
tters 252 (2006) 245–259
www.elsevier.com/locate/epsl
Earth and Planetary Science Le
Deformation and melt transport in a highly depleted peridotite massif
from the Canadian Cordillera: Implications to seismic

anisotropy above subduction zones

Andréa Tommasi ⁎, Alain Vauchez, Marguerite Godard, France Belley 1

Laboratoire de Tectonophysique, CNRS and Université Montpellier II, 34095 Montpellier cedex 5, France

Received 3 July 2006; received in revised form 20 September 2006; accepted 20 September 2006
Available online 13 November 2006
Editor: C.P. Jaupart
Abstract

Seismic anisotropy in subduction zones results from a combination of various processes. Although it depends primarily on the
orientation of olivine in response to flow, the presence of water and melt in the wedge may modify the deformation of olivine. The melt
distribution also influences anisotropy. Direct observations of the deformation and melt-rock interactions in a strongly depleted spinel-
harzburgite massif from the Cache Creek terrane in the Canadian Cordillera allow evaluating the relative contribution of each process.
Structural mapping shows that this massif has recorded high-temperature, low-stress deformation, high degrees of partial melting, and
synkinematic melt-rock interaction at shallow depths (b70 km) in the mantle, probably above an oblique subduction. Deformation,
marked by shallow-dipping lineations and steep foliations, controlled melt distribution: reactive dunites and pyroxenite dykes are
dominantly parallel to the foliation. Analysis of olivine crystal preferred orientations (CPO) indicates deformation by dislocation creep
with dominant [100] glide. Glide planes are however different in harzburgites and dunites, suggesting that higher melt contentsmay favor
glide on (001) relative to (010). Seismic properties, calculated by considering explicitly the large-scale structure of the massif, the olivine
and pyroxene CPO, and possible melt distributions, show that the strain-induced olivine CPO results in up to 5% P- and S-wave
anisotropywith fast seismic directions parallel to the lineation. Synkinematicmelt transport by diffuse porous flow leading tomelt pockets
or dykes aligned in the foliation may significantly enhance this anisotropy, in particular for S-waves. In contrast, focused melt flow is not
recorded by seismic anisotropy, unless associated with very high instantaneous melt fractions. Orientation of pyroxenite dykes suggests
that the present orientation of the structures is representative of the pre-obduction situation, implying trench-parallel fast polarizations and
high delay times as observed above the Kurils, Ryukyu, Taiwan, and Tonga subductions.
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1. Introduction

Seismic anisotropy data in subduction zones, in
particular splitting measurements using local shear
waves, show complex patterns. Fast shear wave po-
larization directions often vary over short wavelengths
from parallel to normal to the trench, as observed in
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the Andes [1,2], in the Kurils–Japan–Izu Bonin system
[3–5], or in New Zealand [6]. Do these variations reflect
changes in the mantle flow pattern along the subduction
or with increasing distance from the trench and, hence,
variable coupling of the mantle to the sinking slab? Or do
they indicate a change in the mechanism responsible for
the seismic anisotropy?

Seismic anisotropy in the mantle wedge above a
subduction results from a combination of various
processes. It depends primarily on the orientation of
olivine crystals in response to flow in the mantle [7–10].
The presence of water and melt or higher stresses in the
vicinity of the slab may change the dominant glide
direction of olivine from [100] to [001], producing fast
shear wave polarizations normal to the shear direction
[11]. However, the actual water content of olivine in the
mantle wedge and its effect on olivine deformation are
still poorly constrained. Deformation partitioning in a
partially molten mantle may also result in fast shear
wave polarization normal to the flow direction [12]. In
addition, partial melting may modify significantly the
seismic anisotropy pattern in the mantle wedge if melt is
concentrated in preferentially oriented disk-shaped
pockets or cracks [13–15]. The seismic anisotropy
will depend therefore on the melt transport processes
(diffuse or focused porous flow, hydraulic fracturing…)
and on their relation to deformation.

Insights on deformation and melt transport processes
in the mantle and on their effect on seismic anisotropy
may be obtained from the analysis of mantle slices
tectonically emplaced on convergent margins (e.g., [16]).
We present here a petrophysical study of a highly depleted
spinel-harzburgite massif from the Cache Creek terrane in
the Canadian Cordillera, which has recorded high degrees
of partial melting and synkinematic melt-rock interaction
at shallow depths in the mantle, probably above an
oblique subduction. Structural mapping at the scale of the
massif associated with analysis of the microstructure and
of the olivine and pyroxene CPO allow determining the
deformation pattern and the relation between deformation
and melt distribution. Seismic properties are then
calculated by considering explicitly the large-scale
structure of the massif, olivine and pyroxene CPO, and
different melt distributions. The predicted anisotropy is
compared to shear wave splitting measurements per-
formed above subduction zones.

2. The Murray Ridge peridotite massif

The Murray ridge massif is part of a series of
peridotite massifs that outcrop within the Cache Creek
terrane, an accretionary complex related to the Late
Paleozoic — Early Mesozoic volcanic arcs of Quesnel
and Stikine in the Canadian Cordillera (Fig. 1). These
massifs, which are mainly composed by spinel-harzbur-
gites, are traditionally interpreted as lower sections of
dismembered ophiolite complexes [17]. Paleontologic
assemblages in Cache Creek sediments and paleomag-
netic data imply a large northward displacement of the
Cache Creek terrane relative to the North American
platform, suggesting that these mantle slices were
accreted to the North American margin during a long-
lived oblique convergence [18,19].

Murray Ridge is a 15 km long, 5 km wide peridotite
body elongated in the N120°E direction, parallel to the
Pinchi fault (Fig. 1). This dextral strike-slip fault is part
of the Pinchi–Prince George fault system that separates
the oceanic Cache Creek terrane from the arc-affinity
Quesnel terrane. It has controlled the final emplacement
of the peridotites as well as of slices of upper
Carboniferous to Permian platform carbonates and
upper Triassic blueschists within the Permian to lower
Jurassic volcano-sedimentary sequences of the Cache
Creek Complex [20].

The massif is essentially composed of spinel-harzbur-
gites (70–80% olivine, 18–28% enstatite, 1–2% diop-
side, ≤1% spinel). Orthopyroxene contents are variable,
but compositional banding is rare. Plagioclase-bearing
facies were not observed. These spinel-harzburgites
enclose frequent tabular (Fig. 2a) and fewer irregularly-
shaped dunite bodies. Both tabular and irregular
dunites display gradational contacts with the harzburgite
(Fig. 2b). Tabular dunites may be followed over several
meters and are generally 30–50 cm wide, although some
may attain up to 1 m. They are systematically oriented
N110–120°E subvertical. Their spacing varies within the
massif from ∼10 m in dunite-rich domains to more than
100 m in dunite-poor domains. The massif is also
crosscut by numerous orthopyroxenite veins with sharp
boundaries. These veins are usually a few cm wide, but
some may attain up to 30 cm in width (Fig. 2c). They
have variable orientations and are sometimes folded, but
N120°E subvertical orientations dominate. Conjugate
orthopyroxenite veins trending, respectively N110°E
and N140°E, are also locally observed.

3. Chemical compositions: High-degree partial
melting and melt-rock interaction in the shallow
mantle

AllMurray Ridge peridotites (harzburgites, dunites, and
pyroxenites) display extremely refractory compositions:
b2% clinopyroxene, highly magnesian compositions
(whole rock Mg#=cationic Mg/(Fe+Mg)=91–92), very



Fig. 1. (a) Ultramafic massifs (stars) outcropping in the Cache Creek terrane, an accretionary complex related to the Late Paleozoic–Early Mesozoic
volcanic arcs of Quesnel and Stikine in the Canadian Cordillera. (b) Simplified geological map from the Murray Ridge area, modified from [20]. Due
to forest cover, outcrops are limited to a 4 km long and 1 km wide NW–SE zone at the summit of the Murray Ridge, which represents the central part
of the massif. (c) Structural map of the outcrop area, showing foliations and lineations determined in the present study and in [59] and the location of
the samples for which crystal preferred orientations (CPO) were analyzed.
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low Al contents (b0.5 wt.% Al2O3 in the harzburgites and
b0.15 wt.% in the dunites), and Cr-rich spinels (Cr#=ca-
tionic Cr/(Cr+Al)=70–84) [21]. Trace-element composi-
tions are strongly depleted: Yb contents, for instance, are
ten to thirty times lower than chondritic compositions [21].
These highly refractory compositions can be reproduced by
geochemical models of the evolution of modal and trace-
element compositions during partial melting only for high
degrees of melting (≥25% [21]).

The gradational contacts between dunites and harz-
burgites as well as similar Mg# and trace element
compositions suggest a reactive origin for the dunites.
Tabular dunites may have formed by either (i) diffusive
reaction at the walls of melt-filled hydrofractures
through focused melt percolation [22] or (ii) reactive
melt percolation forming high porosity conduits [23,24].
Irregular dunite bodies probably represent domains that
have interacted with higher melt fractions during porous
flow.

In contrast, orthopyroxenite veins display clear-cut
limits, which indicate that they represent short-lived
melt-filled hydrofractures. Formation by brittle fractur-
ing is also suggested by the conjugate character of some
veins. Based on these structural relations and on their
composition, we suggest that the orthopyroxenites
represent crystallization products of Mg- and Si-rich,
low Ca boninite-type melts [25]. These melts are usually
interpreted as resulting from hydrous melting of
refractory mantle rocks in subduction zones [26].

The refractory modal and chemical compositions of
the Murray Ridge peridotites are similar to those
observed in arc environments [27,28]. Together with
the spatial association of the massif to blueschists and
arc-derived assemblages, this suggests that these
peridotites result from high degrees of melting in the
shallow mantle above a subduction zone. The Murray
Ridge massif is therefore a choice area to investigate the
relations between partial melting, deformation, and melt
transport in the mantle wedge.

4. Structural data: Synchronous deformation and
melt-percolation

Harzburgites and dunites display a penetrative
subvertical foliation with a consistent NW–SE trend
and a shallowly dipping (0–40°) lineation towards



248 A. Tommasi et al. / Earth and Planetary Science Letters 252 (2006) 245–259
N120°E, which are marked by alignment of enstatite in
the harzburgites (Fig. 2b) and of spinels in the dunites.
This deformation seems to have controlled the structur-
ation of the massif. Tabular dunites are systematically
concordant and, although both concordant and discor-
dant orthopyroxenite veins are observed, those parallel
to the harzburgites foliation predominate. Assuming
that, in the mantle above a subduction zone, melt
migration is essentially a gravity-driven process, the
dominant vertical orientation of tabular dunites and
orthopyroxenite veins suggests that the present orienta-
tion of these structures in the massif corresponds to the
original one in the wedge. In this case, shallowly-
dipping lineations in the Murray Ridge peridotites
record, similarly to those in peridotite massifs in the
Talketna arc in Alaska [16], arc-parallel flow directions
in the mantle wedge.

Microstructural analysis shows that deformation of
the harzburgites and dunites took place under high-
temperature, low-stress conditions. Both rocks display
coarse-grained porphyroclastic textures characterized by
large olivine grains (1–5 mm in the harzburgites and
N1 cm in the dunites, Fig. 3), with widely spaced (100)
subgrain boundaries and curved grain boundaries.
Although xenomorphic, olivine and enstatite porphyr-
oclasts usually display a weak shape preferred orienta-
tion that marks the foliation and lineation. Enstatite
grains often show corrosion embayments filled by
olivine (Fig. 3c), suggesting incongruent melting or
orthopyroxene consuming melt-rock reactions, even in
harzburgite samples collected tens of meters away from
dunite bodies. Transition from harzburgite to dunite is
characterized by progressive disappearance of enstatite
and increase in olivine grain size.

Crystal preferred orientations (CPO) of olivine and
enstatite were determined by indexation of electron
backscattered diffraction (EBSD) patterns for 11 harz-
burgites, 6 dunites, and 2 dunite-harzburgite contacts
(Figs. 4 and 5). Most harzburgites display a strong
concentration of olivine [100] axes parallel to the
lineation. [010] axes form a girdle normal to the
lineation, with a maximum normal to the foliation.
[001] axes are more dispersed. Some harzburgites
display slightly weaker olivine CPO characterized by
alignment of [010] normal to the foliation and dispersion
Fig. 2. (a) Tabular dunite (d), 20 cm wide, enclosed in coarse-grained
harzburgite (hz). (b) Gradational contact between a tabular dunite
(d) and the harzburgite (hz). Alignment of pyroxenes marks the
foliation (dashed line, s) in the harzburgite. (c) Large orthopyroxenite
(px) veins, up to 25 cm wide, showing sharp limits with the harzburgite
(hz).



Fig. 3. Photomicrographs (crossed polarizers) illustrating typical
microstructures in harzburgites and dunites. (a) High-temperature
porphyroclastic microstructure in harzburgite. (b) Coarse-grained
dunite showing highly lobated, interpenetrating olivine grain bound-
aries (hand-drawn for easier identification). (c) Orthopyroxene (opx)
with corrosion embayments filled by olivine in a harzburgite. The
foliation (dashed line, S) is marked by elongation of olivine
porphyroclasts in both the harzburgite and the dunite. Scale is the
same for (a) and (b), outlining the increase in grain size from the
harzburgites to the dunites.
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of [100] within the foliation plane. These CPO suggest
that olivine deformation was accommodated essentially
by dislocation glide on the high-temperature, low-
pressure (0kl)[100] slip systems, with dominant activa-
tion of the (010) plane [10]. The dispersion of [100]
within the foliation plane observed in some harzburgites
may be due to either simultaneous activation of [100] and
[001] slip systems or to a pure shear component in the
deformation [29]. We favor the second hypothesis, i.e.,
local transpression, because in these samples enstatite
also shows a dispersion of its dominant slip direction,
[001], in the foliation plane.

Enstatite CPO in the harzburgites, although weak, is
coherent with the olivine CPO (Fig. 4). [001] axes
concentrate close to the lineation and [100] axes tend to
align normal to foliation, suggesting activation of the
high-temperature (100)[001] system. However, in most
samples there is a small obliquity (b15°) between the
olivine and enstatite CPOs. This obliquity suggests that
although olivine and enstatite have suffered the same
macroscopic deformation, the harder enstatite grains
accommodated smaller strains. The inferred dextral
shearing is coherent with the northward displacement of
terranes along the Cordilleran margin [19], further
suggesting that the present orientation of the structures
in the massif corresponds to the original one in the
wedge.

Olivine CPO in the dunites (Fig. 5) are significantly
stronger than in the harzburgites. As in the former, [100]
shows a strong concentration parallel to the lineation.
However, in the dunites, [001] axes tend to align normal
to the foliation and the [010] maximum is in the folia-
tion plane. Finally, samples from harzburgite-dunite
contacts show intermediate olivine CPO, in which [010]
and [001] form an almost perfect girdle in a plane
normal to the lineation. These CPO indicate that
deformation in the dunites was accommodated essen-
tially by dislocation glide on the high-temperature, low-
pressure (0kl)[100] slip systems, with dominant glide on
the (001) plane.

The stronger olivine CPO in the dunites may reflect
either faster grain boundary migration or strain locali-
zation due to higher melt contents. Easier grain growth
in the dunites is suggested by the grain size increase
relatively to the harzburgites. The change in dominant
glide plane from the usual high-temperature (010) plane
to (001) may be related to a variation in chemical
conditions, i.e., to higher water or oxygen fugacity
[30,31] in the more permeable dunites relatively to the
harzburgites [23,24]. Indeed, similar olivine CPO,
suggesting dominant (001)[100] glide, although rare,
have been described in refractory peridotites from island
arc settings [16,32] and in dunites formed by melt-rock
reactions in the crust-mantle transition zone of ophio-
lites [33–35]. The stronger CPO and the change in
dominant slip system in the dunites, together with the
preservation of the gradational contacts between
harzburgites and dunites, suggest that melt percolation
and high-temperature deformation were synchronous.
This CPO evolution resulting from synkinematic melt
transport contrasts with the one resulting from reactive
melt percolation leading to olivine crystallization under



Fig. 4. Crystal preferred orientations (CPO) of olivine and enstatite in harzburgites. Equal area lower hemisphere stereographic projections in a
geographic reference frame (top insert). Contours at 1 multiple of a uniform distribution intervals. N: number of grains measured. Enstatite CPO were
not contoured because less than 100 grains could be measured in a thin-section. Full line represents the average orientation of the foliation in the
massif (N120°-vertical).
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Fig. 5. Crystal preferred orientations (CPO) of olivine in dunites and at harzburgite-dunite gradational contacts. Equal area lower hemisphere stereographic
projections in a geographic reference frame (top insert). Contours at 1 multiple of a uniform distribution intervals; square marks the maximum
concentration. N: number of grainsmeasured. pfJ is ameasure of the intensity of the orientation of the crystallographic axis. Full line represents the average
orientation of the foliation in the massif (N120°-vertical).
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static conditions in French Polynesia, where the dunites
show a clear weakening of olivine CPO relatively to the
lherzolites and harburgites [36].

5. Seismic anisotropy: The effect of CPO and partial
melt

5.1. CPO-induced seismic anisotropy

Seismic properties were estimated by averaging the
individual grain elastic constants tensor as a function of
the crystallographic orientation and modal composition.
This method allows the calculation of the three-
dimensional distribution of seismic velocities in an
anisotropic polycrystalline aggregate [37]. In the present
calculations, we used Voigt–Reuss–Hill averaging of
the single-crystal elastic constant tensors of olivine and
enstatite at 1200 °C and 1 GPa [38–40].

Seismic waves sample the anisotropy at length scales
ranging from a few to a thousand of kilometer. Thus to
average local, small-scale variations in the orientation of
the foliation and lineation (Fig. 6), we calculate seismic
properties for average harzburgite and dunite samples,
obtained by summation of the crystal preferred orienta-
tions of individual samples. The weaker olivine CPO and
the presence of orthopyroxenes result in lower anisotro-
py for the average harzburgite relatively to the dunite
(Fig. 7). In addition, the two average samples show
different CPO symmetries and, hence, different seismic
velocity patterns. Both the harzburgite and the dunite
show fast P-wave propagation and S-wave polarization
parallel to the lineation. However, minimum P-wave
velocities are normal to the foliation in the harzbugite
and within the foliation for the dunite. S-waves velocity
distributions and anisotropy patterns also differ. S-wave
splitting is minimum for waves propagating normal to
the foliation in the harzburgite and parallel to the
lineation in the dunite.

Harzburgites form 97–98% of the massif. The
properties of the average harzburgite are therefore a
good estimate of the anisotropy at the scale of massif.
Because of their small relative volume (2–3%), the
dunite layers, although they display a higher anisotropy
and a different S-wave splitting pattern, do not
significantly modify the large-scale anisotropy. They
produce only a very small increase in anisotropy
intensity (b0.2%). Even in presence of larger amounts
of dunites (up to 20 vol.%) seismic anisotropy is still
controlled by the harzburgites' composition and CPO.
Thus if, as suggested by the vertical orientation of the
tabular dunites and pyroxenite dykes, the present
orientation of the massif is representative of the original
one in the mantle wedge, P-waves velocities are fastest
for horizontal propagation parallel to the massif elonga-
tion (N120°E), i.e., parallel to the trench, and slowest for
horizontal propagation normal to it. Fast SKS waves will
be polarized parallel to the trench and delay times will be
large. Surface waves polarization anisotropy varies
strongly with the backazimuth; it is maximum parallel
to the trench with SV faster than SH and no anisotropy is
observed for propagation normal to the trench. Rayleigh
waves propagation anisotropy is strong (4%); the fastest
propagation is also parallel to the trench.

5.2. Melt distribution and seismic anisotropy

The seismic properties of the fully-crystallized sam-
ples are representative of the present-day peridotite mas-
sif, i.e., of a fossil partial melting domain. To evaluate the
seismic anisotropy signature of an active mantle wedge,
we have to infer the melt fraction and its distribution.

The composition and structure of the dunites suggest
that they formed by reactive melt percolation in the
harzburgites. Tabular dunites are predominant in the
massif. They represent layers parallel to the foliation
that were percolated by higher amounts of melt during
the evolution of the mantle section. Yet seismic
measurements are not sensitive to the melt fraction
integrated in time, but to the instantaneous melt fraction.
If the dunites formed by diffusive reaction around melt-
filled dykes [22], they mark the emplacement of the
dykes, i.e., of 100% melt domains with very flattened
shapes (aspect ratios ≥50:50:1). On the other hand, if
the dunites formed by reactive melt percolation [23,24],
they represent higher permeability, but not necessarily
higher porosity domains. However, simulations of the
development of reactive melt instabilities suggest that
compaction and melt focusing lead to higher porosity in
the dunite channels (1–4%) relatively to the matrix
(0.1%) [41].

Corrosion of pyroxenes in the harzburgites implies
that they were also percolated by small melt fractions.
Elongation of corroded pyroxenes suggests preferential
melt migration parallel to the foliation. This observation
is in good agreement with static experiments in olivine-
basalt systems showing that the anisotropy of surface
energy in olivine leads to preferential concentration of
melt in disk-shaped inclusions along (010) grain
boundaries [42,43]. In the harzburgites, (010) olivine
faces are indeed oriented preferentially parallel to the
foliation (Fig. 4). Moreover, shear experiments on
partially molten aggregates show that deformation
enhances grain boundary wetting and may even lead
to segregation of melt in bands parallel or at low angle to



Fig. 6. (a) Map of the crystallographic fabrics in the Murray Ridge massif. For each sample, the arrow shows the preferred orientation of the olivine
main glide direction: [100], and the foliation symbol marks the preferred orientation of the main glide plane: (010) in the harzburgites and (001) in the
dunites. (b) Average olivine, enstatite, and diopside CPO for the harzburgites and olivine CPO for the dunites obtained by summation of the CPO of
individual samples. Full line represents the mean orientation of the foliation in the massif (N120°E-subvertical) and the star the mean orientation of
the lineation, which dips by 35° towards N120°E.
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the shear plane [44,45]. Finally, orthopyroxenite veins
represent melt-filled dykes, which formed probably
during a later stage of the evolution of the mantle
section. These dykes show a preferential orientation
parallel to the high-temperature foliation (N120°E
subvertical). However, their small proportion in volume
(b1%) probably limits their influence on the seismic
properties at the scale of the mantle section.
Based on these observations, we have calculated,
using a method that associates the Gassman poro-elastic
approach at low frequencies with a differential effective
medium approach at high frequencies [14], the seismic
properties of:

1- A harzburgitic massif displaying up to 2% melt in
isometric or disk-shaped pockets elongated parallel to



Fig. 8. Variation of themaximumP-wave propagation anisotropy (A%=
200⁎ (VPmax−VPmin) / (VPmax+VPmin), squares) and S-wave po-
larization anisotropy forwaves propagating in the foliation parallel to the
lineation (X, circles) and normal to it (Y, diamonds) in a partially molten
harzburgitic mantle as a function of the aspect ratio of themelt inclusions
for melt fractions of 1% (white symbols) and 2% (gray symbols).
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the foliation with aspect ratios varying from 2:2:1 to
50:50:1 (Fig. 8). The low aspect ratio models allow
evaluating the effect of an anisotropic porous flow in
the harzburgites and the highest aspect ratio models,
the effect of melt-filled dykes.

2- A harzburgitic massif containing b1% distributed
melt interlayered with tabular dunites (1–5% in
volume and aspect ratios of 50:50:1) containing up
to 5% melt in disk-shaped inclusions with aspect
ratios varying from 2:2:1 to 50:50:1 (Fig. 9). These
models allow evaluating the effect of focused
melt flow in reactional dunite channels on seismic
anisotropy.

Very weak melt fractions (≤1%) dispersed in a
harzburgitic mantle do not significantly modify seismic
velocities and anisotropy, unless melt occurs as strongly
flattened inclusions (aspect ratios ≥5) (Fig. 8). Disk-
shaped melt inclusions aligned in the foliation lower P-
wave velocities normal to the flow plane, which con-
tains the melt pockets, and hence increase the P-wave
azimuthal anisotropy proportionally to the logarithm of
the aspect ratio of the melt pockets. S-wave polarization
anisotropy is still more sensitive to the shape of melt
inclusions. Polarization anisotropy for S-waves propa-
Fig. 7. Seismic properties of the average harzburgite and dunite and of a mass
to right, variation of the compressive (VP) and of the two quasi-shear wav
intensity (AVs%=200⁎ (VS1−VS2) /⁎(VS1+VS2)) and polarization of the
to the foliation plane (full line) and lineation (star). Equal area, lower hemisp
P- and S-wave velocities, respectively.
gating within the foliation increases linearly as a func-
tion of the aspect ratio of the melt pockets. For melt
pockets with aspect ratios ≥20:20:1, which are a good
approximation for oriented dykes, the S-wave polar-
ization anisotropy shows a two-fold or more increase.
if composed by harzburgites enclosing 2% of tabular dunites. From left
es (VS1 and VS2) velocities and shear wave polarization anisotropy:
fast shear wave (S1) as a function of the propagation direction relative
here stereographic projections. Contours at 0.1 km/s and 0.05 km/s for



Fig. 9. Variation of themaximumP-wave propagation anisotropy (A%=
200⁎ (VPmax−VPmin) / (VPmax+VPmin), squares) and S-wave po-
larization anisotropy for waves propagating in the foliation parallel to
the lineation (X, circles) and normal to it (Y, diamonds) in a harzburgitic
mantle containing b1% distributed melt interlayered with tabular
dunites (5% in volume and aspect ratios of 50:50:1) containing 5 vol.%
of melt in disk-shaped inclusions with aspect ratios varying from 2:2:1
to 50:50:1.
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S-waves propagating normal to the foliation are not
affected by the presence of melt. At 2% melt fraction,
both P- and S-wave anisotropies show a stronger depen-
dence on the aspect ratio of melt pockets (Fig. 8). A two-
fold increase is observed for aspect ratios as low as
10:10:1. S-waves azimuthal anisotropy is also doubled;
fast S-waves propagate faster within the foliation and
slower normal to it, slow S-waves propagate slower
normal and parallel to the foliation and faster at 45° to the
lineation (Fig. 10).

In contrast, focused melt flow in reactional dunitic
channels, because it involves small instantaneous melt
fractions (≤5%) in the dunites and, hence, very small
total melt fractions (≤0.1%) in the massif, has no
significant effect on seismic anisotropy unless the melt
distribution in the dunites is extremely anisometric
(aspect ratios ≥20 for 5% melt, Fig. 9). Porous flow
may however produce such high aspect ratios. Static
Fig. 10. Seismic properties of a harzburgite containing 2% melt in 10:10:
compressive (VP) and of the two quasi-shear waves (VS1 and VS2) velocities
VS2) /⁎(VS1+VS2)) and polarization of the fast shear wave (S1) as a function
lineation (star). Equal area, lower hemisphere stereographic projections. Conto
experiments on olivine+basalt aggregates equilibrated
at 1 GPa and 1300–1400 °C show that, for melt
fractions ≤3.3 vol.%, most melt concentrated in disk-
shaped melt inclusions with 20:20:1 aspect ratios [42].
Deformation may further enhance the anisotropy of melt
distribution [44]. Yet, even for the highest melt fractions
(5%) and aspect ratios (50:50:1), P-wave propagation
anisotropy increases by b1% and S-wave polarization
anisotropy by ≤2% (Fig. 9).

6. Implications for seismic anisotropy above
subduction zones

Strain-induced crystal preferred orientations in the
Murray Ridge massif result in up to 5% P- and S-wave
anisotropy with fast seismic directions parallel to the
lineation, i.e., to the shear direction in the mantle. Waves
propagating normal to the foliation display the lowest P-
and S-wave velocities and no S-wave splitting.
Synkinematic melt transport by either diffuse porous
flow or fractures, resulting in melt pockets or dykes
aligned in the foliation, does not modify the seismic
anisotropy pattern, but enhances the anisotropy inten-
sity, in particular for S-waves. On the other hand,
focused porous flow in dunitic channels does not affect
significantly seismic anisotropy, unless associated with
very high instantaneous melt contents.

If the present orientation of the structures is
representative of the pre-obduction situation, as sug-
gested by the orientation of the tabular dunites and
pyroxenite dykes and the kinematics deduced from
olivine and enstatite CPO relationships, the Murray
Ridge massif should be characterized by trench-parallel
fast S-wave polarizations and variable delay times,
depending on the S-wave incidence angle. How does
this fossil seismic anisotropy pattern compare to
observations above active subduction zones?

Shear wave splitting patterns observed in subduc-
tion zones are complex. Teleseismic shear wave
1 lenses parallel to the foliation. From left to right, variation of the
and shear wave polarization anisotropy: intensity (AVs%=200⁎ (VS1−
of the propagation direction relative to the foliation plane (full line) and
urs at 0.1 km/s and 0.05 km/s for P- and S-wave velocities, respectively.
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splitting data show that trench-parallel fast polarization
directions and high delay times (1–1.5 s) predominate
along the circum-Pacific and Caribbean subductions.
Clear trench-normal fast teleseismic S-wave polariza-
tions are only observed in the Tonga and Marianas
subductions [46] and the Cascades [47]. Moreover,
many subduction zones, like the Andes [1] or the Izu
Bonin–Japan–Kurils system [46], display polarization
directions that vary from trench-parallel to trench-
normal along the subduction. However, these measure-
ments integrate the anisotropy produced by the
orientation of olivine crystals due to flow below the
slab, the frozen olivine CPO within the slab, and the
anisotropy generated in the wedge. The relative
contribution of each component may be inferred from
the comparison with splitting data retrieved from local
S-waves, which sample essentially the wedge and,
depending on the source location, part of the slab.

Teleseismic and local S-waves splitting data are, in
general, coherent. Trench-parallel polarizations are also
predominant in local S-wave data, in particular in fore-
arc and arc domains, as in the Aleutians–Alaska arc
[48,49], in the Caribbean (M. Kendall, personal
communication 2006), and in the southern Hikurangi
subduction [6,50]. However, fast polarization directions
for local S-waves are often more heterogeneous than
SKS data. The more pronounced heterogeneity may
partially be explained by the higher frequency of these
waves, which results in larger scattering, and by the
more variable source-receiver geometries (e.g.,
[1,3,5,6,51]). In the Andes [1] and the Kamchatka
[51], local S-waves show indeed very weak anisotropy
and highly variable polarization directions. However
clear patterns are observed. Fast polarization of local
S-waves varies over short wavelengths (b50 km), either
along the subduction zone from parallel to normal to the
local orientation of the trench, as in Izu Bonin [5], or
with increasing distance from the trench. A large
number of western Pacific subduction zones, like
Ryukyu [4], Japan [3,5], the Tonga–Lau system [52],
and the northern part of the Hikurangi subduction in
New Zealand [6], show indeed dominant trench-parallel
polarization of local S-waves in the fore-arc and trench-
normal polarizations in the back-arc. These variations in
the orientation of fast S-wave polarization have been
interpreted as marking: (i) changes in the flow pattern,
(ii) a transition from wet to dry olivine deformation, and
(iii) the combination of different anisotropy sources
(differently oriented olivine CPO in the wedge and the
slab, aligned melt pockets…).

Analysis of the observed delay times may allow
discrimination between these models. Olivine deforma-
tion by dominant [001] slip under water saturated
conditions always results in weak orientation of the fast
[100] axis and hence in weak anisotropy, leading to low
delay times independent of the orientation of the flow
plane [53]. In contrast, our results show that, in a wedge
characterized by trench parallel flow and synkinematic
melt transport, the anisotropy intensity sampled by high-
angle S-waves depends on the orientation of the flow
plane: steep foliations result in high delay times,
subhorizontal foliations in very low delay times.

Delay times for local S-waves are usually ≤0.4 s
[2,3,6,48,49,51]. Observation of such low delay times
for deep events (epicenter depths N100 km) suggests
weak S-wave anisotropy in the wedge (b2%). Our
models (Figs. 7,9 and 10)) show that S-waves
propagating oblique or normal (≥30°) to the flow
plane sample low anisotropy (b2%) directions. As a
consequence, both trench-parallel flow in subhorizontal
planes and corner flow will result in low delay times.
These two models however would result in fast
polarizations parallel and normal to the trench, respec-
tively. Dominant [001] slip in olivine would also
produce low anisotropy, but the relation between fast
seismic axes and flow would be inversed. In conclusion,
the interpretation of these low delay time data is non-
unique.

In contrast, high delay times (≥1 s) and fast
polarizations implying large trench-parallel anisotropy
in the mantle wedge are observed for local S-waves in
the Kurils [54], Ryukyu [4], southwest Taiwan [55], and
Tonga subductions [52]. These observations are fully
consistent with the seismic anisotropy calculated for the
Murray Ridge massif considering that the present
orientation of the structures is representative of the
pre-obduction situation, i.e., for trench-parallel flow and
melt alignment in steeply-dipping planes.

Finally, an indirect consequence of the low delay
times observed using local S-waves is that a large part of
the SKS delay times results from olivine CPO
orientation in response to flow beneath the slab.
Trench-parallel fast SKS polarization directions and
high delay times (1–1.5 s) observed in New Zealand,
Kamchatka, Mediterranean, and Caribbean subductions
imply trench-parallel flow and, hence, a strong decou-
pling between the downgoing slab and flow in the
convective mantle. Different settings processes have
been proposed to produce toroidal flow beneath slabs:
trench retreat [1,56], a lateral discontinuity in the slab
[51], oblique subduction [57], or transform-subduction
interactions [58]. However, the processes allowing for
mantle flow decoupled from the downgoing slab are still
poorly understood.
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7. Conclusion

A large range of arguments converge to point that the
Murray Ridge peridotites represent a slice of the mantle
wedge above an oblique subduction: its emplacement in
an accretionary complex interleaved with island arc
magmatic assemblages, the strongly depleted composi-
tions of the peridotites, characteristic of high degree
melting residues, the synkinematic transport of low-Ca
boninitic magmas, as well as paleontological and
paleomagnetic data suggesting belt-parallel transport
during and after the accretion of the Cache Creek terrane
to the western North America margin. This massif
represents therefore a natural laboratory to investigate
the relations between partial melting, deformation, and
melt transport in the mantle wedge.

Structural mapping shows that it has recorded high-
temperature, low-stress deformation, high degrees of
partial melting, and synkinematic melt-rock interaction
at shallow depths (b70 km) in the mantle. Deformation,
marked by shallow-dipping lineations and steep folia-
tions, controlled melt distribution: reactive dunites and
pyroxenite dykes are dominantly parallel to the
foliation. Analysis of olivine crystal preferred orienta-
tions (CPO) indicates that it deformed by dislocation
creep with dominant [100] glide. Glide planes are
however different in harzburgites and dunites, suggest-
ing higher melt contents may favor glide on (001)
relative to (010) in the dunites. The change in slip
system and the stronger olivine CPO in the dunites, as
well as the preservation of gradational contacts between
dunites and harzburgites, imply that deformation and
melt transport were synchronous.

Seismic properties, calculated by considering explic-
itly the large-scale structure of the massif, the olivine and
pyroxene CPO, and possible melt distributions, show
that the strain-induced olivine CPO results in up to 5% P-
and S-wave anisotropy with fast seismic directions
parallel to the lineation. Synkinematic melt transport by
diffuse porous flow leading to melt pockets or dykes
aligned in the foliation may significantly enhance this
anisotropy, in particular for S-waves. On the other hand,
focused melt flow in high permeability dunitic “chan-
nels” cannot be recorded by seismic anisotropy, unless it
leads to very high melt concentrations (N10%).

The dominant vertical orientation of dunitic “chan-
nels” and pyroxenite dykes together with the dextral
shear inferred from the comparison of olivine and
enstatite CPO in the harzburgites suggest that the
present orientation of the structures is representative of
the pre-obduction situation. The seismic anisotropy
resulting from high temperature deformation and
synkinematic melt transport in the Murray Ridge massif
is coherent with the trench-parallel fast S-wave
polarizations and large delay times observed above the
Kurils, Ryukyu, southwest Taiwan, and Tonga subduc-
tions. Delay times depends on the orientation of the flow
plane relatively to the S-wave propagation. For waves
with high incidence angles, steep and subhorizontal
foliations result in strong and weak anisotropy,
respectively. The low delay times observed above a
large number of subduction zones using local S-waves
may result therefore from various processes: (i) corner
flow and trench-parallel flow in flat-lying planes in the
wedge with normal [100] slip in olivine, (ii) olivine
deformation by [001] slip, or (iii) complex relations
between deformation and melt distribution. Their
interpretation in terms of flow patterns in the wedge is
therefore non-unique. In contrast, trench-parallel fast
polarizations and high delay times are characteristic of
trench-parallel flow in steeply dipping planes.
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