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Abstract: Seismic anisotropy of S-wave, trench-parallel or trench-normal polarization direction of fast
S-wave, has been observed in the fore-arc and back-arc regions of subduction zones. Lattice preferred
orientation (LPO) of elastically anisotropic chlorite has been suggested as one of the major causes
of seismic anisotropy in subduction zones. However, there are two different LPOs of chlorite
reported based on the previous studies of natural chlorite peridotites, which can produce different
expression of seismic anisotropy. The mechanism for causing the two different LPOs of chlorite is
not known. Therefore, we conducted deformation experiments of chlorite peridotite under high
pressure–temperature conditions (P = 0.5–2.5 GPa, T = 540–720 ◦C). We found that two different
chlorite LPOs were developed depending on the magnitude of shear strain. The type-1 chlorite
LPO is characterized by the [001] axes aligned subnormal to the shear plane, and the type-2 chlorite
LPO is characterized by a girdle distribution of the [001] axes subnormal to the shear direction.
The type-1 chlorite LPO developed under low shear strain (γ ≤ 3.1 ± 0.3), producing trench-parallel
seismic anisotropy. The type-2 chlorite LPO developed under high shear strain (γ ≥ 5.1 ± 1.5),
producing trench-normal seismic anisotropy. The anisotropy of S-wave velocity (AVs) of chlorite
was very strong up to AVs = 48.7% so that anomalous seismic anisotropy in subduction zones can be
influenced by the chlorite LPOs.
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1. Introduction

Trench-parallel seismic anisotropy of S-wave has been observed in the fore-arc mantle wedge and
subducting slab of many subduction zones [1–7]. Previous studies suggest that possible causes for
trench-parallel fast polarization of seismic anisotropy of S-wave are the B-type olivine lattice preferred
orientation (LPO) in the hydrated mantle wedge [8–22], pressure-induced olivine LPO [17,23,24],
spatial distribution of faults in the hydrated slab [25], trench-parallel flow in the sub-slab mantle [26]
and the mantle wedge [2,6,27,28], and the LPOs of hydro-phyllosilicates such as serpentine [29–37],
chlorite [10,38], and talc [39]. In contrast, trench-normal seismic anisotropy has been observed in the
back-arc area of subduction zones [3,6,27,40,41], which has been interpreted as a change in olivine LPO
in the back-arc area [11,12,42].

However, seismic anisotropy observed in some fore-arc subduction zones, such as Ryukyu and
Cascadia, cannot be explained solely by the olivine LPOs [43–45]. McCormack, Wirth, and Long [44]
found a thin layer (~6 km) of strong anisotropy (~10–14%) beneath Ryukyu with a slow axis of
symmetry directly above the slab; this cannot be explained solely by the olivine LPO. In addition,
Wagner, Fouch, James, and Long [45] found trench-parallel seismic anisotropy beneath Cascadia using
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Rayleigh waves, and suggested that hydrous minerals in the mantle wedge or in the slab may also be
responsible for the observed trench-parallel seismic anisotropy.

Chlorite is one of the elastically highly anisotropic hydrous minerals [46,47] with a wide stability
field under high pressure and temperature (P–T) conditions in subduction zones [48–52] (Figure 1).
Chlorite is stable as chlorite peridotite in the lower part of the mantle wedge and subducting
slab [48,51,52]. The deformation of chlorite and formation of its LPO during subduction processes can
cause large seismic anisotropy [38,53]. However, the development of the chlorite LPO under high P–T
conditions is poorly understood, and limited studies exist on the LPOs of only naturally deformed
chlorite [10,38,54–57]. Two types of chlorite LPOs have been reported (Figure S1). The chlorite [001]
axes align subnormal to the foliation, and the other poles of (110) and (010) are aligned subparallel to
the foliation [10,38,54,56]. This structure was defined as the type-1 LPO of chlorite [53]. In contrast, the
chlorite [001] axes align not only subnormal to the foliation but also subnormal to the lineation on the
foliation [38,55,57], which defines the type-2 LPO of chlorite. The two different types of chlorite LPOs
can produce different seismic anisotropy [38] and therefore, the applicability of the chlorite LPO for
the interpretation of seismic anisotropy is ambiguous.

Minerals 2020, 10, x FOR PEER REVIEW 2 of 17 

 

Rayleigh waves, and suggested that hydrous minerals in the mantle wedge or in the slab may also be 
responsible for the observed trench-parallel seismic anisotropy. 

Chlorite is one of the elastically highly anisotropic hydrous minerals [46,47] with a wide stability 
field under high pressure and temperature (P–T) conditions in subduction zones [48–52] (Figure 1). 
Chlorite is stable as chlorite peridotite in the lower part of the mantle wedge and subducting slab 
[48,51,52]. The deformation of chlorite and formation of its LPO during subduction processes can 
cause large seismic anisotropy [38,53]. However, the development of the chlorite LPO under high P–
T conditions is poorly understood, and limited studies exist on the LPOs of only naturally deformed 
chlorite [10,38,54–57]. Two types of chlorite LPOs have been reported (Figure S1). The chlorite [001] 
axes align subnormal to the foliation, and the other poles of (110) and (010) are aligned subparallel to 
the foliation [10,38,54,56]. This structure was defined as the type-1 LPO of chlorite [53]. In contrast, 
the chlorite [001] axes align not only subnormal to the foliation but also subnormal to the lineation 
on the foliation [38,55,57], which defines the type-2 LPO of chlorite. The two different types of chlorite 
LPOs can produce different seismic anisotropy [38] and therefore, the applicability of the chlorite 
LPO for the interpretation of seismic anisotropy is ambiguous. 

 

Figure 1. Chlorite stability field in subduction zones. Stability field of chlorite (blue area) and 
serpentine (red line) in subduction zones (modified after Schmidt and Poli [50]). The green line 
represents the top of the subducting slab and the dashed lines are isotherms. Black arrow indicates 
the flow line in the mantle wedge. Blue bars at the top represent the polarization directions of the fast 
S-wave, showing trench-parallel or trench-normal seismic anisotropy observed in subduction zones 
[1–6,27]. Black and red stars indicate the experimental conditions in this study. Chl: chlorite; Srp: 
serpentine. 

In nature, the mode of deformation in the subducting slab is most likely simple shear. Therefore, 
to understand the development of two different LPOs of chlorite we conducted deformation 
experiments of chlorite peridotite in simple shear under high P–T conditions, providing the 
mechanism for the development of the two different types of chlorite LPOs and the resultant seismic 
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2. Materials and Methods 

The starting material was chlorite peridotite (Figure S2) sourced from Almklovdalen, in the 
Western Gneiss Region, southwest Norway. The chlorite peridotite of starting material showed the 
bulk composition of olivine (60%), chlorite (31%), orthopyroxene (5%), clinopyroxene (3%), and 
garnet (1%). The chemical composition of chlorite was clinochlore of composition 
(Mg4.6Fe2+0.3Cr0.1)Al(Si3Al)O10(OH)8 (Table 1). A JEOL JXA-8900R electron probe micro analyzer 
(EPMA) at the National Center for Inter-University Research Facilities (NCIRF) at Seoul National 
University (SNU) was used to analyze chemical composition of the starting material. 

 

Figure 1. Chlorite stability field in subduction zones. Stability field of chlorite (blue area) and serpentine
(red line) in subduction zones (modified after Schmidt and Poli [50]). The green line represents the
top of the subducting slab and the dashed lines are isotherms. Black arrow indicates the flow line
in the mantle wedge. Blue bars at the top represent the polarization directions of the fast S-wave,
showing trench-parallel or trench-normal seismic anisotropy observed in subduction zones [1–6,27].
Black and red stars indicate the experimental conditions in this study. Chl: chlorite; Srp: serpentine.

In nature, the mode of deformation in the subducting slab is most likely simple shear. Therefore,
to understand the development of two different LPOs of chlorite we conducted deformation experiments
of chlorite peridotite in simple shear under high P–T conditions, providing the mechanism for the
development of the two different types of chlorite LPOs and the resultant seismic anisotropy.

2. Materials and Methods

The starting material was chlorite peridotite (Figure S2) sourced from Almklovdalen, in the Western
Gneiss Region, southwest Norway. The chlorite peridotite of starting material showed the bulk composition
of olivine (60%), chlorite (31%), orthopyroxene (5%), clinopyroxene (3%), and garnet (1%). The chemical
composition of chlorite was clinochlore of composition (Mg4.6Fe2+

0.3Cr0.1)Al(Si3Al)O10(OH)8 (Table 1).
A JEOL JXA-8900R electron probe micro analyzer (EPMA) at the National Center for Inter-University
Research Facilities (NCIRF) at Seoul National University (SNU) was used to analyze chemical composition
of the starting material.
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Table 1. Chemical composition of starting material minerals.

Oxides (wt.%) Olivine 1 Chlorite 1 Pyroxene 1

NiO 0.51 0.27 0.09
K2O 0.01 0.01 0.03

Na2O 0.02 0.01 1.58
FeO 13.18 3.99 2.67
TiO2 0.02 0.04 0.12
SiO2 40.33 31.12 51.80
MnO 0.21 0.04 0.04
CaO 0.01 0.02 20.27

Al2O3 0.02 17.70 4.97
Cr2O3 0.02 1.45 0.89
MgO 47.51 31.75 16.75

Sum 2 101.77 86.36 99.16

Cations Olivine 1 Chlorite 1 Pyroxene 1

Ni 0.01 0.02 0.00
K 0.00 0.00 0.00

Na 0.00 0.00 0.11
Fe2+ 0.27 0.32 0.08

Ti 0.00 0.00 0.00
Si 0.99 2.98 1.89

Mn 0.00 0.00 0.00
Ca 0.00 0.00 0.79
Al 0.00 2.00 0.21
Cr 0.00 0.11 0.03
Mg 1.74 4.53 0.91

Sum 3.01 9.97 4.04

O 4.00 18.00 6.00
1 The average of three electron probe micro analyzer (EPMA) measurements for each mineral. 2 Includes uncertainty
of ±1.5%.

Simple shear experiments were conducted using a modified Griggs apparatus at the Tectonophysics
Laboratory, School of Earth and Environmental Sciences (SEES) in SNU. Figure 2 shows the sample
assembly. The samples were core-drilled with a diameter of 3.1 mm. Core-drilled sample were cut
at 45◦ to the foliation. The samples were then placed between two alumina pistons inside a nickel
capsule, and the foliation of starting material was aligned parallel to σ1 direction to minimize the effect
of preexisting chlorite LPO of starting material (Figure 2). Nickel foil was inserted in the middle of
the sample—perpendicular to the shear plane—to measure the shear strain. Weak CsCl and NaCl
were used as pressure mediums. The temperature was measured by two thermocouples (Pt-30%
Rh-70% and Pt-6% Rh-94%). The confining pressure was increased in 12 h and the temperature was
increased within 1 h. Samples were deformed under constant strain rates of 2.7–9.7 × 10−6 s−1 (Table 2).
After each deformation experiment, the sample was quenched to room temperature by shutting off the
power and decreasing the pressure in 12 h.
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Figure 2. Sample assembly for deformation experiments of chlorite peridotite. Deformation experiments
were conducted in simple shear using a modified Griggs apparatus under high pressure–temperature
conditions. Nickel foil was inserted in the middle of the sample—perpendicular to the shear
plane—to measure the shear strain. σ1 and σ3 represent the maximum and minimum principal
stresses, respectively.

Table 2. Experimental conditions and results of experimentally deformed chlorite.

Sample Pressure
(GPa)

Temperature
(◦C)

LPO Type of
Chlorite

Shear
Strain

Strain Rate
(s−1)

M-Index 1 AVp 2

(%)
Max.

AVs 2 (%)
Delay

Time 3 (s)

JH101 0.5 650 ± 15 Type-1 3.1 ± 0.3 2.65 × 10−6 0.479 21.9 42.8 0.4–2.7
JH100 1.0 720 ± 20 Type-1 1.9 ± 0.2 5.48 × 10−6 0.621 23.6 48.7 0.5–3.0
JH154 2.0 570 ± 10 Type-1 2.2 ± 0.5 6.41 × 10−6 0.510 20.4 37.0 0.4–2.3
JH156 2.5 540 ± 10 Type-1 1.7 ± 0.2 6.53 × 10−6 0.534 21.7 42.3 0.4–2.6

JH116 0.5 650 ± 15 Type-2 5.7 ± 1.0 9.68 × 10−6 0.075 11.0 16.2 0.2–1.1
JH127 1.0 650 ± 15 Type-2 5.1 ± 1.5 6.30 × 10−6 0.127 17.0 21.6 0.2–1.4
JH138 1.5 650 ± 15 Type-2 6.2 ± 1.7 6.26 × 10−6 0.256 16.6 21.3 0.2–1.4
JH152 2.5 630 ± 10 Type-2 6.3 ± 1.6 6.51 × 10−6 0.080 13.2 16.5 0.2–1.1

1 Fabric strength of chlorite is shown as M-index [58]. 2 AVp: anisotropy of P-wave velocity, AVs: anisotropy of
S-wave velocity of chlorite only in the specimen. 3 Delay time of S-wave velocity considering 5–30 km thick layer of
chlorite peridotite [48–50].

Experimental specimens were cut along the x–z plane (x: shear direction, z: normal to the shear
plane). They were carefully polished using alumina powders, 1 µm diamond paste, and Syton 0.06 µm
colloidal silica for 8 h to remove mechanical damage. The polished sample was observed using a JEOL
JSM-7100F field-emission scanning election microscope (FE–SEM) housed at the SEES in SNU. Chlorite
grain thickness was measured with the backscattered electron images (BEIs) magnified up to 16,000×
using the FE–SEM. The chemical composition of the dehydration products was determined using an
energy dispersive spectrometer (EDS) in the JEOL JSM-7100F FE–SEM at the SEES in SNU.

The LPOs of chlorite and olivine were determined using electron backscattered diffraction (EBSD),
which was attached to the JEOL JSM-6380 scanning electron microscope (SEM) at SEES. The accelerating
voltage was 20 kV and the working distance was 15 mm in the SEM for the EBSD analysis. The HKL
EBSD system with channel 5 software was used to index the EBSD patterns. The EBSD patterns of each
grain was analyzed manually to ensure correct indexing with a mean angular deviation (MAD) less
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than 1◦. The fabric strength of the LPO was determined using the misorientation index (M-index) [58].
The M-index ranges from 0 (random fabric) to 1 (single crystal or complete alignment). Because of
manual analysis for accurate data, the numbers of EBSD data in this study were smaller than those
of automated mapping [59,60]. However, according to the previous study [58], minimum number of
grains for a meaningful fabric strength and LPO is N = 150. Numbers of grain for EBSD data in this
study were over meaningful 150 for each experimental sample.

The seismic anisotropy of chlorite and olivine was calculated from the LPO data of experimentally
deformed chlorite and olivine using the ANIS2k and VpG programs from Mainprice [61], using chlorite
elastic constants for the P = 1.8 GPa condition from Mookherjee and Mainprice [47]. However, the observed
seismic anisotropy in the subduction zone may be caused by the mixture of the LPOs of olivine, chlorite,
and serpentine in the path of seismic propagation. Therefore, seismic anisotropy of the mixture of
the olivine and chlorite LPOs, and the mixture of the chlorite and serpentine LPOs were calculated,
using the olivine elastic constants from Abramson et al. [62] and the serpentine elastic constants from
Bezacier, Reynard, Bass, Sanchez-Valle and van de Moortèle [29]. Because of the absence of serpentine in
our specimen, we used the LPO data of serpentine (VM3) from previous study [34], which showed a
well-defined foliation. In the calculation of seismic properties, we arranged the foliation of serpentine
identical to the shear plane of experiments. The ANIS2k and VpG programs were used for the calculation
of polyphasic seismic anisotropy, which have been qualified over decades [61]. The delay time (dt) of the
S-wave was calculated using the following equation [63]: dt = (0.01 × AVs × T)/<Vs>, where T is the
anisotropic layer thickness, <Vs> is the average velocity of the fast and slow shear waves (Vs1 and Vs2,
respectively), and AVs is the anisotropy of the S-wave expressed as a percentage.

To understand the stability field of chlorite peridotite in this study we calculated the stability field
and the volume percentage of chlorite in the Na2O–CaO–FeO–MgO–Al2O3–SiO2–H2O (NCFMASH)
model system using Theriak-Domino software [64] with the database of Holland and Powell [65]
(tc55MnNCKFMASH file). Solid solution for the mineral phases includes chlorite [66], olivine [67],
antigorite [67], diopside [68], garnet [69], amphibole [70], orthopyroxene [71], phlogopite [67],
pargasite [67], brucite [67], hercynite [67], clinohumite [67], monticellite [67], vesuvianite [67],
and phase A [67]. The bulk composition was determined by modal composition of starting material
and EPMA analysis (Table 1), which is average value of at least three points for each mineral.

3. Results

3.1. Microstructures

The bulk composition of experimental specimens was olivine (60%), chlorite (35%), pyroxene (4%),
and other minor components (1%). An example of deformed chlorite peridotite in simple shear at the
pressure of P = 2.5 GPa and temperature of T = 540 ◦C is shown in Figure 3. We did not observe phase
change with increasing shear strain at any P–T condition. Chlorite grains became thin and showed
very strong shape preferred orientation on every experimental specimen in common. They assembled
to form chlorite sheets, which was aligned less than about 30◦ from the shear direction (Table 2 and
Figure 3). Shear strain was localized along the chlorite-rich area. Olivine grains preserved their round
shape and had a grain size up to 100 µm (Figure 3a). Most chlorite grains were thinner than 10 µm,
and they became much thinner in the sample deformed at high shear strain (Figures 3 and 4).
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Figure 4. Chlorite grain thickness of two different LPO types of chlorite. Chlorite grain thickness 
histogram and corresponding pole figures of chlorite [001] axes presented in the lower hemisphere 
using an equal-area projection. Thickness of 105 chlorite grains of low-shear-strain experiment 
(sample JH101) and 97 chlorite grains of high-shear-strain experiment (sample JH152) were measured 
using the backscattered electron images taken from the JSM-7100F FE–SEM. x: shear direction; z: 
direction normal to the shear plane; γ: shear strain of sample; N: number of grains. 

3.2. The LPOs of Chlorite 

The same starting material was used for every experiment in this study, and chlorite LPO of the 
starting material is shown at the top of Figure 5. The starting material showed the [001] axes of chlorite 
aligned about 45° from the experimental shear direction, and other axes of chlorite aligned as a girdle 
subnormal to the [001] axes (Figure 5). The pole figure of the starting material is very much different 
from the LPOs of experimentally deformed chlorite under the same reference frame (Figure 5). 
Although the starting material showed initial chlorite fabric, the chlorite LPOs were significantly 

Figure 3. Backscattered electron images of deformed sample. (a) Backscattered electron image (BEI) of
experimentally deformed chlorite peridotite (sample JH156) at P = 2.5 GPa and T = 540 ◦C (red star in
Figure 1), taken with an acceleration voltage of 15 kV and a working distance of 10 mm using the JEOL
JSM-7100F field-emission scanning electron microscope (FE–SEM). (b) Magnified view of the black box
in (a), showing deformed chlorites. Horizontal black arrows indicate the dextral shear direction of the
experiment. Chl: chlorite; Ol: olivine.

Minerals 2020, 10, x FOR PEER REVIEW 6 of 17 

 

 
Figure 3. Backscattered electron images of deformed sample. (a) Backscattered electron image (BEI) 
of experimentally deformed chlorite peridotite (sample JH156) at P = 2.5 GPa and T = 540 °C (red star 
in Figure 1), taken with an acceleration voltage of 15 kV and a working distance of 10 mm using the 
JEOL JSM-7100F field-emission scanning electron microscope (FE–SEM). (b) Magnified view of the 
black box in (a), showing deformed chlorites. Horizontal black arrows indicate the dextral shear 
direction of the experiment. Chl: chlorite; Ol: olivine. 

 
Figure 4. Chlorite grain thickness of two different LPO types of chlorite. Chlorite grain thickness 
histogram and corresponding pole figures of chlorite [001] axes presented in the lower hemisphere 
using an equal-area projection. Thickness of 105 chlorite grains of low-shear-strain experiment 
(sample JH101) and 97 chlorite grains of high-shear-strain experiment (sample JH152) were measured 
using the backscattered electron images taken from the JSM-7100F FE–SEM. x: shear direction; z: 
direction normal to the shear plane; γ: shear strain of sample; N: number of grains. 

3.2. The LPOs of Chlorite 

The same starting material was used for every experiment in this study, and chlorite LPO of the 
starting material is shown at the top of Figure 5. The starting material showed the [001] axes of chlorite 
aligned about 45° from the experimental shear direction, and other axes of chlorite aligned as a girdle 
subnormal to the [001] axes (Figure 5). The pole figure of the starting material is very much different 
from the LPOs of experimentally deformed chlorite under the same reference frame (Figure 5). 
Although the starting material showed initial chlorite fabric, the chlorite LPOs were significantly 

Figure 4. Chlorite grain thickness of two different LPO types of chlorite. Chlorite grain thickness
histogram and corresponding pole figures of chlorite [001] axes presented in the lower hemisphere using
an equal-area projection. Thickness of 105 chlorite grains of low-shear-strain experiment (sample JH101)
and 97 chlorite grains of high-shear-strain experiment (sample JH152) were measured using the
backscattered electron images taken from the JSM-7100F FE–SEM. x: shear direction; z: direction
normal to the shear plane; γ: shear strain of sample; N: number of grains.

3.2. The LPOs of Chlorite

The same starting material was used for every experiment in this study, and chlorite LPO of
the starting material is shown at the top of Figure 5. The starting material showed the [001] axes of
chlorite aligned about 45◦ from the experimental shear direction, and other axes of chlorite aligned as a
girdle subnormal to the [001] axes (Figure 5). The pole figure of the starting material is very much
different from the LPOs of experimentally deformed chlorite under the same reference frame (Figure 5).
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Although the starting material showed initial chlorite fabric, the chlorite LPOs were significantly
changed to type-1 LPO of chlorite at the low shear strain (γ ≤ 3.1) and to type-2 LPO at the high shear
strain (γ ≥ 5.1) after deformation experiments (Figure 5).
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lower hemisphere using an equal-area projection. The LPO of chlorite in the starting material is shown
at the top. Sample names under low shear strain with the type-1 chlorite LPO are shown as red color,
and other sample names under high strain with the type-2 LPO are shown as blue color. White arrows
indicate the dextral direction of shear. N represents the number of grains. γ represents the shear strain
of experiments, and a half-scatter width of 30◦ was used for the contours. The rounded contours in the
pole figure represent the multiples of uniform distributions (m.u.d.), showing a fabric strength. x: shear
direction; z: direction normal to the shear plane.
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Table 2 shows the experimental conditions and the results of the eight experiments conducted
under high P–T conditions (P = 0.5–2.5 GPa, T = 540–720 ◦C) (Figure 1). Four samples were deformed
at low shear strain (γ ≤ 3.1 ± 0.3) and the other four samples were deformed at high shear strain
(γ ≥ 5.1 ± 1.5) (Table 2). The resulting chlorite LPOs from all eight experiments are shown in Figure 5.
Sample JH156, JH100, JH154, and JH101—deformed at a low shear strain (γ ≤ 3.1)—showed a strong
chlorite LPO with the [001] axes aligned subnormal to the shear plane (type-1), indicating a dominant
slip system of (001)[hk0]. However, sample JH127, JH116, JH138, and JH152—deformed at a high shear
strain (γ ≥ 5.1)—showed the [001] axes of chlorite aligned as a girdle with two high concentrations:
subnormal to the shear plane and subnormal to the shear direction on the shear plane (type-2),
indicating a dominant slip system of (001)[hk0] and additional pencil-glide slip systems. The two
chlorite LPO types were developed depending on the magnitude of shear strain (Table 2 and Figure 5).
Regardless of the P–T conditions, samples that were deformed under low shear strain (γ ≤ 3.1 ± 0.3)
showed type-1 LPOs, whereas samples under high shear strain (γ ≥ 5.1 ± 1.5) showed type-2 LPOs
(Table 2 and Figure 5). Two samples, JH101 and JH116, were deformed under the same P–T conditions
(P = 0.5 GPa, T = 650 ◦C) with different shear strain of γ = 3.1 and 5.7, respectively (Table 2). Sample
JH101, under low shear strain, developed a type-1 LPO, whereas sample JH116, under high shear
strain, developed a type-2 LPO (Figure 5). The chlorite fabric strength was presented as a M-index [58],
which is very strong for type-1 chlorite LPOs (M = 0.479–0.621), and relatively weak for type-2 chlorite
LPOs (M = 0.075–0.256) (Table 2). The LPOs of olivine in samples JH156 and JH116 were also measured
and are shown in Figure S3a.

3.3. Seismic Anisotropy

The seismic anisotropy of P-wave is defined as (VPH − VPV)/VPV, and that of S-wave is defined
as (VSH − VSV)/VSV, where VPH and VPV are the velocities of horizontally and vertically propagating
P-waves, and VSH and VSV are the velocities of horizontally and vertically polarized S-waves
propagating horizontally [72]. The seismic velocity and anisotropy of all samples are shown in
Figure 6. Type-1 chlorite LPOs produced substantially stronger seismic anisotropy than type-2 chlorite
LPOs. Sample JH156, JH100, JH154, and JH101 (type-1 chlorite LPOs) produced high values (blue area
of Figure 6) for both P-wave velocity and S-wave anisotropy subparallel to the shear plane (x–y plane)
(Figure 6). In contrast, sample JH127, JH116, JH138, and JH152 (type-2 chlorite LPOs) produced high
P-wave velocity (blue area of Figure 6) subparallel to the shear direction, and high S-wave anisotropy
(blue area of Figure 6) distributed along the x–z plane. The maximum seismic anisotropy of type-1
chlorite LPOs (sample JH156, JH100, JH154, and JH101) was very strong: 23.6% for the P-wave and
48.7% for the S-wave (Table 2 and Figure 6). In contrast, the maximum seismic anisotropy of type-2
chlorite LPOs (sample JH127, JH116, JH138, and JH152) was less strong 17.0% for the P-wave and
21.6% for the S-wave (Table 2 and Figure 6). For horizontal shear (θ = 0◦), the polarization direction of
the fast S-wave (Vs1) was subparallel to flow direction (x-direction) for both chlorite LPO types for the
vertically propagating S-wave (z-direction) (Figure 6). We also calculated seismic anisotropy of olivine
for the representative two samples. The maximum seismic anisotropy of olivine LPO was 15.7% for
the P-wave and 11.2% for the S-wave (Table 3 and Figure S3b). The polarization direction of the fast
S-wave in olivine from sample JH156 was subnormal to the flow direction for the vertically propagating
S-wave (z-direction) (Figure S3b). For olivine from sample JH116, the polarization direction of the fast
S-wave was subparallel to the flow direction (x-direction) (Figure S3b).
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anisotropy calculated from the chlorite LPO (Figure 5) are presented in the lower hemisphere using an
equal-area projection. The P-wave velocity (Vp), amplitude of the S-wave anisotropy (AVs), and the
polarization of the fast S-wave (Vs1) are plotted. The polarization direction of the vertically propagating
fast S-wave (Vs1) is shown as bars at the center of the stereonet. x: shear direction; z: direction normal
to the shear plane; γ: shear strain of sample.
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Table 3. Seismic anisotropy and delay time of mineral mixtures.

Sample Mineral Mixture (%) AVp 1 (%) Max. AVs 1 (%) Delay Time 2 (s)

JH156 Ol (70) + Chl (30) 13.1 19.3 0.2–1.2
Ol (100) + Chl (0) 11.4 9.4 0.1–0.6

JH116 Ol (70) + Chl (30) 11.7 12.1 0.1–0.8
Ol (100) + Chl (0) 15.7 11.2 0.1–0.7

JH100

Chl (25) + Srp (75) 3 26.2 28.4 0.3–2.0
Chl (37.5) + Srp (62.5) 3 25.3 28.7 0.3–2.0

Chl (50) + Srp (50) 3 24.7 30.4 0.3–2.1
Chl (62.5) + Srp (37.5) 3 24.2 33.4 0.4–2.2

Chl (75) + Srp (25) 3 23.9 37.6 0.4–2.4
1 AVp: anisotropy of P-wave velocity, AVs: anisotropy of S-wave velocity. 2 Delay time of S-wave velocity
considering 5–30 km thick layer of chlorite peridotite [48–50]. 3 Serpentine LPO of VM3 [34] was used. Ol: olivine;
Chl: chlorite; Srp: serpentine.

4. Discussion

4.1. The LPO Development of Chlorite

Deformation experiments of chlorite peridotite at low shear strain (γ ≤ 3.1 ± 0.3) showed type-1
LPOs of chlorite, whereas those at high shear strain (γ ≥ 5.1 ± 1.5) showed type-2 LPOs of chlorite
(Table 2 and Figure 5). These two types of chlorite LPOs are similar to those reported in previous
studies of natural samples [10,38,54–57].

Figure 4 shows the histogram of chlorite grain thickness for two samples at low shear strain
(sample JH101, γ = 3.1 ± 0.3) and high shear strain (sample JH152, γ = 6.3 ± 1.6), respectively.
The low-shear-strain sample showed a wide range of chlorite grain sizes, whereas the high-shear-strain
sample showed a narrow range of chlorite grain sizes. The orientations of chlorite [001] axes were
also measured corresponding to the grains. The low-shear-strain sample had predominantly thick
chlorite grains (>1 µm) and the [001] axes of chlorite were aligned subnormal to the shear plane
(type-1 LPO) (Figure 4). In contrast, the high-shear-strain sample had predominantly thin chlorite
grains (≤1 µm) and the [001] axes of the small chlorite grains were aligned subnormal to the shear
direction (girdle distribution) with a strong concentration near the center of the pole figure (type-2
LPO) (Figure 4). These LPO results are similar to the pole figures of chlorite in Figure 5 (type-1 and
type-2 LPOs). Crystal rotation accompanied by grain size reduction with increasing shear strain may
be a possible factor in the development of different chlorite LPOs. The LPO development of small
chlorite grains with large shear strain in this study is similar to that of amphibole [73,74], micas [75],
wadsleyite [76], and calcite [77]. Kim and Jung [73] have recently conducted deformation experiments
of amphibole in simple shear under high P–T conditions (P = 0.5 GPa, T = 500–700 ◦C). The increased
shear strain reduced the grain size of amphibole and the [100] axes of the small grains were distributed
as a girdle with a strong concentration near the center of the pole figure, which is characterized as
type-IV amphibole LPO [73].

4.2. Implications for Seismic Anisotropy

The maximum seismic anisotropy of the S-wave was up to 48.7% for the type-1 chlorite LPOs,
and up to 21.6% for the type-2 chlorite LPOs (Table 2 and Figure 6). Seismic anisotropy of the mixture of
the olivine and chlorite LPOs (sample JH156 and JH116), and the mixture of the chlorite and serpentine
LPOs (sample JH100 for chlorite and sample VM3 of Jung [34] for serpentine) were calculated (Table 3).
The delay time of the S-wave of the mixtures were calculated using the equation of Pera, Mainprice
and Burlini [63], for the 5–30 km thick layer of chlorite peridotite [48–50]. Although the maximum
seismic anisotropy of the S-wave of olivine LPOs was moderate (9.4–11.2%) (Table 3 and Figure S3b),
mixing olivine with chlorite (70:30 ratio) increased the maximum seismic anisotropy of the S-wave up
to 19.3% (Table 3). The maximum seismic anisotropy of the mixture of chlorite and serpentine LPOs
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was 28.4–37.6% for the S-wave, which increased continuously with increasing chlorite ratio (Table 3
and Figure 7). The delay time of the S-wave of the mixture of olivine and chlorite LPOs (70:30 ratio)
was in the range of 0.2–1.2 s, and that of the mixture of chlorite and serpentine LPOs was up to 0.4–2.4 s,
which increased continuously with increasing chlorite ratio (Table 3). The resulting maximum seismic
anisotropy and delay time of the S-wave of the mixtures are considered to be sufficiently large to
influence seismic anisotropy in subduction zones.
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Figure 7. Change in seismic anisotropy due to the mixture of chlorite and serpentine. Seismic velocity
and anisotropy were calculated using the LPO of the chlorite (sample JH100) and serpentine (sample VM3
of Jung [34]). Pole figures are presented in the lower hemisphere using an equal-area projection.
The P-wave velocity (Vp), amplitude of the S-wave anisotropy (AVs), and the polarization of the fast
S-wave (Vs1) are plotted. The polarization direction of the vertically propagating fast S-wave (Vs1) is
shown as bars at the center of the stereonet. x: shear direction; z: direction normal to the shear plane;
Chl: chlorite; Srp: serpentine.

Considering deformation of chlorite in subduction zones where the slab has a dip angle, a type-1
chlorite LPO produces a trench-normal (parallel to the x-direction) Vs1 polarization direction for
shallow subducting slab dip angles (θ = 0 and 30◦), but a trench-parallel (parallel to the y-direction)
Vs1 polarization direction for a large dip angles (θ = 45 and 60◦) (Figures 6 and 8). Previous studies
of the LPO of deformed chlorite in nature showed a similar result [38]. However, a type-2 chlorite
LPO produces a trench-normal Vs1 polarization direction for any dip angle of the subducting slab
(Figures 6 and 8). The chlorite fabric transition probably occurs as subduction progresses to increasing
levels of shear strain. New chlorites are produced in the mantle wedge under the fore-arc area owing
to the dehydration of minerals in the subducting slab. As the new chlorites have not yet experienced
a large shear strain in the subduction zone, they can retain the type-1 LPO to a considerable depth.
In addition, thick chlorite peridotite at low temperatures in the upper part of the subducting slab under
the fore-arc area may experience a low shear strain, producing the type-1 LPO. Therefore, the type-1
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chlorite LPO may occur in fore-arc zones with low shear strain, producing trench-parallel seismic
anisotropy in the slab and at the lower part of the mantle wedge. The type-2 chlorite LPO may occur
in back-arc zones with high shear strain, producing the trench-normal seismic anisotropy observed
in back-arc regions [3,6,27,40,41]. As suggested by previous studies, different olivine LPOs may also
contribute to the large seismic anisotropy observed in fore-arc and back-arc settings [9,11,12,42,78,79].
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Figure 8. Seismic velocity and anisotropy of experimentally deformed chlorite with a dip angle (θ).
Seismic velocity and anisotropy calculated from representative chlorite LPOs (type-1 (sample JH156,
γ = 1.7) and type-2 (sample JH116, γ = 5.7)) (Figure 5) are presented in the lower hemisphere using an
equal-area projection. The P-wave velocity (Vp), amplitude of the S-wave anisotropy (AVs), and the
polarization of the fast S-wave (Vs1) are plotted. The polarization direction of the vertically propagating
fast S-wave (Vs1) is shown as bars at the center of the stereonet. In the cartoon, the green plane
represents the projection plane of pole figures, the green arrows represent the vertically propagating
S-wave, and the red arrow represents the mantle flow direction. x: shear direction.
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4.3. Chlorite Stability in Subduction Zone

Chlorite is stable in the upper part of the subducting slab and chlorite peridotite in the slab can
be thick (~5–30 km) depending on the slab temperature [48–50]. Chlorite can also be formed in the
mantle wedge by the reaction of peridotite with fluid available from the dehydration of minerals in the
subducting slab. Kim and Jung [38] reported natural chlorite peridotites exhumed from the subduction
zone, which contained up to 35% chlorite. Morales, Mainprice and Boudier [54] reported the presence
of ~22% chlorite in erupted mantle fragments, and Alt et al. [80] also reported the presence of ~20%
chlorite in chlorite harzburgite which was exhumed from the subduction zone. Lee, Jung, Klemd,
Tarling, and Konopelko [39] recently reported the presence of ~30% chlorite in ultrahigh-pressure
tectonic mélange from central Asia. Figure 9 is the pseudosection calculated using Theriak-Domino
software [64], showing that chlorite peridotite in the subduction zone can contain up to 37% chlorite.
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Figure 9. Chlorite stability field and volume percentage. Based on the starting material (chlorite peridotite
of Kim and Jung [38]), the stability field and volume percentage of chlorite were calculated using
Theriak-Domino software [64]. The thick solid line represents stability field of chlorite. O(?) in bulk
represents auto calculation of oxygen content in Theriak-Domino software. Chl: chlorite; Ol: olivine;
Atg: antigorite; Di: diopside; Grt: garnet; Amp: amphibole; Opx: orthopyroxene; Phl: phlogopite;
Prg: pargasite; Brc: brucite; Hc: hercynite; Chu: clinohumite; Mtc: monticellite; Ves: vesuvianite;
phA: phase A.

5. Conclusions

High P–T (P = 0.5–2.5 GPa, T = 540–720 ◦C) deformation experiments of chlorite peridotite
revealed two different LPO types of chlorite, which developed depending on the magnitude of the
shear strain. The type-1 chlorite LPO was characterized by the [001] axes aligned subnormal to the shear
plane and developed under low shear strain (γ ≤ 3.1 ± 0.3). The type-2 chlorite LPO was characterized
by a girdle distribution of the [001] axes subnormal to the shear direction and developed under high



Minerals 2020, 10, 503 14 of 18

shear strain (γ ≥ 5.1 ± 1.5). Our data indicate that crystal rotation accompanied by grain size reduction
with increasing shear strain possibly causes different LPOs of chlorite. When considering mixtures
of chlorite with olivine or serpentine, the strong seismic anisotropy of the S-wave of chlorite LPOs
(48.7% for the type-1 chlorite LPO and 21.6% for the type-2 chlorite LPO) can increase those seismic
anisotropy of mixtures. We found that the type-1 chlorite LPO could produce trench-parallel seismic
anisotropy in the fore-arc zones, whereas the type-2 chlorite LPO could produce trench-normal seismic
anisotropy in the back-arc area of subduction zones. Our results suggest that anomalous seismic
anisotropy of S-wave in subduction zones can be influenced by a strong chlorite LPO.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/503/s1,
Figure S1: Pole figures of chlorite observed in natural samples showing two different types of LPOs, Figure S2:
Optical photomicrograph of starting material (chlorite peridotite) in cross-polarized light with λ plate inserted,
Figure S3: Pole figures and seismic anisotropy of experimentally deformed olivine.
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