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Trench-parallel seismic anisotropy has been observed in many subduction zones in the upper mantle. In this
study, the crystal-preferred orientation (CPO) and seismic anisotropy of natural serpentine from Val Malenco
in northern Italy and Punta Bettolina in western Italy are studied. It is found that the [001] axes are aligned
subnormal to the foliation but the [010] axes of the serpentine are aligned subparallel to the lineation, which
is significantly different from that produced in a recent high-pressure experiment. CPOs of serpentine found
herein can be used to explain the trench-parallel seismic anisotropy in a cold mantle wedge for serpentine
deformed not only at angles greater than 45° but also at low angles such as in horizontal shear from the
surface, indicating the broader implications of the CPO of serpentine for interpreting seismic anisotropy than
previously thought. It is also found that seismic anisotropy caused by the CPO of serpentine depends on the
degree of serpentinization and flow geometry. The seismic anisotropy increases with antigorite volume
fraction. The seismic anisotropy of shear waves is large, i.e., 23-36% for samples with an antigorite volume
fraction of 40-93%. Current data suggest that the trench-parallel seismic anisotropy with a delay time of 1-2 s
in the forearc mantle wedge can be attributed to the CPO of antigorite having [010] axes aligned subparallel to
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1. Introduction

Seismic anisotropy is widely observed in the upper mantle and is a
powerful tool for interpreting the kinematics and dynamics of flow in the
mantle (Long and Silver, 2008; Nicolas and Christensen, 1987; Park and
Levin, 2002; Savage, 1999). In particular, trench-parallel seismic
anisotropy has been observed in subduction zones worldwide (Fouch
and Rondenay, 2006; Long and Silver, 2008; Long and van der Hilst, 2006;
Nakajima and Hasegawa, 2004; Park and Levin, 2002; Savage, 1999).
Factors that cause trench-parallel seismic anisotropy include mantle flow
parallel to the trench associated with slab rollback (Long and Silver, 2008;
Russo and Silver, 1994), crystal-preferred orientation (CPO) of wet olivine
(Jung et al., 2006; Jung and Karato, 2001; Karato et al., 2008; Kneller et al.,
2007, 2008), hydration of sub-vertical fault zones in subducting oceanic
plates (Faccenda et al., 2008), CPO of dry olivine under high pressure (Jung
et al,, 2009a), fluid-filled cracks in subducting slabs (Healy et al., 2009),
and CPO of serpentine in a limited condition where serpentine is
deformed at angles greater than ~45° from the surface by a dominant slip
system (001)[100] (Katayama et al,, 2009). However, studies on the CPO
of serpentine in nature (Bezacier et al., 2010; Hirauchi et al.,, 2010; Soda
and Takagi, 2010) have been very limited.

Many geological and geophysical observations suggest that mantle
wedges in subduction zones are at least partially serpentinized as a
result of the dehydration of hydrous minerals in the subducting slabs
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(Bostock et al., 2002; Boudier et al, 2010; Brocher et al., 2003;
Christensen, 2004; DeShon and Schwartz, 2004; Hyndman and Peacock,
2003; Kamiya and Kobayashi, 2000; Smith, 2010; Tibi et al., 2008).
Serpentine is the main hydrous mineral in the upper mantle (Hyndman
and Peacock, 2003) and has a strong seismic anisotropy in the P-wave
velocity up to Vp=46% and S-wave velocity up to Vs = 66% (Bezacier et
al.,2010; Mookerjee and Capitani, 2011; Mookerjee and Stixrude, 2009).
In the hydrated forearc mantle, antigorite may play an important role in
controlling the fabric development and seismic anisotropy (Bezacier et
al.,2010; Hirauchi et al., 2010; Katayama et al., 2009; Kneller et al., 2007;
Mainprice and Ildefonse, 2009; Mookerjee and Stixrude, 2009; Ulmer
and Trommsdorff, 1995). Therefore, serpentine could play an important
role in causing trench-parallel seismic anisotropy in subduction zones.
In the present study, this hypothesis was tested by studying the CPO of
naturally deformed antigorite serpentine. It is found that antigorite in
nature is deformed mainly by a dominant slip system of (001)[010] and
it produces strong CPO; these findings can be used to explain both the
trench-parallel seismic anisotropy in the mantle wedge in many
subduction zones and the puzzling observation of a strong seismic
anisotropy in some areas (Long and van der Hilst, 2006; Smith et al.,
2001).

2. Sample description and methods
Four serpentinite samples with different amounts of antigorite

serpentine were studied (Table 1). Samples VM1 and VM3 were
collected from Val Malenco in northern Italy, where Malenco
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Table 1
Sample descriptions and results.
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Sample Locations in Italy Ant ol Di Mgt CPO of antigorite® Max. Vp (%) anisotropy” Max. AVs (%) anisotropy®
(%) (%) (%) (%)
VM1 Val Malenco 40 52 5 3 [001] L F, 23.6 23.2
[010] /L
VM3 Val Malenco 87 8 - 5 [001] L F, 30.8 34.0
[010] // L
12B Punta Bettolina 93 5 - 2 [001] L F, 314 36.5
[010] /L
12M Punta Bettolina 78 4 - 18 [001] L F, 25.0 228

[010] and [100] // L

Ant: antigorite, Ol: olivine, Di: diopside, and Mgt: magnetite.

2 CPO pattern of antigorite was determined based on the pole figures and inverse pole figures in Fig. 2 where F and L represent lineation and foliation, respectively.
> The P-wave anisotropy (Vp) and S-wave anisotropy (AVs) of antigorite are calculated using the elastic constant of antigorite (Bezacier et al., 2010) and by using software

(Mainprice, 1990).

ultramafic rocks constitute the ex-subcontinental mantle portion of
the Adria lithosphere (Trommsdorff et al., 1993). Using Malenco
serpentinite, several researchers have investigated the stability field
of antigorite serpentine at high-pressure and high-temperature
conditions (Ulmer and Trommsdorff, 1995), the dehydration embrit-
tlement of serpentine as a triggering mechanism for intermediate-
depth earthquakes (Jung et al., 2004, 2009b; Jung and Green, 2004),
and the deformation microstructures of olivine (Jung, 2009). The
serpentinite samples 12B and 12M were collected from Punta
Bettolina in western Italy during a field excursion in August 2007.
Typical microstructures of these serpentinites are shown in Fig. 1. All
the samples show well-defined foliation and lineation along the
shape-preferred orientation of the serpentine and olivine. The mineral
phases present in the specimen mainly comprise serpentine (anti-
gorite), olivine, and a small amount of magnetite and diopside
(Table 1). Sample VM1 contains the lowest serpentine content (40%),
and sample 12B contains the highest serpentine content (93%).
Sample 12M contains 78% serpentine and the highest amount of
magnetite (18%). The foliation of each sample was determined from
the compositional layering and elongation of olivine and serpentine,
while the lineation was determined from the elongation of olivine,
serpentine, and diopside by performing a grain shape analysis of
digitized lines in a plane (Panozzo, 1984). The samples were cut
parallel to the lineation (x) and perpendicular to the foliation (z) for
microstructure analysis. The CPO of antigorite was measured by
performing electron backscattered diffraction (EBSD) (Jung et al.,
2006). The EBSD patterns were measured on an SEM JEOL 6380 at the
School of Earth and Environmental Sciences in Seoul National
University, and the EBSD patterns were analyzed using the HKL
Channel 5 software. An accelerating voltage of 20 kV at a working
distance of 15 mm was employed for the SEM. At each point, the EBSD
pattern was indexed manually to ensure an accurate solution. The
CPOs of the serpentine and olivine were measured for individual
grains (n=235-374). The seismic velocity and seismic anisotropy
were calculated from the orientation data of the serpentine
(antigorite) and olivine using the elastic constants of antigorite
(Bezacier et al., 2010) and olivine (Abramson et al., 1997) and a
software program (Mainprice, 1990). Minor phases such as diopside
and magnetite were ignored in the calculation of seismic anisotropy.

3. Results
3.1. Crystal preferred orientation (CPO) of antigorite

The CPO of antigorite is shown in pole figures (Fig. 2, left panel).
The CPOs of antigorite in samples VM1, VM3, and 12B are all similar.
The serpentine [001] axis is strongly aligned subnormal to the
foliation, and the [010] axis is strongly aligned subparallel to the
lineation (x). This pattern of CPO is significantly different from the

CPOs of the serpentine produced by experimentally deformed
antigorite (Katayama et al., 2009), wherein the [100] axis is strongly
aligned subparallel to the lineation. The CPO of the serpentine
(Fig. 2D) in sample 12M, which contains the highest amount of
magnetite (18%), is different from that of the other samples, indicating
that the CPO of the serpentine in sample 12M was probably affected
by the presence of large amount of magnetite.

3.2. Inverse pole figure and dominant slip system of antigorite

To infer the dominant slip system that causes the natural
deformation in antigorite serpentine, inverse pole figures were drawn,
as shown in Fig. 2 (right panel). The three samples VM1, VM3, and 12B
show that the serpentine [001] axis is aligned normal to the foliation and
the [010] axis is aligned subparallel to the lineation, indicating that the
dominant slip system of antigorite is (001)[010]. Sample 12M shows
that the serpentine [001] axis is aligned normal to the foliation, but both
the [100] and [010] axes are aligned subparallel to the lineation,
indicating a mixed slip system of (001)[010] and (001)[100].

3.3. Seismic anisotropy of antigorite

The seismic anisotropy of the P- and S-waves was calculated from
the CPO of the serpentine. Fig. 3 shows the seismic anisotropy in a
horizontal flow. The reference frame was changed from the pole
figure in Fig. 2 to clearly show the polarization direction of the fast
shear wave (Vs1). Because the seismic anisotropy of shear wave
splitting is usually plotted on the surface plane, the seismic anisotropy
in Fig. 3 is plotted in such a way that the center of the pole figure (z)
corresponds to the direction normal to the horizontal plane (foliation)
and the E-W direction corresponds to the flow direction (lineation, x).
In all the specimens, the P-wave velocity is the fastest in the direction
subparallel to lineation (x: flow direction). The P-wave velocity is
slow near the center of the plot where the slowest serpentine [001]
axis is aligned subnormal to foliation (center of plots in Fig. 3). For all
the specimens, the polarization direction of the fast shear wave (Vs1)
is oriented nearly normal to the flow direction (lineation, X) which is
shown at the center of the pole figure for Vs1 polarization (Fig. 3). This
result is important and can be used to explain the trench-parallel
seismic anisotropy in the cold mantle wedge of many subduction
zones. Four specimens from two sites showed similar features in the
polarization anisotropy of the S-wave (Vs1) regardless of the degree
of serpentinization or composition (Fig. 3 and Table 1).

The effect of the degree of serpentinization on the magnitude of
seismic anisotropy is also shown in Fig. 3. The sample with the lowest
serpentine content (40%, sample VM1) shows the lowest P- and S-
wave anisotropy (Vp=23.6% and AVs=23.2%), and the sample with
the highest serpentine content (93%, sample 12B) shows the highest
P- and S-wave anisotropy (Vp=31.4% and AVs=36.5%). The
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D. 12m

Fig. 1. Optical photomicrographs of samples in cross-polarized light. Typical microstruc-
tures of the samples are shown in the X-Z plane (the X-direction is parallel to lineation, and
the Z-direction is normal to foliation). All the samples show a strong shape-preferred
orientation (SPO) of serpentine. (A, B) Samples VM1 and VM3 are from Val Malenco in
northern Italy. (A) The blue elongated minerals are serpentine (antigorite), and most of the
other minerals are olivine. The sample consists of 40% serpentine showing an early to
middle stage of serpentinization. Small inclusions of serpentine (yellow arrow) are also
seen in a large olivine grain. (B) This sample is highly serpentinized (87%) and strongly
deformed. Minor olivine and magnetite are visible. (C, D) Samples 12B and 12M are from
Punta Bettolina in western Italy. (C) This sample consists of the highest serpentine content
(93%), and the SPOs of serpentine, olivine, and magnetite are distinct. (D) This sample
consists of 78% serpentine and 18% magnetite. The serpentine and black magnetite grains
are elongated subparallel to lineation. Ol: olivine, Ant: antigorite, Di: diopside, and Mgt:
magnetite. Scale bars represent 200 pm.

magnitude of the seismic anisotropy produced by the serpentine is
much stronger than that produced by the olivine (Vp=7.2% and
AVs=15.5%) in an olivine-dominant specimen collected from the same
site (Jung, 2009). The seismic anisotropy produced by the CPO of the
serpentine (40% in the sample) is more than three times higher than
the seismic anisotropy produced by the CPO of the olivine alone. The
magnitude of seismic anisotropy increases with increasing serpentine
content in the specimens (Table 1). For sample 12B consisting of 93%
serpentine, the seismic anisotropy of S-waves (AVs) is 36% (Fig. 3C). In
this case, we need serpentine layers having thickness of only ~13 to
26 km to explain the delay time of 1-2 s for shear wave splitting.

3.4. Effect of dipping angle of serpentine on seismic anisotropy

The seismic anisotropy caused by the CPO of serpentine in a
subduction zone may vary with the flow geometry. For example, the
dipping angle (8) of serpentine due to the subduction of the plate may
change the seismic anisotropy. Fig. 4 shows the effect of 6 on the
seismic anisotropy caused by the CPO of the serpentine in the
representative sample VM3. The positions of maximum P-wave
velocity and Vs1 polarization change with the increasing dipping
angle (0) of the serpentine. For the vertical propagation of seismic
waves shown at the center of the stereonet, the polarization direction
of the fast shear wave (Vs1) is nearly normal to lineation (flow
direction, x) for low dipping angles (6 =0-10°), subparallel to the
flow direction for intermediate dipping angles (6=30-45°), and
nearly normal to the flow direction for high dipping angles (6=60-
90°). Other specimens show similar features for the polarization
anisotropy of S-waves, which does not depend greatly on the degree
of serpentinization or composition. This result suggests that the
trench-parallel seismic anisotropy in the forearc of subduction zones
can be attributed to the CPO of serpentine deformed at both angles
greater than 45° from the surface and low angles such as in horizontal
shear.

3.5. CPO of olivine in partially serpentinized sample (VM1) and its effect
on seismic anisotropy

Sample VM1 contains 40% serpentine and 52% olivine. To
understand the effect of olivine CPO on the overall seismic anisotropy
of specimen VM1, the CPOs of olivine were determined using the
EBSD technique (Fig. 5). The olivine [001] axes are aligned subnormal
to foliation and the [010] axes are aligned subparallel to lineation,
which is called type-EB CPO of olivine. How this type-EB CPO of
olivine was formed has not yet been determined experimentally.
Further investigation will be needed in the future to understand what
caused the type-EB CPO of olivine. By comparing the CPOs of both
serpentine and olivine in the same sample (Figs. 2A and 5A), we found
that the [010] axes of antigorite are aligned subparallel to the [010]
axes of olivine while the [001] axes of antigorite are aligned
subparallel to the [001] axes of olivine.

The seismic anisotropy of olivine was calculated as shown in
Fig. 5B. Olivine shows P-wave seismic anisotropy of 5.8%, S-wave
seismic anisotropy of 4.7%, and polarization directions of fast S-waves
are nearly normal to lineation (x) near the center of the pole figure
(Fig. 5B, Vs1 polarization). The seismic anisotropy of the serpentine is
shown in Fig. 5C. Antigorite in the specimen with the P-wave seismic
anisotropy of 23.6% and S-wave seismic anisotropy of 23.2% shows
very high seismic anisotropy, and the polarization directions of the
fast S-waves are nearly vertical to lineation (Fig. 5C, Vs1 polarization),
which is similar to that of the olivine. Fig. 5D shows the overall seismic
anisotropy for both olivine and antigorite, ignoring minor phases such
as diopside (5%) and magnetite (3%). It is found that the overall level
of seismic anisotropy decreased because of the addition of the CPO of
olivine.

4. Discussion

The current study shows that the CPOs of natural serpentine from
Val Malenco in northern Italy and Punta Bettolina in western Italy can
be characterized as antigorite [010] axes aligned subparallel to
lineation and [001] axes aligned subnormal to foliation, which is in
good agreement with the results obtained in previous studies. For
example, X-ray diffraction patterns show similar CPO and the same
dominant slip system for antigorite from the Piemonte ophiolite
nappe of the western Alps, Valtournanche, Italy (Vogler, 1987). Other
examples are antigorite from serpentinite mylonite along the Sashu
fault, SW Japan (Soda and Takagi, 2010), and antigorite from the
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Fig. 2. Pole figures and inverse pole figures of serpentine. Pole figures (left panel) are presented in equal-area and lower-hemisphere projections. The E-W direction corresponds to
lineation (x). The N-S direction (z) represents the direction normal to foliation. Inverse pole figures (right panel) corresponding to the pole figures of serpentine (left panel) are
presented in two directions: lineation and normal to foliation. The color coding represents the density of the data points. The contours correspond to multiples of a uniform
distribution. A half-width of 30° was used to draw both the pole figures and the inverse pole figures. n: number of grains analyzed.

serpentinite shear zone in the Ohmachi Seamount, Izu-Bonin frontal
arc (Hirauchi et al., 2010). In contrast, Bezacier et al. (2010) reported a
naturally deformed antigorite CPO from Cuba with [100] axes close to
lineation. A recent experimental study (Katayama et al., 2009)
reported that serpentine is deformed by a dominant slip system of
(001)[100]. The reason for the difference in the dominant slip system
of serpentine between the natural and experimental samples is not
yet clear; the difference may be caused by variations in deformation
conditions such as stress, temperature, pressure, strain rate, and
strain. If serpentine is deformed by the dominant slip system of (001)
[100] such as in the experiment (Katayama et al., 2009), the trench-
parallel seismic anisotropy can be explained by the CPO of the
serpentine only under very limited conditions where the serpentine is
deformed at angles greater than ~45° from the surface. A model of the
corner flow field in the mantle wedge (Kneller et al., 2008; Long et al.,
2007) suggests that a range of orientations from horizontal to highly
inclined with foliations is most likely, including all the orientations
shown in Fig. 4. Bezacier et al. (2010) argued that various orientations
of serpentine deformation are needed to explain the trench-parallel
seismic anisotropy in the Ryukyu arc in Japan. The results of the
current study show that trench-parallel seismic anisotropy can be
attributed to the CPO of serpentine with a dominant slip system of
(001)[010] regardless of whether the serpentine is deformed at high
angles (45°<6<90°) or at low angles from the surface (6 =0-10°)
(Figs. 3 and 4).

Both samples 12B and 12M show similar seismic anisotropy of Vp
and Vs1 polarization (Fig. 3C and D), even though their dominant
deformation mechanisms (slip directions) are slightly different.
Sample 12B is deformed with a dominant slip system of (001)[010],
but sample 12M is deformed with a mixed slip system of both (001)
[100] and (001)[010] (refer to the inverse pole figures in Fig. 2). This
probably occurs because the seismic velocity along the [001] direction
of the serpentine is much slower (~43%) than the velocity along both
the [100] and [010] directions (Bezacier et al, 2010), and the
difference between the velocities along the two directions ([100]
and [010]) is minor (~3%). These results for the seismic anisotropy
show that trench-parallel seismic anisotropy can be explained by the
CPO of the serpentine developed by either a dominant slip system
(001)[010] or a mixed slip system of both (001)[010] and (001)[100].

A TEM study of antigorite schist in the Moses rock from Colorado
Plateau (Boudier et al., 2010) has shown a topotactic relationship
between antigorite and olivine: (001)ant//(100)ol. Our EBSD study on
the CPO of olivine shows the following trend for the orientation
relationship between olivine and antigorite: (001)ant//(001)ol
(Figs. 2A and 5A). Further study using TEM is required to understand
the formation of antigorite in olivine.

The delay times between the fast and slow shear waves vary in the
mantle wedges of different subduction zones (Long and Silver, 2008).
For example, mantle wedges in Tonga, Aleutians and Ryukyu show
long delay times (1-2 s) while mantle wedges in Middle and South
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Fig. 3. Seismic anisotropy of naturally deformed serpentine. The effects of the degree of serpentinization and composition on seismic anisotropy are shown in equal-area and lower-
hemisphere projections. The seismic anisotropy of serpentine in all the samples is shown in the horizontal flow, where the Y and Z axes are rotated 90° relative to Fig. 2. The X~
direction corresponds to the direction of lineation (flow direction). The Z-direction represents the direction normal to foliation (flow plane). The compressional-wave velocity (Vp)
and shear-wave anisotropy (AVs) are shown. Vs1 is a plot of the polarization direction of fast S-waves along different orientations of propagation. The center of the stereonet
corresponds to vertical propagation. For the vertical propagation of S-waves, the polarization direction of fast S-waves is nearly perpendicular to the flow direction (lineation). Ant:

antigorite, Mgt: magnetite.

America and Sumatra show short delay times (up to 0.5s). Fig. 3
shows that the magnitude of seismic anisotropy caused by serpentine
depends on the degree of serpentinization. Based on these data, the
long delay times observed in Tonga and Ryuku can be attributed to the
large degree of serpentinization in the mantle wedge and the short
delay times observed in South America and Sumatra can be attributed
to the small degree of serpentinization in the mantle wedge. In
addition, if serpentine is deformed at an angle between 10-45° from
the surface because of the dipping angle of the subducting slab
(Fig. 4), trench-normal anisotropy is produced and this component
reduces the total seismic anisotropy in the mantle wedge.

In the Ryukyu mantle wedge, 3-D flow associated with small-scale
convection is considered unlikely because most ray paths are confined
to the cold corner where high viscosity inhibits free convection
(Honda and Saito, 2003). Slab rollback and trench-parallel motion of
the overriding plate (Buttles and Olson, 1998; Hall et al., 2000) may
produce a trench-parallel flow in the fore-arc mantle. However, these
mechanisms are also considered to be unlikely to produce trench-

parallel seismic anisotropy in the Ryukyu subduction system because
the slab rollback velocity is low (<1 cm/year) (Heuret and Lallemand,
2005), the curvature in the trench is small, and faults with strike-slip
motion are perpendicular to the trench (Kneller et al., 2008). By
carrying out geodynamic modeling of the corner flow that in-
corporates olivine fabric development under wet conditions, Kneller
et al. (2008) showed that the B-type fabric of olivine can explain the
magnitude and trench-parallel orientation of the deep local-S phases
that sample the core of the forearc mantle. However, their calculation
(Kneller et al., 2008) showed that the B-type fabric of olivine alone
cannot account for the large magnitude of the trench-parallel seismic
anisotropy associated with teleseismic phases that sample the
shallow cold-tip of the forearc mantle. Highly anisotropic minerals
such as antigorite with a strong CPO (b-axis parallel to lineation), as
shown in this study, can explain the large trench-parallel seismic
anisotropy in the cold-tip of the subduction zone.

In the present study, elastic constants at ambient condition are
used to calculate the seismic anisotropy, assuming that they do not
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Fig. 5. (A) Pole figure and inverse pole figure of olivine in sample VM1. The pole figure (left panel) is presented in equal-area and lower-hemisphere projection. The E-W direction
corresponds to lineation (x). The N-S direction (z) represents the direction normal to foliation. The inverse pole figure (right panel) corresponding to the pole figure of olivine (left
panel) is presented in two directions: lineation and normal to foliation. The color coding represents the density of the data points. The contours correspond to multiples of a uniform
distribution. A half-width of 30° was used to draw both the pole figure and the inverse pole figure. n: number of grains analyzed. (B) Seismic velocity and anisotropies of P- and S-
waves corresponding to pole figure of olivine (Fig. 5A) are shown in equal-area and lower-hemisphere projections. The seismic anisotropy of olivine is shown in the horizontal flow
similar to Fig. 3, where the Y and Z axes are rotated 90° relative to Fig. 5A. The X-direction corresponds to the direction of lineation (flow direction). The Z-direction represents the
direction normal to foliation (flow plane). The compressional-wave velocity (Vp) and shear-wave anisotropy (AVs) are shown. Vs1 is a plot of the polarization direction of fast S-
waves along different orientations of propagation. The center of the stereonet corresponds to vertical propagation. All the other legends are the same as in Fig. 3. (C) Seismic velocity
and anisotropies of P- and S-waves corresponding to pole figure of antigorite in same sample (VM1). (D) Combined seismic velocity and anisotropies of P- and S-waves of olivine plus
antigorite in sample VM1. Minor phases such as diopside and magnetite are ignored in the calculation. Elastic constants of olivine (Abramson et al., 1997) and antigorite (Bezacier et
al.,, 2010) are used.

Fig. 4. Effect of dipping angle of serpentine (sample VM3) on seismic anisotropy. The plots are shown in equal-area and lower-hemisphere projections. The X-direction corresponds
to the direction of lineation (flow direction). The Z-direction represents the direction normal to foliation (flow plane). The seismic anisotropy is calculated using the elastic constants
for antigorite (Bezacier et al., 2010). (A) Seismic anisotropy of serpentine in a horizontal flow corresponding to CPO of serpentine (Fig. 2B). (B-F) Effect of dipping angle of serpentine
on seismic anisotropy. 6 represents the westward dipping angle of the serpentine due to a subducting slab. The compressional-wave velocity (Vp) and shear-wave anisotropy (AVs)
are shown for various dipping angles (6 =0, 10, 30, 45, 60, and 90°) of the serpentine. Vs1 is a plot of the polarization direction of fast S-waves along different orientations of
propagation. The center of the figure corresponds to vertical propagation.
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[001]

[010]
serpentine

Fig. 6. Schematic diagram of geometry of serpentine fabric in simple corner flow model of material circulation in mantle wedge (left) and optical photomicrograph of sample VM1 in
cross-polarized light (right). Ant: antigorite, Ol: olivine, and Mgt: magnetite. Scale bar represents 100 pm.

change at high pressure and high temperature. This is because the
elastic constants of antigorite at high pressure and high temperature
conditions are not yet known. Serpentine has three polytypes:
antigorite, chrysotile, and lizardite. Elastic constants of lizardite
have been evaluated at high pressure (Mookerjee and Stixrude,
2009), showing that there is a large effect of Cij's and pressure
derivatives on lizardite. Effect of pressure on the elastic constants of
antigorite has been recently evaluated (Mookerjee and Capitani,
2011), showing that elastic constants of antigorite can be changed
upon compression. However, there are still no data available for the
effect of temperature on the elastic constants of serpentine. In the
future, seismic anisotropy for given elastic constants of antigorite at
high pressure and high temperature would have to be re-evaluated.
In most subduction zones, the mantle wedge is likely to be
infiltrated with water and undergo serpentinization (Bostock et al.,
2002; Christensen, 2004; DeShon and Schwartz, 2004; Hyndman and
Peacock, 2003; Kamiya and Kobayashi, 2000; Tibi et al., 2008). The
current study suggests that the serpentine CPO of the flow-parallel
[010]-axis maximum can develop in the mantle wedge above the
subducting slabs (Figs. 2 and 6). It is notable that the horizontal flow
of antigorite (Fig. 3) with a dominant slip system (001)[010] as shown
in natural samples in this study can produce trench-parallel seismic
anisotropy in the cold forearc mantle wedge in many subduction
zones. This also occurs in wet olivine at relatively high temperatures
(Jung and Karato, 2001) when the mantle wedge is hydrated by the
dehydration of the hydrous minerals in the subducting slabs. Thus, the
puzzling observations of the anomalously strong seismic anisotropy
(i.e., Ryukyu arc in Japan (Long and van der Hilst, 2006) and Tonga
subduction zone (Smith et al., 2001)) also can be explained by the
horizontal flow of the antigorite serpentine in the mantle wedge.

5. Conclusions

The CPO of antigorite serpentine was studied in natural specimens
from Val Malenco in northern Italy and Punta Bettolina in western
Italy. Strong CPOs of antigorite were observed. They are represented
by the [010] axes aligned parallel to lineation and [001] axes aligned
normal to foliation (Fig. 2), indicating that the serpentine was
deformed by a dominant slip system of (001)[010]. The seismic
anisotropy caused by the CPO of antigorite has much broader
implications for interpreting the trench-parallel seismic anisotropy
in the cold mantle wedge than previously thought. For the vertical
propagation of S-waves in horizontal shear, the polarization direction
of the fast shear wave (Vs1) is oriented nearly perpendicular to the
flow direction (Fig. 3). Therefore, the CPO of antigorite can be used to
explain the trench-parallel seismic anisotropy in mantle wedges in
many subduction zones, even though the serpentine is deformed at

low angles from the surface such as in horizontal shear. It is also found
that the magnitude of seismic anisotropy caused by the CPO of
serpentine strongly depends on the degree of serpentinization and
that the polarization anisotropy of the S-waves depends on the flow
geometry in the subduction zone (i.e., the dipping angle of the
subducting slab).
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