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Abstract

Petit-spots, the late Miocene alkali basaltic volcanoes on the Early Cretaceous NW
Pacific Plate, originate at the base of the lithosphere. The petit-spot volcanic rocks
enclose fragments of tholeiitic basalt, dolerite, gabbro, and mantle peridotite, providing
a unique window into the entire section of subducting oceanic lithosphere. We provide
here the first direct observations on the deep structure of the Pacific lithosphere using
microstructural analyses of a petit-spot peridotite xenolith. The xenolith is a lherzolite
that consists mainly of coarse- and medium-grained olivine, orthopyroxene, and
clinopyroxene, as well as fine-grained aggregates of spinel and orthopyroxene that
probably represent replaced pyrope-rich garnet. A strong deformational fabric is marked
by a parallel alignment of millimeter-sized elongate minerals and their crystallographic
preferred orientation. The olivine displays an [010] fiber pattern with a girdle of [100]
axes and a maximum of [010] perpendicular to the foliation, a pattern which is
consistent with a transpressional deformation in high temperature conditions at the base
of oceanic lithosphere. Our microstructural observations and seismic data indicate that
the lower part of the NW Pacific lithosphere possess an early stage structure of mantle
flow at the asthenosphere. This interpretation is compatible with a conventional model
in which oceanic lithosphere is thickened during cooling and plate convection. A
discrepancy between the weak anisotropy in the petit-spot peridotite and the strong
azimuthal anisotropy from the seismic data in the NW Pacific plate implies the

existence of a highly anisotropic component in the deep oceanic lithosphere.

Key wrds: petit-spot, peridotite xenolith, crystallographic preferred orientation (CPO),

seismic anisotropy, Northwestern Pacific Plate, lithosphere-asthenosphere boundary
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1. Introduction

Oceanic plates cover about 70% of the Earth’s surface, and exert a major
control on the thermal evolution, material circulation, and dynamics of our planet
(Turcotte and Schubert, 1982). Reaching an understanding of the visco-elastic and
petrological structures of oceanic plates is one of the most fundamental aims of earth
science (McKenzie, 1967; Parsons and Sclater, 1977; Stein and Stein, 1992; Faccenda et
al., 2008; Kawakatsu et al., 2009). Tectonic structures in the lithosphere develop
progressively from mid-oceanic ridges to convergent margins, eventually influencing
the processes of subduction.

A conventional semi-infinite half-space model of heat conduction for the
growth of an oceanic plate provides a beautiful explanation for the observed depth
profiles of ocean floors and heat flow measurements (e.g., Davis and Lister, 1974;
Davies, 1980; Turcotte and Schubert, 1982; Stein and Stein, 1992). Seismic
observations have verified the predicted depths of the lithosphere—asthenosphere
boundary (LAB), which increase with increasing age of the oceanic plate (Turcotte and
Schubert, 1982; Kawakatsu et al., 2009). The results of a recent seismic analysis using a
receiver function suggest the existence of a layered melt-rock structure at the top of the
asthenosphere (Kawakatsu et al., 2009). These studies indicate that the upper part of an
oceanic plate thickens downwards at the LAB as it moves away from a ridge, and that
anisotropic structures develop in response to interactions between lithosphere and
asthenosphere.

Deformational structures in oceanic lithosphere are important because they
enable interpretations of the observed seismic anisotropy in terms of flow directions or
plate motions (Nicolas and Christensen, 1987; Savage, 1999; Park and Levin, 2002;
Long and Silver, 2009). Based on experiments and geological observations of
plastically deformed peridotites, it is generally accepted that the fastest direction of
seismic wave propagation represents the direction of mantle flow (Nicolas and
Christensen, 1987; Nicolas, 1989; Mainprice et al., 2000). However, geological
observations on upper mantle structures in oceanic plates have been restricted to the
shallowest part of the mantle, in the spinel-lherzolite facies, corresponding to depths in
the upper half of the plates, and it is not known whether the shallow structures are

comparable to those in the lower half. Although hotspot xenoliths are potentially
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derived from deep levels of the sub-oceanic mantle, they are part of a hybrid mantle
significantly modified by intra-oceanic plume-related processes, such as those
underlying Hawaii (Sen et al., 2005), French Polynesia (Tommasi et al., 2004), the
Canaries (Vonlanthen et al., 2006), and Kerguelen (Bascou et al., 2008).

Recently, a new window into oceanic lithosphere has been discovered on the
seafloor of the NW Pacific. It is called a petit-spot, a new type of intra-plate volcanism
caused by flexing of an oceanic plate upon entering the Japanese subduction zone
(Hirano et al., 2006). Petrological studies reveal that the alkali basaltic volcanoes have
their roots at the base of the NW Pacific lithosphere (Hirano et al., 2006, 2008), and that
essentially unaltered pieces of oceanic lithosphere were caught up in the ascending
magma as mafic and ultramafic xenoliths (Hirano et al., 2004; Abe et al., 2006;
Yamamoto et al., 2009).

During focused and exhaustive investigations of the NW Pacific petit-spot
knolls, Abe et al. (2006) reported the discovery of a centimeter-sized peridotite
fragment that had originated in the garnet-stability field. Here, we report the results of a
microstructural analysis of this petit-spot xenolith; based on the results of the analysis,
we go on to infer the structure and evolution of the Pacific Plate. Even though the
sample is small, containing a limited number of grains, it possibly represents great

importance as a natural sample of the widespread deeper parts of the Pacific lithosphere.

2. Sample locality and petrological background

The petit-spot volcanoes are located on the seaward slope of the northern
Japan Trench (Fig. 1). The NW Pacific Plate is Early Cretaceous in age (150-120 Ma),
making it the oldest oceanic plate in the world. However, geochronological data reveal
that the petit-spot alkali basaltic volcanism occurred during the late Miocene to present
(Hirano et al., 2001, 2006, 2008). Reconstructions of recent plate motion show that the
locus of volcanism was on the seaward slope of the outer rise, indicating that the young
basalts were erupted along lithospheric fractures in response to plate flexure during
subduction (Hirano et al., 2006). The silica-undersaturated nature and LREE-enriched
geochemical signature of the alkali basalts are compatible with a small degree of partial

melting of mantle beneath the LAB (Hirano et al., 2001, 2006).
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Some mafic xenocrysts and xenoliths of tholeiitic basalt, dolerite, gabbro and
mantle peridotite were obtained from the petit-spot volcanoes, which are typically
monogenetic alkali basalt volcanoes (Abe et al., 2006). The mantle peridotite xenoliths
consist of lherzolite and olivine orthopyroxenite. The major element data for the
constituent minerals in the petit-spot peridotite xenoliths are presented by Abe et al.
(2006) and Yamamoto et al. (2009). The Fo (forsterite) values [Mg/(Mg + Fe) x 100] of
olivine are 89.8-92.7, slightly higher than those of typical mantle (e.g., Takahashi,
1986; Arai, 1994). The Cr# [Cr/(Cr + Al)] of spinel in the petit-spot peridotite xenoliths
varies from 0.08 to 0.38 (Abe et al., 2006; Yamamoto et al., 2009). These values
suggest that the source mantle had already been molten to some degree. Using a
two-pyroxene geothermometer (Wells, 1977) and CO, Raman densimeter (Yamamoto
and Kagi, 2006), equilibrium conditions of spinel and garnet peridotites were
determined to be 800—-1100 °C at a minimum pressure of 13—16 kbar, corresponding to
a depth of >40-50 km below the seafloor (Abe et al., 2006; Yamamoto et al., 2009).
Generation of mid-ocean ridge basalt (MORB) could be considered as a possible
depletion event in sub-oceanic mantle. Noble gas isotopic data for three spinel lherzolite
xenoliths and two sets of olivine xenocrysts in three submarine volcanoes indicate that
the xenoliths resemble MORB (Yamamoto et al., 2009).

The sample analyzed here is the very fresh peridotite xenolith enclosed in a
highly vesicular alkali basalt (up to 2 cm in diameter; 6K#880R20; Fig. 2), that was
obtained during the cruise YK05-06, R/V Yokosuka and the submersible Shinkai 6500
from a dive site 6K#880 at the eastern fault escarpment of a petit-spot volcano in the
Japan Trench (Fig. 1; Site A of Hirano et al., 2006). The petit-spot peridotite xenolith is
lherzolite consisting of olivine, orthopyroxene and clinopyroxene (Fig. 3a, b). The mean
Fo value of olivine is 91.4, indicating a relatively undepleted nature. The petit-spot
peridotite xenolith contains fine-grained spinel-orthopyroxene aggregates with minor
glass (Fig. 4b, c¢). The Al,O3 contents of orthopyroxene and the Cr# [Cr/(Cr + Al)] of
spinel range widely from 4 to more than 15 wt% and from 0.1 to 0.24, respectively. The
rounded shapes of the aggregates and their bulk chemical compositions (determined by
a defocused beam) are consistent with an origin of pyrope-rich garnet. The bulk

trace-element patterns of the aggregates are similar to those of pyrope-rich garnet and
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the associated clinopyroxene shows a signature typically seen in those equilibrated
under conditions of the garnet-lherzolite stability field (Abe et al., 2006).

The equilibrium conditions of this sample applied to a two-pyroxene
geothermometer (Wells, 1977) and a univariant curve for the garnet-spinel facies
transition (O'Neill, 1981; Klemme and O’Neill, 2000), indicating that was determined to
be 1100+50 °C at a pressure of 16-20 kbar. This conditions correspond to a depth of
~60 km below the seafloor (Abe et al., 2006; Yamamoto et al., 2009).

3. Microstructure and mineral preferred orientation

Microstructure of the petit-spot peridotite xenolith (6K#880R20) was
examined in two vertical sections (A and B sections in Fig. 2). Strong shape preferred
orientations (SPO) in these sections indicate the foliated structure of the peridotite (Fig.
2 and 3). The X direction is approximately parallel to the mineral SPO in the A section
and the XZ plane is oblique to the A section with a dihedral of about 30° (Fig. 2).

The microstructure is characterized by a coarse granular (partly tabular)
texture that consists dominantly of coarse olivine and medium-grained pyroxenes (Fig.
3a, b). Elongate olivine grains define a lineation. Almost orthopyroxene and
clinopyroxene grains are elongate and sub-parallel to the elongate olivine grains (Fig. 3a,
b). Olivine grains show features of intra-crystalline deformation, including subgrain
boundaries and extremely high aspect ratios (Figs. 3 and 4a). Wavy extinction and
deformational twinning is not observed in the pyroxenes. The SPO of the crystals seems
to be orthogonal in symmetry, and subgrains are not conspicuously oblique (Fig. 3a, b).
A reaction zone between the host rock and peridotite could be observed at the contact
between the host rock and peridotite (Fig. 3a, b).

The spinel-orthopyroxene aggregates after pyrope-rich garnet shows a
rounded shape. The inner parts of the aggregates are very fine-grained, with many
cracks, whereas the outer parts are coarser-grained with a granular texture, indicating
that the garnet decomposed as a result of at least two processes with different reaction
rates (Fig. 4b, c). The concentric structure within the garnet pseudomorphs indicates
that the breakdown postdates the major deformation of the peridotite.

We analyzed the orientation of olivine and two-pyroxene grains in highly

polished thin sections using a scanning electron microscope (SEM; JEOL JSM6300)
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equipped with an electron-backscatter diffraction (EBSD) system at the Center for
Instrumental Analysis, Shizuoka University. Operating conditions were as follows:
accelerating voltage 20 kV, probe current 10 nA, working distance 24 mm, and tilt
angle 70°. All index data represent points with a mean angular deviation (MAD) of <1°.
Errors in computed indexation of each diffraction pattern were verified by the operator.
The olivine orientation map of the peridotite was collected with a step size of 50 pm.
The orientations of crystallographic axes of olivine, orthopyroxene, and
clinopyroxene are presented in equal-area, lower-hemisphere projections (Fig. 5a). We
measured the crystal orientations of 191 olivine grains, 100 orthopyroxene grains and
17 clinopyroxene grains, merging the data from two parallel thin sections of the A
section in the sample 6K880R20 (Fig. 2). The crystallographic preferred orientation
(CPO) of olivine shows a girdle of [100] and [001] axes within the foliation and a point
maximum of [010] perpendicular to the foliation (Fig. 5a). The CPO of orthopyroxene
forms a girdle of [001] almost concordant with the girdles of olivine [100] and [001]
(Fig. 5a) whereas other axes do not show distinct patterns. The similarity in patterns of
olivine [001] and orthopyroxene [001] orientations suggests coincident formation of the
CPOs. The CPO of clinopyroxene could not be confirmed because of the small number
of grains (Fig. 5a).
An orientation map for the petit-spot peridotite xenolith is shown in Figure 3c.
The color of olivine is defined by its orientation; for example, a grain with its [100] axis
oriented sub-parallel to the lineation is blue, but a grain with [001] parallel to the
lineation is red (Fig.3c). Orthopyroxene, clinopyroxene and undetermined olivine are
shown as white areas in the figure. Olivine grains with [100] parallel to the lineation
(Fig. 3c; blue-colored grains) are dominant and are more elongate than grains with
[001] parallel to the lineation (Fig. 3c; red-colored grains). The purple-colored grains
are observed at the orientation map (Fig. 3c) and are oriented in directions between
[100] and [001] (Fig. 3c). The olivine grains of upper area in thin section are relatively
coarser grain than that of lower area. In the orientation map, each grain on upper area
has similar orientation with [100] and a direction between [100] and [001] parallel to
lineation, whereas the grain on lower area shows a different orientation in each grain.
Subgrain boundaries are characteristically observed in olivine grains with

[100] parallel to the lineation. We used a rotation axis method to determine the slip



199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

system in the olivine grains (e.g., Mehl et al., 2003; Satsukawa and Michibayashi, 2009).
We measured olivine crystal orientations across several subgrain boundaries, or tilt
walls. Since tilt walls are formed of edge dislocations, the orientation of the tilt wall and
the lattice rotation across that tilt wall can be presented the dominant slip system (e.g.,
Mehl et al., 2003; Satsukawa and Michibayashi, 2009). The results indicate slip on the
(010)[100] system. This is the most common slip system in naturally deformed olivine
(e.g., Nicolas and Poirier, 1976), and experimental studies reveal that this system is the
most active at high temperatures (>1100 °C; e.g., Nicolas et al., 1973; Avé Lallemant,
1975; Nicolas and Christensen, 1987; Zhang and Karato, 1995; Zhang et al., 2000; Jung
et al., 2000).

4. Seismic properties of the petit-spot peridotite
Seismic properties of the petit-spot peridotite xenolith were calculated from
single crystal elastic constants, density and the CPO of olivine, enstatite and diopside.
We inputted the parameters of average modal composition: olivine (78.9 %),
orthopyroxene (12.8 %), and clinopyroxene (8.3 %), the EBSD-measured CPO of major
minerals (olivine, orthopyroxene and clinopyroxene), and the elastic constants of
olivine, orthopyroxene and clinopyroxene at 20 kbar and 1100°C and we used a
Voigt-Reuss-Hill average scheme (Mainprice et al., 2000). The elastic constants used in
our calculations are those of Abramson et al. (1997) for olivine, Chai et al. (1997) for
enstatite, and Collins and Brown (1998) for diopside. The P-wave anisotropy was
calculated as a percentage using the formula 200(Vp™™—Vp™")/(Vp™*+Vp™™). The
S-wave anisotropy (AVs) was calculated for a specific propagation direction using the
formula 200(Vs;—Vs,)/(Vs1+Vs,), where Vs, and Vs, are the fast and slow wave
velocities, respectively (e.g., Pera et al., 2003, Tasaka et al., 2008).
The results of our calculations are shown in Figure 5b. The P-wave velocity
(Vp) is fastest (8.3 km/s) subparallel to the lineation, which is closely related to the
CPO maximum of olivine [100] axes (Fig. 5b). The P-wave velocity (Vp) is slow (7.53
km/s) for waves propagating in a plane normal to the [100] maximum (Fig. 5b). The
P-wave anisotropy is 9.7 % between fast (8.3 km/s) and slow (7.53 km/s) P-wave
velocities. Fast split shear wave velocity (Vs;) is max 4.77 km/s and slow split shear

wave velocity (Vs;) is max 4.52 km/s. Polarization anisotropy of S-wave (AVs) is max
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8.3 % and shows two maxima on a girdle parallel to the girdle of [100] axes (Fig. 5b).
The orientation of the polarization plane of the fastest S-wave systematically (Vsl
polarization plane) marks the orientation of the great circle that contains the maximum

concentration of [100] (Fig. 5b).

5. Discussion
5.1. Microstructural development of the petit-spot peridotite xenolith

The microstructure of the petit-spot peridotite xenolith is characterized by 1) a
coarse granular texture with a strong SPO and ii) an olivine CPO with [010]
concentrated normal to the foliation and [100] in a girdle normal to the [010] maximum
(Figs. 3 and 5a). The olivine CPO is compatible with the [010] fiber pattern (or
AG-type) described by Ben Ismail and Mainprice (1998) and Mainprice (2007), among
others, and the pattern indicates the nature of the main deformational phase of the
petit-spot peridotite xenolith. The development of sub-grain boundaries is rather local
and there is no sign for a transition to a porphyroclasic microstructure, indicating the
peridotite has not been affected by high strain and/or lower temperature overprinting
that is often observed in mantle sections of ophiolites (e.g., Nicolas, 1986; Suhr, 1993).

The P-T estimate of 16-20 kbar minimum pressure and 1100+£50 °C for the
petit-spot peridotite xenolith, as obtained using the garnet—spinel transition in lherzolite
(Abe et al., 2006; Yamamoto et al., 2009), constrains the equilibrium conditions just
before entrainment of the xenolith by the petit-spot magma. These conditions are
consistent with slip on (010)[100], as determined by our analysis of subgrain rotation
axes. The fact that garnet pseudomorphs in the petit-spot peridotite xenolith have
retained their isochemical characteristics (Fig. 4b) indicates that the main deformation
associated with the [010] fiber pattern in olivine took place while the garnet was stable.
This requires higher pressure or lower temperature conditions for the formation of the
[010] fiber pattern than the pressures and temperatures estimated above. Considering
the geochemical signature for MORB extraction (Yamamoto et al., 2009) and passive
transport by plate motion, it is reasonable to assume that the petit-spot peridotite
xenolith retained a largely consistent vertical position in the Pacific Plate during its

tectonic evolution.
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Although the [010] fiber pattern in natural peridotites is relatively uncommon
worldwide ([010] fiber pattern in percentages of the database is 10.1%; Ben Ismail and
Mainprice, 1998; Mainprice, 2007), it is reported from many localities in various
tectonic settings. For example, it is found in alpine peridotite, as in the Ronda (Vauchez
and Garrido, 2001) and Lherz peridotite massifs (Le Roux et al., 2007, 2008), in
cratonic kimberlite xenoliths (Ben Ismail et al., 2001; Vauchez et al., 2005), and in
sub-continental mantle xenoliths from SE Siberia (Tommasi et al., 2008). The [010]
fiber pattern is also observed in the subduction-related orogen of the Canadian
Cordillera (Tommasi et al., 2006) and in xenolith samples from the intra-oceanic
settings of the Canaries (Vonlanthen et al., 2006) and Kerguelen (Bascou et al., 2008).
The local occurrence of this high-temperature deformation pattern in the Hilti massif of
the Oman ophiolite (Michibayashi and Mainprice, 2004) represents a rare example from
oceanic lithosphere. In the following, previously proposed five mechanisms will be
examined as the cause of the [010] fiber pattern in the petit-spot peridotite xenolith.

First, the [010] fiber pattern may develop during axial compression (Nicolas
et al.,, 1973). In this case, the concentration of [010] parallel to the compression axis
increases with strain. However, this mechanism is not consistent with the concentration
of the orthopyroxene [001]-axis in the petit-spot peridotite xenolith (Fig. 5a);
furthermore, it is unlikely to occur within oceanic lithosphere, where an intense simple
shear to accommodate mantle flow is expected (e.g., Nicolas, 1989; Michibayashi and
Mainprice, 2004).

Second, a numerical study indicated that the [010] fiber pattern could result
from a transpressional deformation dominated by the single slip system (010)[100]
(Tommasi et al., 1999). Dispersion of olivine [100] and orthopyroxene [001] axes
within the foliation plane is expected under this mechanism (e.g., Vauchez and Garrido,
2001; Tommasi et al., 2006; Bascou et al., 2008). In the petit-spot peridotite xenolith,
the orthopyroxene grains are characterized by a girdle of [001] and a weak maximum of
[100] (Fig. 5a), suggesting that the observed olivine [010] fiber pattern could have
resulted from transpressional shear deformation.

Third, the simultaneous activation of [100] and [001] slip directions under
high-stress or high-pressure conditions is a possible mechanism for forming a [010]

fiber pattern (Tommasi et al., 2000; Mainprice et al., 2005). This mechanism has been
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invoked to explain the [010] fiber patterns in deep-rooted cratonic xenoliths (Vauchez et
al., 2005; Tommasi et al., 2008). However, for the studied sample, all the observed tilt
boundaries in olivine grains indicate a [100](010) slip system. The petit-spot peridotite
xenolith is considered to have been deformed under conditions close to the
garnet—spinel transition, which is too shallow to have activated multiple slip directions
(Mainprice et al., 2005; Jung et al., 2008).

Sub-grain rotation due to dynamic recrystallization is a possible fourth
explanation (Tommasi et al., 2000). A diffusion of the CPO due to subgrain rotation
counterbalances the CPO intensification due to dislocation glide, resulting in a
steady-state fabric similar to the [010] fiber pattern. However, in the petit-spot
peridotite xenolith, rotation of crystallographic axes appears to be minor in a single
grain and oblique fabric is not seen. There is no microstructural evidence that sub-grains
in olivine turn to form neoblasts through dynamic recrystallization.

The fifth possible mechanism was discovered during experimental
deformation, when strain partitioning in a partially molten peridotite produced a weak
[010] fiber pattern (Holtzman et al., 2003). A similar mechanism has been proposed by
Le Roux et al. (2007, 2008) and Tommasi et al. (2008). Tommasi et al. (2008)
emphasized the roles of annealing and static recrystallization associated with melt
percolation; the authors applied this mechanism to Siberian mantle xenoliths with
coarse-grained, annealed microstructures and [010] fiber patterns. These microstructural
features (Tommasi et al., 2008) are similar to those of the petit-spot peridotite xenolith.
An orthogonal symmetry characterizes the structure of the petit-spot peridotite xenoliths,
and a similar structure has been reported in deformed partially molten peridotite, where
the shear component of strain is accommodated by interstitial melt (e.g., Zimmerman et
al., 1999; Holtzman et al., 2003). Yamamoto et al. (2009) suggested that the source
mantle of the petit-spot magma had already been molten to some degree, whereas the
peridotite xenolith of this study shows no direct petrological evidence for the existence
of silicate melts or fluids during the formation of the [010] fiber pattern.

As discussed above, the microstructures can be interpreted by two
mechanisms: transpressional strain and presence of partial melt. A large-scale
transpressional deformation is expected in a horizontally extending flow in which a

thinning is dominant. One possible site is in a plume head beneath oceanic lithosphere
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(e.g., Ernst and Buschan, 2003). However, the geochemical characteristics of the
peridotite indicate a MORB source mantle (Yamamoto et al., 2009). Local
transpressional strain can be achieved in high temperature deformation if a bulk shear is
compensated by soft layers or slip boundaries. This is, in turn, a mechanical explanation
for [010] fiber patterns in partially molten rocks (Holtzman et al., 2003). This leads us
to considering high temperature deformation in a presence of partial melt over the
others for the formation of the [010] fiber pattern in olivine of the petit-spot xenolith. A
recent asthenosphere model based on receiver function analyses (Kawakatsu et al.,
2009) and the less depleted geochemical nature (Abe et al, in prep.) are compatible with

solid layers intercalated with melt-rich layers.

5.2. Upper mantle structure beneath the NW Pacific Sea

The layered elastic structure beneath the NW Pacific Sea has been examined
through long-range explosion seismic experiments using ocean bottom seismometer and
a borehole broadband observatory at the NW Pacific basin (Shimamura et al., 1983;
Shinohara et al., 2008). Of course, it is impossible to restore the petit-spot peridotite
xenolith to its original orientation before it was transported to the surface; however, the
mantle piece provide a test for interpretations on the formation of the velocity structure
and the intrinsic anisotropy of the oceanic upper mantle.

Long-range seismic refraction surveys during 1974-1980 revealed the
lithospheric mantle of the NW Pacific Plate indicated the two layers of different P-wave
velocities at the lithospheric mantle: 8.0-8.2 km/s in the shallower layer and 8.6 km/s in
the deeper layer (Shimamura et al., 1983). The interface between the low- and
high-velocity layers in the lithospheric mantle of NW Pacific Plate lies at a depth of
approximately 40—50 km below the seafloor at the east of the Japan trench (Shimamura
et al., 1983; Shimamura and Asada, 1984) although some seismic studies could not
detect anisotropy of P-wave velocity (Nagumo et al., 1990; Ouchi and Nagumo, 1990).
Recently, the estimated P-wave velocities of uppermost mantle beneath the WP-2 in
order to investigate to construct the seismic structure of upper mantle in the NW Pacific
Plate (WP-2; a seafloor borehole of the ODP Legl91; Shinohara et al., 2008) range
from 8.0 to 8.4 km/s. Shinohara et al. (2008) reported that the 8.5 km/s layer underlies

the uppermost mantle layer with a P-wave velocity of 8.3 km/s for fast direction. This
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interface located at the depth of 30 km below the NW Pacific Plate by Nagumo et al.
(1990) and Ouchi and Nagumo (1990).

In Shimamura et al. (1983), the fast direction of the maximum P-wave
velocity (8.6 km/s) trends 150-160° from north, perpendicular to the stripes of the
paleo-magnetic field on the NW Pacific. The observed direction of the maximum
P-wave velocity is parallel to the paleo-spreading direction of the Pacific Plate prior to
the change in plate motion that occurred at about 50 Ma (e.g., Shimamura et al. 1983;
Molnar and Stock, 1987; Sharp and Clague, 2006). The fast direction of maximum
P-wave velocity is also approximately 140° perpendicular to the magnetic lineations
(140°) as reported by Shinohara et al. (2008). This result is relatively consistent with
those of Shimamura et al. (1983), indicating that the fast direction of maximum P-wave
velocity throughout lithospheric mantle is inherited from the past plate motion. The
magnitudes of the P-wave and the S-wave anisotropy in the uppermost mantle beneath
the WP-2 are 5% and 3.5%, respectively (Shinohara et al., 2008). Travel times of
earthquakes recorded by the WP-2 and the previous seismological studies (Nagumo et
al., 1990; Ouchi and Nagumo, 1990) suggest that the lower part of the Pacific
lithosphere has greater anisotropy than the upper part of the Pacific lithosphere (see Fig.
17 in Shinohara et al. 2008). The deeper part of the lithospheric mantle is also
characterized by the strong P-wave velocity anisotropy (13%) in Shimamura et al.
(1983).

The maximum P-wave velocity calculated from the CPO of olivine,
orthopyroxene and clinopyroxene in the petit-spot peridotite xenolith show 8.3 km/s
parallel to lineation (Fig. 4b). This P-wave velocity is slower than the seismic data
obtained from seismic experiments beneath the NW Pacific (Shinohara et al., 2008).
The fast direction of maximum P-wave velocity (8.30 km/s) coincident with the flow
direction is likely to have oriented toward approximately 140° that is perpendicular to
the magnetic lineations for paleo-spreading ridge. Assuming that the foliation is
oriented sub-parallel to the plate in order to infer the orientation of mantle flow, the
strength of anisotropy calculated from the perit-spot peridotite xenolith is less than
~2 %. Such weak anisotropy of the petit-spot peridotite xenolith exhibits a discrepancy
from the strong horizontal anisotropy in the lower part of Pacific lithosphere (up to

13%), implying that an unknown highly anisotropic component lies in the deep oceanic
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lithosphere in addition to the peridotite with the olivine [010] fiber pattern. Such a
hybrid lithosphere might be formed through a solidification of a partially molten layered
asthenosphere (Kawakatsu et al., 2009).

The lower limit of the lithosphere is defined by a transition to a low velocity
zone representing asthenosphere where the depth of the LAB in the NW Pacific at
around 80 km was reported from Shimamura and Asada (1984) and Kawakatsu et al.
(2009). Kawakatsu et al. (2009) also revealed that the depth for LAB beneath the
Pacific Plates is age-dependent using the data from borehole broadband ocean bottom
seismometers. They concluded that the relative thickness of oceanic plate is consistent
with the thermally controlled origin for the oceanic LAB (see Fig. 4A in Kawakatsu et
al.. 2009). The minimum pressure condition for the garnet-bearing mineral assemblage
in the petit-spot peridotite xenolith indicates the origin deeper than about ~60 km (Abe
et al., 2006). The microstructural and petrological observations in the petit-spot
peridotite xenolith imply that the structures, at least in the lower half of the NW Pacific
Plate, were fixed during the early stages of plate thickening. In order to preserve such
high temperature fabric during cooling of the lithosphere, a shear strain should be
localized to the LAB.

To understand the cause and mechanism for the strong anisotropy in the deep
part of oceanic lithosphere, further sampling of mantle pieces from the depths of 30-80
km is necessary. We believe that the first finding of such a peridotite xenolith is an

important step for practical understanding of the whole section of the oceanic plate.

6. Concluding remarks

Petit-spot volcanoes on the NW Pacific ocean floor provide us a unique
opportunity to touch the lithospheric materials subducting beneath the present Eurasian
margin. We made microstructural analyses of a remarkable petit-spot peridotite xenolith,
which is petrologically ascertained as a pristine fragment of the oceanic lithosphere
deeper than 60 km below the seafloor. The CPO of minerals in the petit-spot peridotite
xenolith explains the seismic properties in the deep high-velocity layer of the Pacific
lithosphere, including the magnitude of the P-wave velocity and the nature of the layer’s
anisotropy. Given that the fastest direction in P-wave velocity is parallel to the ancient

spreading direction, it can be deduced that the anisotropy was produced by
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lithosphere—asthenosphere interaction during plate convection. This interpretation is
consistent with our finding of the olivine [010] fiber pattern that could be related to the
shear deformation in a presence of partial melt. The occurrence of such a fabric, which
is a relic of earlier conditions in the garnet stability field, suggests the preservation of an
earlier structure as a result of weak coupling at the LAB.

The information gleaned from the peridotite xenolith is likely to fit the
general structure of the Pacific Plate and provides a practical understanding for
conventional plate model with static growth during cooling. Our first result from
petit-spot peridotite xenolith exhibits the importance of taking into account olivine
[010] fiber patterns in any interpretation of the global seismic structure of oceanic

lithosphere.
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Figure captions

Fig. 1. (a) Bathymetric map of the NW Pacific Ocean, showing the surveyed area (white
rectangle; Site A of Hirano et al., 2006) and the sampling point at dive site 6K#880
(star). The sample was dredged from the eastern fault escarpment of petit-spot
volcanoes in the Japan Trench. (b) Enlargement of Site A. The red star indicates
the site where sample 6K#880R20 was obtained during a dive as part of cruise
YKO05-06 (R/V Yokosuka and the submersible Shinkai 6500; dive site 6K#880).
Topographic data are from Amante and Eakins (2008).

Fig. 2. Schematic image and sample photos of the analyzed peridotite xenolith in this
study. Black ellipses show mineral SPO such as olivine and pyroxene in schematic
image. Elongated pyroxene and olivine grains in hand spaceman oriented parallel

to foliation.

Fig. 3. (a) Microphotograph of microstructure within the petit-spot peridotite xenolith
(6K880R02) collected from Site A of Hirano et al. (2006). Cross polarized light.
(b) Line diagram of the microstructures seen in (a); white is olivine, light grey is
orthopyroxene, dark grey is clinopyroxene, black is the reaction zone between host
rock and peridotite, and the hatched area is a fine-grained spinel-orthopyroxene
aggregate. (¢) Crystallographic preferred orientation map (data collected by EBSD)
of olivine in (a), showing an Inverse Pole Figure (IPF) in color, as compiled using
Channel+5 software (HKL Technology). White areas represent other phases (e.g.,
orthopyroxene and clinopyroxene) that could not be indexed (i.e., a zero solution).

Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene.

Fig. 4. (a) Microphotograph of olivine microstructure. Olivine grains show features of

for intra-crystalline deformation, such as subgrain boundaries. Cross polarized
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light. (b) Back-scatted electron image (BEI) of the fine-grained
spinel-orthopyroxene aggregate, outlined by the white broken line, in the petit-spot
peridotite xenolith. The aggregate has a roundish equidimensional shape. (c)
Enlargement of the area outlined by the yellow rectangle in (b). The outer parts are
coarse-grained and granular with many cracks, whereas the inner parts are very
fine-grained with fine cracks. Ol = olivine, Opx = orthopyroxene, Cpx =

clinopyroxene, Sp = spinel.

Fig. 5. (a) Crystallographic preferred orientation (CPO) data for olivine, orthopyroxene,

and clinopyroxene are plotted at equal-area, lower-hemisphere projections.
Contours are multiples of uniform density. PfJ is the fabric intensities in each pole
figure calculated after Mainprice et al. (2000) and Michibayashi and Mainprice
(2004). (b) Seismic properties calculated from single crystal elastic constants,
crystal density, and the CPOs of olivine, orthopyroxene, and clinopyroxene at 20
kbar and 1100°C. Vp is the 3D distribution of P-wave velocity. Contours are
multiples of uniform density. AVs is the 3D distribution of the polarization
anisotropy of S-waves due to S-wave splitting. The Vsl plane is the polarization
plane of the fast split S-wave (S1). Color shading for AVs is also shown. Contours
for Vp are in km/s, while those for AVs are in % anisotropy, as is the trace of the

Vsl polarization plane.
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Figure 1. Harigane et al.
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