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We present new data on the crystal preferred orientation (CPO) and seismic properties of omphacite and
lawsonite in extremely fresh eclogite from the southern Motagua fault zone, Guatemala, to discuss the seismic
anisotropy of subducting oceanic crust. The CPO of omphacite is characterized by (010)[001], and it shows P-
wave seismic anisotropies (AVp) of 1.4%-3.2% and S-wave seismic anisotropies (AVs) of 1.4%-2.7%. Lawsonite
exhibits (001) planes parallel to the foliation and [010] axes parallel to the lineation, and seismic anisotropies
of 1.7%-6.6% AVp and 3.4%-14.7% AVs. The seismic anisotropy of a rock mass consisting solely of omphacite and
lawsonite is 1.2%-4.1% AVp and 1.8%-6.8% AVs. For events that propagate more or less parallel to the maximum
extension direction, X, the fast S-wave velocity (Vs) polarization is parallel to the Z in the Y-Z section (rotated
from the X-Z section), causing trench-normal seismic anisotropy for orthogonal subduction. Based on the high
modal abundance and strong fabric of lawsonite, the AVs of eclogites is estimated as ~11.7% in the case that
lawsonite makes up ~75% of the rock mass. On this basis, we suggest that lawsonite in both blueschist and eclogite
may play important roles in the formation of complex pattern of seismic anisotropy observed in NE Japan: weak
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1. Introduction

Lawsonite has attracted attention not only on account of its stability
under high-pressure and low-temperature conditions, but also because
of its role in the water budget of subducting oceanic crust (Schmidt and
Poli, 1994; Ono, 1998; Schmidt and Poli, 1998; Okamoto and Maruyama,
1999; Sinogeikin et al., 2000; Hacker and Abers, 2004; Mainprice and
Ildefonse, 2009; van Keken et al., 2011; Reynard and Bass, 2014). The
importance of lawsonite under such conditions has become even
more prominent on account of recent studies of naturally and experi-
mentally deformed blueschists (Bezacier et al., 2010; Fujimoto et al.,
2010; Teyssier et al., 2010; Chantel et al., 2012; Kim et al., 2013a; Cao
etal.,, 2014; Kim et al., 2015). Previous electron backscattered diffraction
(EBSD) studies on natural blueschists suggest that lawsonite is a plausi-
ble source of the complex patterns of seismic anisotropy in subduction
zones (e.g., Kim et al., 2013b). However, published data on lawsonite
eclogites are scarce, highlighting the importance of the present study
into the seismic properties of lawsonite-bearing eclogite.

Previous studies on the seismic properties of eclogites have reported
a weak S-wave splitting of less than ~5%, controlled mainly by
omphacite (Abalos et al., 2011; Worthington et al., 2013). Kim et al.
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(2013b) proposed a new scheme showing that trench-normal anisotro-
py in fore-arc basins beneath NE Japan might be attributed to the seis-
mic properties of lawsonite in eclogites. Therefore, here we report on
the seismic properties of extremely fresh lawsonite eclogites from the
southern Motagua fault zone (MFZ), Guatemala, as assessed mainly by
EBSD analyses. In addition, we discuss the tectonic implications of seis-
mic anisotropy caused by lawsonite eclogites in subduction zones.

2. Geological outline

The MFZ is a sinistral suture at the boundary of the North American
plate (Maya block) and the Caribbean plate (Chortis block), located in
Guatemala (Dengo, 1985; Beccaluva et al., 1995). Eclogite and jadeite
occur commonly as tectonic blocks within antigorite serpentinite
mélange (the El Tambor complex) (Fig. 1). The northern MFZ (NMFZ)
mélange has been thrust northward over the Chuaciis complex, while
the southern MFZ (SMFZ) mélange, comprising pristine lawsonite
eclogites and blueschists (Harlow et al., 2004; Tsujimori et al., 2005,
2006), has been thrust southward over the very low-grade San Diego
phyllites of the Chortis basement rocks (Marroni et al., 2009;
Ratschbacher et al., 2009). The similar Sm-Nd isochron ages
(~132 Ma; Brueckner et al., 2009) of eclogite blocks from both the
NMFZ and SMFZ mélanges, combined with different “°Ar/>°Ar phengite
ages (77-65 Ma for the NMFZ rocks and 125-116 Ma for the SMFZ
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Fig. 1. Simplified geological map of the Motagua fault zone (MFZ), Guatemala (modified from Marroni et al,, 2009). The analyzed samples, which show very good preservation of miner-
alogy and microstructures formed near the peak of burial, were collected from the southern Motagua fault zone (SMFZ).

rocks; Harlow et al., 2004), suggest comparable eclogite-facies meta-
morphism in both mélanges, but with differing retrograde histories.
The tectonic relationship of the two mélanges remains debated
(e.g., Brueckner et al., 2009; Ortega-Gutiérrez et al., 2007). The peak
metamorphic P-T conditions of the SMFZ lawsonite eclogites have
been estimated as ~26 kbar and ~480 °C by Tsujimori et al. (2006),
and as ~25 kbar and ~520 °C by Endo et al. (2012).

3. Analytical techniques

The crystallographic preferred orientations (CPOs) of the main rock-
forming minerals in the eclogite (i.e., omphacite and lawsonite) were mea-
sured by indexing EBSD patterns (Randle, 1992; Prior et al., 1999; Randle
and Engler, 2000) using an Oxford-HKL EBSD on a JEOL JSM-6510LV scan-
ning electron microscope (SEM) at Nagoya University, Japan. The CPO
measurements were performed using an accelerating voltage of 20 kV, a
working distance of 27 mm, and a beam current of ~10 nA. We used a
low vacuum mode (~10 Pa), and therefore the samples were not coated.
Automatic mapping of each sample (1-pm step size) was performed to ex-
amine the influence on lattice orientations of compositional zoning in
omphacite and lawsonite. After confirming that the lattice orientation
was independent of compositional variations, the EBSD patterns were
manually indexed by examining single points within each grain. The pop-
ulation of grains was standardized at ~250 to ensure the reliability of data
and to allow for comparisons among samples. Pole figures were plotted
using the software PFch5 (written by D. Mainprice), and fabric strength
is expressed using the J-index (Bunge, 1982; Mainprice and Silver, 1993).

The seismic properties of omphacite, lawsonite, and whole-rock
masses consisting of omphacite and lawsonite were calculated so as to
understand the influence of minerals on seismic properties in subduc-
tion zones. The P-wave seismic anisotropy (AVp) is generally defined
as the difference between the maximum and minimum velocities
along two dissimilar propagation paths, expressed as a percentage;
e.g., 200(Vpmax — Vpmin) / (VPmax + Vpmin)- The S-wave seismic anisotro-
py (AVs) is generally defined as the percentage difference between dis-
similar velocities of two orthogonally polarized S-waves individually
propagating through an anisotropic medium; in this study, AVs was
evaluated as 200(Vs; — Vsy) / (Vs1 + Vsz), where Vsq and Vs, are the
fast and slow velocities, respectively.

The seismic properties of a rock mass were calculated with reference
to the modal abundances of each mineral (Mainprice, 1990; Mainprice
et al., 2000) (Table 1). We employed the respective single crystal elastic

constants (C;;) of omphacite (Bhagat et al., 1992) and lawsonite
(Sinogeikin et al., 2000), and their densities using the Voigt-Reuss-
Hill averaging scheme.

4. Microstructures of SMFZ eclogites

The specimens from the SMFZ are fine-grained eclogites consisting
mainly of omphacite, lawsonite, garnet, and phengite. The retrogressed
(sample GM5) and very fresh (samples GM9, GM17, GM13, and GM18)
hydrous eclogites were selected on account of their high lawsonite and
omphacite contents. Different microstructures, governed mainly by the
omphacite content, occur in the matrix of each sample. Sample GM5
shows large relict garnet crystals and large idioblastic grains of
lawsonite, glaucophane, phengite, rutile, and omphacite as the main
constituents of the matrix (Fig. 2a). Glaucophane and patches of
lawsonite and phengite in the matrix are the products of retrograde
lawsonite blueschist-facies overprinting (Endo et al., 2012). Sample
GM9 contains large grains of omphacite, acicular lawsonite, and

Table 1
Sample locations and the results of fabric analysis.

Sample  Lithology” Mode™ (%) Minerals Fabric Seismic
numbers strength  anisotropy
(CPO) (%)

N ] AV AVs
Omp23, Grt19, omp 250 53 14 156

GM5 Highly

retrogressed  Lws19, GIn19, Lws 250 3.7 51 961
eclogite Ph7, Chl7

GM9 Metadolerite ~ Omp47, Lws22, Omp 251 82 32 1.4

Grt17, Ph6 Lws 249 47 49 90

GM17 Metabasalt Omp38, Lws22, Omp 250 56 16 143
(Hydrous Grt20, Ph12 Lws 250 29 1.7 338
eclogite)

GM13 Metabasalt Omp48, Lws27, Omp 250 115 2.7 265
(Hydrous Grt15, Chl5 Lws 250 4.7 66 14.71
eclogite)

GM18 Metabasalt Omp43, Lws28, Omp 250 9.6 28 2.06
(Hydrous Grt15, Ph9 Lws 250 4.1 63 1290
eclogite)

We follow the terms of lithology” in Endo et al. (2012). Mode™" excludes titanite, and
quartz (abundances of each mineral are less than 5%). Chl: chlorite; GIn: glaucophane;
Grt: garnet; Lws: lawsonite; Omp: omphacite; Ph: phengite; N: number of measurements;
J: J-index.
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Fig. 2. Photomicrographs of analyzed samples (XZ sections, the lineation is horizontal in the images) taken under plane polarized light. Samples were subdivided into highly retrogressed
eclogite (a: sample GM5), metadolerite (b: sample GM9), and hydrous eclogites (c: sample GM17; d: sample GM13; e: sample GM18). Mineral abbreviations and rock classifications are
after Whitney and Evans (2010) and Endo et al. (2012), respectively. GIn: glaucophane; Grt: garnet; Lws: lawsonite; Omp: omphacite; Ph: phengite; Rt: rutile; Ttn: titanite.

relatively abundant rutile and titanite in the matrix (Fig. 2b). The garnet
contains numerous inclusions of lawsonite, omphacite, rutile, titanite,
and pyrrhotite. Because a relic igneous fabric (porphyritic texture) is
present in sample GM9, it was subdivided into metadolerite (Endo
et al,, 2012). Sample GM17 is composed of omphacite (38 vol.%),
lawsonite (22 vol.%), garnet (20 vol.%), and relatively large amounts of
phengite (12 vol.%) (Fig. 2c). Samples GM13 and GM18 represent the
most common type of eclogite (metabasalt) in the SMFZ; these samples
typically contain subhedral lawsonite with very fine-grained acicular
omphacite in the matrix (Fig. 2d and f), and both samples contain rela-
tively low abundances of garnet and abundant omphacite and
lawsonite. The garnet commonly contains sigmoidal inclusion trails
that are continuous with the matrix schistosity, and the results of
phase equilibria modeling suggest that the garnet grew under condi-
tions of increasing pressure and temperature (Endo et al., 2012). Such
conditions indicate that the shape preferred orientations of omphacite
and lawsonite in the matrix formed contemporaneously with
subduction-stage ductile deformation, although minor retrograde

(post-kinematic) generations of the two minerals are also recognized.
In this study, omphacite and lawsonite in the matrix of the analyzed
samples were the main targets of analysis.

5. Results

Pole figures of omphacite in the SMFZ eclogites typically display
(010) planes subparallel to the foliation and [001] axes subparallel to
the lineation (Fig. 3), which is consistent with the results of previous
studies (Bascou et al., 2001, 2002; Zhang and Green, 2007). The value
of the J-index is low for highly retrogressed eclogite (5.3 for sample
GMS5) but high for fresh hydrous eclogite (e.g. 11.5 for sample GM13)
(Table 1). The CPOs of lawsonite in blueschists and eclogites show
[100] or [010] maxima subparallel to the lineation and [001] maxima
subnormal to the lineation (Fig. 3b, d, f, h, and j) (Kim et al., 2013a;
Cao et al., 2014). The J-index values for lawsonite are in the range of
2.9 (sample GM17) to 4.7 (samples GM9 and GM13). Therefore,
omphacite in the matrix has a stronger CPO than does lawsonite.
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Fig. 3. Crystal preferred orientations (CPOs) of omphacite and lawsonite in the analyzed samples. Poles are plotted on a lower-hemisphere equal-area projection and contours are in
multiples of uniform distribution (m.u.d). N: Number of measurements; J: J-index; MD: maximum density; pf]: pole figure J-index.

The Vp, AVs, and Vs; polarizations of omphacite, lawsonite, and
whole rock for the SMFZ eclogites (and their rotated polarizations; Vs;
is rotated in the figures) are calculated and plotted on a lower hemi-
sphere projection in Figs. 4, 5, and 6, respectively. The seismic properties
of omphacite are estimated as Vp = 8.29-8.56 km/s, with seismic
anisotropies of AVp = 1.4%-3.2% and AVs = 1.35%-2.65% (Fig. 4). Rela-
tively strong anisotropies in the hydrous eclogites (of AVs > 2%; samples
GM13 and GM18) show a maximum Vp direction subnormal to the
lineation and foliation. AVs and Vs; polarization directions show
complex changes with orientation. Lawsonite shows an estimated Vp
value of 7.71-8.27 km/s and strong seismic anisotropies of AVp =
1.7%-6.6% and AVs = 3.4%-14.7% (Fig. 5). The maximum Vp of lawsonite
is usually perpendicular to the foliation. High AVs values generally form
a girdle distribution sub perpendicular to the foliation with a concentra-
tion parallel to the Y direction and Vs, polarization direction lies parallel
to the Z direction.

The seismic properties of rock masses are generally evaluated under
the assumption that the rock is composed only of limited number of

minerals (e.g., Morales and Tommasi, 2011). In this study, we assumed
that omphacite and lawsonite are the main constituents of lawsonite
eclogites, and the calculated seismic properties of rock masses are
based on the summed characteristics of those of omphacite and
lawsonite. The Vp of lawsonite eclogites was evaluated as
8.03-8.37 kmy/s, with anisotropies of AVp = 1.2-4.1% and AVs =
1.8-6.8% (Fig. 6). The Vs; polarization is developed subnormal to the
foliation.

6. Discussion
6.1. Seismic properties of lawsonite eclogite

Seismic properties of rocks can be computed using crystallographic
orientation data. Therefore, the pole figures of minerals in lawsonite
eclogites present in this study can be used to facilitate an understanding
of the geologic implications of seismic anisotropy observed in modern
subduction zones where similar rock types are thought to be forming
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Fig. 4. Calculated seismic properties of omphacite. Polarization and rotation of Vs1 are shown in the XZ and YZ sections, respectively. The Voigt-Reuss-Hill averaging scheme was used and
data are plotted in equal-area lower-hemisphere projections. Vp: P-wave velocity; AVs: S-wave anisotropy; A: anisotropy.

at depth. The CPOs of omphacite and lawsonite in the SMFZ eclogites in
this study are similar to those of omphacite reported in lawsonite-free
eclogites (Bascou et al., 2001, 2002; Zhang and Green, 2007) and
lawsonite in blueschists (Kim et al., 2013a, Cao et al., 2014). In sample
GM9, the mean density of (010) for omphacite is slightly higher than
that of [001], and lawsonite shows a girdle-type CPO (at relatively low

abundances of lawsonite); the seismic anisotropy of lawsonite is, there-
fore, relatively low (Figs. 3 and 6; Table 1). Lawsonite in sample GM17 is
scarce and shows a weak CPO. Consequently, the seismic anisotropy is
weak (Figs. 3 and 6; Table 1) and the abundance of lawsonite and its
CPO are the predominant controls on the seismic properties of the
rock mass.
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Fig. 5. Estimated seismic properties of lawsonite. Polarization and rotated view of Vs1 values showing the development of maximum values subnormal to the foliation and lineation,
indicating the occurrence of trench-normal fast anisotropy. Symbols are as in Fig. 4.

The lawsonite eclogite samples examined in this study show very undergo strong deformation and metamorphism during exhumation
good preservation of mineralogy and microstructures formed near the and the observed mineralogy and microstructure may not be represen-
peak of burial. However, high-grade metamorphic rocks commonly tative of the condition at peak depth. These factors have to be taken into
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Fig. 6. Seismic anisotropy evaluated for each lawsonite eclogite sample; the samples are assumed to be composed only of omphacite and lawsonite. Similar polarization and rotation of Vs1
to that shown in Fig. 5 suggesting the occurrence of trench-normal fast anisotropy caused by lawsonite eclogite and emphasizing the dominant role of lawsonite. Symbols are as in Fig. 4.

consideration when comparing our results with other studies of natural deformation are tightly constrained. The Vp of SMFZ eclogites calculated
examples. It is also important to compare the results from studies of nat- based solely on the CPO and proportions of lawsonite and omphacite
ural samples with experimental data where the conditions of gives a range of 8.03-8.37 km/s. This range is very similar to those
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derived in previous studies of natural and experimental material
(8.3-8.4 km/s by Fountain et al., 1994; ~8 km/s by Christensen and
Mooney, 1995; 7.42-7.82 km/s by Kern et al., 1999; 8.6 km/s by
Bascou et al., 2001; 8.68-8.80 km/s by Zhang and Green, 2007;
7.26-8.39 km/s by Abalos et al., 2011; 7.92-8.28 km/s by Cao et al.,
2013) and supports the approach taken here to estimate bulk rock
properties.

6.2. Shear wave polarization occurred by lawsonite eclogite

Shear wave polarization can provide information on the compo-
nents and structures of the deep Earth (e.g., Katayama et al., 2009).
The extremely fresh lawsonite eclogites from the SMFZ in Guatemala
exhibit a relatively strong seismic anisotropy. This suggests that
lawsonite may play an important role in the development of seismic
anisotropy in subduction zones and closer study of this issue is impor-
tant. The SMFZ eclogites exhibit a Vs1 polarization subnormal to the
foliation (Fig. 6). We suggest an assumption that the subduction of
oceanic crust generates a simple shear with a shearing direction subpar-
allel to the subduction direction. Hence, the foliation and lineation in
subducting oceanic crust are formed parallel to the subduction plane
and to the subduction direction, respectively (e.g., Buttles and Olson,
1998; Healy et al., 2009; Kim et al., 2013b). The fast V51 polarization of
lawsonite eclogites develops subnormal to the subducting direction
and associated shear plane, and hence it can produce trench-normal
fast anisotropy (Fig. 6). Similar AVs values shown for lawsonite on its
own and combinations of omphacite and lawsonite suggest lawsonite
CPO is the dominant cause of seismic anisotropy in such eclogite sam-
ples (Figs. 5 and 6). The weakest anisotropies are shown by samples
GM9 and GM17. The sample GM17 shows a weak overall lawsonite
CPO (Fig. 3f) and is associated with a low ] value. Despite its relatively
weak anisotropy, GM9 shows a J value comparable with the other sam-
ples (Fig. 3c and d). The main difference with other samples is a spread
of [001] orientations in a girdle. This suggests that the development of a
point concentration of [001] is an important feature in development of
seismic anisotropy in these samples. In contrast to the lawsonite
eclogite samples examined in this study, seismic properties of epidote
eclogites show fast S-wave polarization parallel to the foliation
(e.g., Cao et al., 2013), which will result in representing trench-parallel
anisotropy for local slab events.

Studies of high P/T metamorphic rocks are an important source of in-
formation about the conditions close to the subduction boundary where
they form. However, in many cases these rocks undergo deformation

20
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~20-75% of Lws

AVs ( % )

N
0O 10 20 30 40 50 60 70 80 90 100
100 90 80 70 60 50 40 30 20 10 O
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Modal abundance (%)

Fig. 7. AVs versus modal abundance for samples of the present study. The AVs values of
eclogites were computed from the seismic anisotropies of omphacite and lawsonite at
10% increments. The small decrease shown by a rock consisting of 90% omphacite and
10% lawsonite is attributed to the dominant effect of omphacite. Triangles indicate
modal abundance of each sample in this study.

during their exhumation (e.g., Ji et al., 2003). Where the metamorphic
rocks are found as blocks within a weaker matrix, such as the eclogites
used for this study, the blocks remain relatively undeformed during
exhumation and are likely to preserve petrofabrics formed deep in the
subduction zone. Microstructural and petrological studies show the
mineral fabrics of the lawsonite eclogite samples examined in this
study were formed close to peak conditions and there has been little ret-
rogression or post-peak P ductile deformation. Hence, the fresh
eclogites of this study can be used to discuss the relationship between
fabrics of metamorphic rocks and patterns of seismic anisotropy ob-
served in present day convergent margins.

6.3. Applications of seismic properties of lawsonite eclogite to nature

The seismic anisotropy of epidote eclogite is generally relatively
weak due to the weak seismic anisotropy of omphacite and the lack of
lawsonite (e.g., Bezacier et al., 2010). The AVs generated in lawsonite
eclogites in the SMFZ (1.8%-6.8%) are relatively strong compared with
results reported for other natural eclogites (Worthington et al., 2013).
These differences are likely related to the modal abundance, freshness,
and fabric strength of samples; consequently, we consider each of
these factors in turn.

Thermal modeling suggests large parts of subducted oceanic crust
will experience cooler thermal gradients than those shown by most
known metamorphic rocks. Despite the lack of examples in the
rock record, thermodynamic modeling can be used to predict the
nature of such very cold eclogitic rocks. Endo et al. (2012) uses this
approach to show that very cold eclogite would contain a large pro-
portion of hydrous phases including lawsonite. In the present study,
calculations of seismic anisotropy with different modal abundances
show values of Vp = 7.97-8.34 km/s, Vs = 4.18-4.62 km/s, and
AVs = 2.18%-8.21% (Fig. 7). Small reductions in AVs in lawsonite-
poor areas are due to the counteracting effects of omphacite
(e.g., Kim et al., 2013b). High modal abundances of lawsonite ob-
served in other studies (generally up to 40 modal % (Davis and
Whitney, 2006), occasionally up to 50 vol.% (Okay, 1980), and rarely
up to ~75 vol.% (Vitale Brovarone and Beyssac, 2014)) confirm the
general importance of this mineral in controlling the seismic proper-
ties. A rock consisting of 75% lawsonite and 25% omphacite is expect-
ed to show AVs of around 11.7% (Fig. 7).

50
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Omphacite in GM13 (this study)
— Olivine (Katayama & Karato, 2006) Obsiwﬁg 3’:'1{1""’6
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Fig. 8. Relationship between the thickness of an anisotropic layer and delay time. An
anisotropic layer of lawsonite with a thickness of 3-7 km is needed to explain the
observed delay time beneath NE Japan (0.10-0.26 s; Nakajima and Hasegawa, 2004).
For comparison, the figure also slows the thicknesses of an anisotropic layer of olivine
(AVs = 4.5%, <Vs> = 4,75 km/s; Katayama and Karato, 2006), serpentine (AVs = 35.9%,
<Vs> = 4.13 km/s; Katayama et al., 2009), and lawsonite in blueschist (AVs = 21.3%,
<Vs> = 4.15 km/s; Kim et al., 2013a).
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The fabric strength of minerals is also an important control on the
seismic properties of SMFZ eclogites. Previous studies on lawsonite
blueschists have found that the fabric strength of lawsonite is strong
(J = 7.8-9.6, Kim et al., 2013a) relative to the values for eclogite
determined in this study (J = 2.9-4.7). This discrepancy is probably
related to different degrees of deformation during exhumation or
strength contrasts between glaucophane and lawsonite in blue-
schist, and omphacite and lawsonite in eclogite. Irrespective of the
mineralogy, large strains are expected to be generated in subducting
oceanic crust (Bevis, 1988) due to the shear stresses induced by the
contact with mantle, the very small thickness of the subducting
slab (~7 4+ 1 km; White et al., 1992) and the very large displace-
ments. The transition from blueschist to eclogite in a subduction en-
vironment occurs associated with continuous deformation and any
lawsonite fabric developed in blueschist is likely to be and transform
to eclogite. Shear wave anisotropy of around 20% has been reported
in lawsonite blueschist (Kim et al., 2013a). Together with the

NE Japan (a cold slab)

@ Vs1 polarization
in surface

; Gin:
Lws:
trench-
trench-normal
parallel
Trench-normal
(This study)

likelihood of lawsonite-rich eclogite being more common in the
subducted ocean crust than reflected in documented examples
(e.g., Endo et al., 2012), this indicates that the influence on seismic
anisotropy of lawsonite fabrics in the subducting oceanic crust iden-
tified in the present study is a minimum estimate.

The thickness of an anisotropic layer is often used in comparisons of
seismically anisotropic minerals (e.g., Satsukawa et al., 2011). We com-
pared our data with the seismic properties of other minerals, such as ol-
ivine, serpentine, and lawsonite, in a natural blueschist. The thickness
(D) is defined by

D = <Vs> /AVdt,

where <Vs> is the average of the fast and slow velocities, AVs is the an-
isotropy in a specific propagation direction, and dt is the delay time.
Based on the observed delay time in NE Japan (0.1-0.26 s for trench-
normal S-wave splitting; Nakajima and Hasegawa, 2004), the thickness
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Fig. 9. Schematic model showing trench-parallel fast anisotropy in a forearc basin and trench-normal anisotropy in a backarc basin (modified from Kim et al., 2013b). Seismic properties
caused by lawsonite in eclogite (A: in XZ section; B: in YZ section) and glaucophane and lawsonite in blueschist (C, Kim et al., 2013a, 2013b). The patterns of S-wave polarization at the
surface are based on a subduction angle of 90°. GIn: glaucophane; Lws: lawsonite.
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of the anisotropic layer is calculated as 3-7 km for the lawsonite in sam-
ple GM13 (Fig. 8). The thickness of the anisotropic layer is ~18-48 km
for omphacite in sample GM13 (however, omphacite generates
trench-parallel anisotropy), ~1-3 km for serpentine (Katayama et al.,
2009), ~11-27 km for olivine (Katayama and Karato, 2006), and
~2-5 km for lawsonite in blueschist (Kim et al., 2013a). Assuming oce-
anic crust with a thickness of ~7 4 1 km (White et al., 1992), the presence
of lawsonite in eclogite can explain the trench-normal seismic anisotropy
observed in the backarc of NE Japan. Assuming that strong lawsonite fab-
rics in blueschist can be maintained during the transition from blueschist
to eclogite, a small thinner anisotropic layer (~2-5 km) of lawsonite in
eclogite satisfies to explain a trench-normal anisotropy beneath NE
Japan. In addition, the possible existence of a high modal abundance of
lawsonite should be considered in assessing the influence of lawsonite
on the development of complex seismic anisotropic patterns in NE
Japan. Therefore, the present results suggest that the presence of
lawsonite is important in explaining trench-normal seismic anisotropy,
and other phases in eclogite (e.g., omphacite and phengite) and the ar-
rangements of olivine in the mantle may also contribute to seismic an-
isotropy in subduction zones (e.g., Katayama and Karato, 2006;
Faccenda et al.,, 2008; Faccenda and Capitanio, 2013; Precigout and
Almqvist, 2014; Cao et al., 2015).

Kim et al. (2013b) argued that complex seismic anisotropic patterns
in NE Japan can be explained by the transition from blueschist to
eclogite. However, their proposal was not well constrained on account
of a lack of anisotropy data from lawsonite eclogites; hence, we first de-
scribe our results calculated using extremely fresh SMFZ eclogites. Our
tectonic model (Fig. 9) shows that glaucophane in lawsonite blueschists
generates relatively weak trench-parallel seismic anisotropy in the
forearc basin, and that lawsonite in eclogites produces trench-normal
anisotropy in the backarc basin. The transition from blueschist to
eclogite is due to the presence of strongly anisotropic minerals, such
as glaucophane in blueschist and lawsonite in eclogite. Although
blueschist contains lawsonite, which has a stronger seismic crystalline
anisotropy than does glaucophane, glaucophane has a stronger fabric
because it is mechanically weak (e.g., Kim et al., 2015). Omphacite in
eclogites displays a strong CPO, but this CPO may have a weak effect
on seismic anisotropy because of the weak anisotropic properties of
omphacite. Therefore, our model suggests that lawsonite plays a crucial
role in the generation of complex anisotropic patterns in NE Japan;
however, additional EBSD analyses of lawsonite eclogites in other places
and calculations on seismic properties should be performed to fully un-
derstand seismic anisotropy in subduction zones.

7. Conclusions

Using EBSD measurements, we calculated the seismic anisotropy of
five lawsonite eclogites from the SMFZ, Guatemala. The trench-normal
seismic anisotropy in lawsonite eclogite ranges from 3.4% to 14.7%.
Based on the possibility that the modal abundances of lawsonite in the
present study are higher than those than observed in previous studies,
the lawsonite eclogites of the present study might possess S-wave an-
isotropies of >11.7% in an anisotropic layer 3-8 km thick. Although
the influence of other phases in eclogite, or olivine in the mantle, should
be considered, this study suggests that lawsonite plays an important
role in the generation of trench-normal anisotropy in subduction zones.
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