataset are rather limited, the resulting
seismic properties are almost similar. Although seis-
mic anisotropy of P-waves is weak, the fast propaga-
tion is generally parallel to the rock lineation and the
low velocity propagation is normal to the foliation.
For P-waves, the relationship between seismic proper-
ties and the LPO is straightforward: the fast propaga-
tion direction is associated to the concentration of
[001]-axes parallel to the lineation, and the slow
propagation direction is associated to a concentration
of (010)-poles perpendicular to the foliation. The P-
and S-wave anisotropies are very weak, less than 2%.
The S-wave maximum polarization anisotropy is
preferentially concentrated at 45° between the X, Y
and Z-structural axes. Orientation of the fast S-wave
polarization plane is poorly correlated with the struc-
tural framework but tends to be parallel to the folia-
tion. The velocity patterns and the anisotropy
magnitude are in rather good agreement with labora-
tory-derived seismic velocities. Average P-wave
velocities (8.6 km/s) and S-wave velocities (4.9 km/
s) are similar to the highest velocities measured in
eclogites. Part of the difference between calculated
and measured velocities may be related to minor
mineral phases and microfracturing, which are not
taken into account in our calculation.

Finally, estimation of reflection coefficient high-
lights the fact that an eclogite body within the upper
mantle would be difficult to detect by seismic reflec-
tion techniques, whereas eclogite bodies embedded
within the crust would generate very strong seismic



reflections. The eclogite isotropy might be a distinc-
tive parameter since peridotites are characterized by a
large seismic anisotropy, whereas the intrinsic seismic
anisotropy of eclogite is usually very weak.
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