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Abstract 

 

Deformation microstructures of amphibolite in 

Cuaba unit, Dominican Republic: implications 

for amphibole fabric development and seismic 

anisotropy in the crust 

 

Hongeun Kim 
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The Graduate school 

Seoul National University 

 

Amphibole is known as one of the important minerals consisting of the middle and 

lower crust. Because amphibole is elastically anisotropic, strong lattice preferred 

orientation (LPO) of amphibole has been suggested as one of the important factors 

which influence seismic velocity and seismic anisotropy in the middle and lower crust. 

Experimental studies have shown that temperature and differential stress conditions 

affect LPOs of amphibole, but many other factors have not been studied in detail. 

The aim of this study is to find out a relationship between microstructural factors 

and the development of LPOs of amphibole and to calculate the seismic anisotropy 

of amphibolite.  

Deformation microstructures of amphibolites and a retrograded eclogite in Cuaba 

unit, Dominican Republic were studied. Four types of amphibole LPOs were identified 
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in this study. First, three samples showed that [001] axes were aligned subparallel 

to the lineation and [100] axes were aligned subnormal to the foliation, which is 

called the Type-I LPO. Second, one sample showed that [001] axes were aligned 

as a girdle subparallel to the foliation and (100) poles were aligned subnormal to the 

foliation, which is known as Type-III LPO. Third, two samples exhibited that [001] 

axes of hornblende were aligned subparallel to the lineation and both (100) and (010) 

poles were aligned as a girdle subnormal to the lineation, which is called Type-IV 

LPO. Finally, new LPO type of amphibole, named type-V, was observed in 

retrograded eclogite which showed the same LPO inherited from the LPO of diopside 

or omphacite symplectite. It was characterized as the [001] axes aligned subparallel 

to the lineation, the (010) poles aligned subnormal to the foliation and the [100] axes 

aligned subnormal to the lineation. We investigated the relationship between grain 

size, aspect ratio, composition contents and LPO type of amphibole. Samples with 

the type-I LPO had relatively coarse-grained size and consist of 50 % of amphibole, 

while samples with the type-IV LPO had fine-grained size, high aspect ratio and 

high contents of (> 70 %). The calculated seismic anisotropy of amphibole was 7.5 

- 17.5 % for P-wave and 4.6 - 15.5 % for S-wave, which was relatively large. The 

polarization direction of vertically penetrating fast S-wave varied depending on the 

LPO types of amphibole in horizontal shear.  

The results of this study indicate that the microstructures such as grain size, 

aspect ratio and composition contents of amphibole are important factors for the LPO 

development of amphibole. Large seismic anisotropy caused by the LPO of amphibole 

could be a source of the seismic anisotropy observed in the middle and the lower 

part of the crust.  
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Chapter 1. Introduction 

 

Amphibole is known as one of the important minerals consisting of the middle and 

lower crust (Fountain and Salisbury, 1981; Rudnick and Gao, 2003). Amphiboles are 

abundant in quantity and play an important role in the rheology of the lower crust 

(Imon et al., 2004; Tatham et al., 2008). Amphibole is also known to be elastically 

anisotropic so that LPO of amphibole can affect seismic velocity and seismic 

anisotropy (Tatham et al., 2008; Jung, 2017). Seismic anisotropy has been observed 

in many subduction zones (Long and Silver, 2008, Long and Wirth, 2013) as well as 

in the lower crust (Weiss et al., 1999; Huang et al., 2011). Seismic anisotropy can 

be caused by the presence of aligned microfractures or cracks in the upper crust 

(about 10 – 15 km) (Crampin, 1981; Kaneshima et al., 1988) and the development 

of mineral lattice - and shape - preferred orientations (LPO and SPO) during 

progressive accumulation of strain and those strengths (Barberini et al., 2007) in the 

middle to the lower crust (Mainprice and Nicolas, 1989; Rasolofosaon et al., 2000; 

Mainprice, 2007; Tatham et al., 2008). The LPO of amphibole is one of the important 

factors which influence the seismic anisotropy in the middle and lower crust (Ji et 

al., 2013b; Tatham et al., 2008, Ko and Jung, 2015).  

Four types of amphibole LPOs have been reported so far according to the field 

observations and recent experimental study (Ko and Jung, 2015; Jung, 2017). The 

four types LPOs are described below. According to the deformation experiments of 

amphibole under simple shear at the pressure of 1 GPa, three LPO types were 

produced depending on the temperature and differential stress (Ko and Jung, 2015). 
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Type-I LPO of amphibole is characterized as the [001] axes aligned subparallel to 

the lineation and the [100] axes subnormal to the foliation. Type-I LPO was 

observed at the low temperature up to 600 ℃ and low stress conditions. Type-I 

LPO was also observed in the shear experiment of amphibole in diffusion creep 

(Getsinger and Hirth, 2014). Type-II LPO of amphiboles is characterized as the 

(010) poles aligned subparallel to the lineation and the [100] axes subnormal to the 

foliation. Type-II LPO was found at temperature of 590 – 700 ℃ under high stress 

conditions. Type-III amphibole LPO is characterized as the [001] axes aligned as a 

girdle subparallel to the foliation and [100] axes aligned subnormal to the foliation. 

Type-III LPO was observed at high temperature over 600 ℃ and low stress 

conditions. Type-IV LPO which was observed in natural rocks is featured by the 

[001] axes of amphibole aligned subparallel to the lineation and both (100) and (110) 

poles aligned as a girdle subnormal to the lineation (Jung, 2017).  

The type-I LPO of amphibole has been most frequently reported in naturally 

deformed amphibolites (Mainprice and Nicolas, 1989; Kitamura, 2006; Aspiroz et al., 

2007; Tatham et al., 2008; Ji et al., 2013; Ji et al., 2015). Examples of naturally 

deformed rocks, showing Type-I, -II, -III, and -IV LPO are as follows. Kitamura 

(2006) reported type-I LPO and type-III LPO in two amphibolites and two biotite-

bearing amphibolites from the Lützow-Holm Complex in East Antarctica. These 

samples showed similar chemical, mineral composition and the microstructures 

except for different biotite contents. One amphibolite and two biotite-bearing 

amphibolites showed type-I LPO. The other amphibolite with a strong lineation 

showed type-III LPO. Aspiroz et al. (2007) reported type-I LPO, type-III LPO and 

type-IV LPO of calcic amphiboles from the Aracena metamorphic belt (AMB) in SW 
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Spain. Two Acebuches mylonitic metabasites in AMB showed type-I LPO. Three 

Acebuches banded amphibolites showed type-III LPO. One mylonitic El Rellano 

amphibolite showed type-IV LPO. Tatham et al. (2008) reported type-I LPO and 

type-IV LPO of amphibole from a classic tonalitic-trondjhemite-granodioritic (TTG) 

gneiss complex, the Lewisian in SW Scotland. Puelles et al. (2012) reported type-

IV LPO of amphibole from the Limo harzburgite in the Cabo Ortegal Complex, NW 

Spain. Zhang et al. (2013) also reported type-IV LPO of amphibole from 

plagioamphibolite mylonite in the Western Hill, Beijing. Type-II LPO of amphibole 

was found in amphibolite mylonites from the Diancang Shan in SW Yunnan, China 

(Cao et al., 2010). 

Most previous experimental studies of amphibolite except for the recent one (Ko 

and Jung, 2015) have focused on the mechanical behavior of amphibole under uniaxial 

compression (Riecker and Rooney, 1969; Rooney and Riecker, 1973; Rooney et al., 

1975; Dollinger and Blacic, 1975). Previous experimental studies showed that 

clinoamphibole typically deforms by twinning on (101) in the C2/m setting up to 600 ℃ 

(Rooney et al., 1975; Morrison-Smith, 1976). However, (101) twinning has not been 

reported in naturally deformed clinoamphiboles (Dollinger and Blacic, 1975; Cumbest 

et al., 1989). The experimentally deformed amphibole showed a crystal plasticity at 

the pressures of 0.5 - 2 GPa and temperatures of 600 - 800 ℃ with a slip system 

of (100)[001] (Rooney et al., 1975; Dollinger and Blacic, 1975). A brittle and ductile 

transition has been found at the pressures of 0.5 - 1.5 GPa and temperatures of 650 

- 950 ℃ in experimentally deformed amphibolite (Hacker and Christie, 1990).  
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Although there were many studies on the LPOs of amphibole in natural rocks 

(Aspiroz, 2007; Ji et al., 2013; Zhang et al., 2013), the study on which factors control 

the development of LPO types of amphibole have not yet been investigated in detail. 

Therefore, I observed microstructures and LPOs of amphibole in the amphibolites 

from Cuaba unit, Dominican Republic and tried to find out the correlation between 

the LPO of amphibole and the microstructural factors which are important for the 

development of the LPO. Seismic velocity and anisotropy of amphibole was also 

calculated using LPO of amphibole in the specimen to understand the seismic 

anisotropy in the crust. 

  

Chapter 2. Geological Setting  

 

The Dominican Republic occupies the eastern portion of the Island of Hispaniola, 

the second-largest island in the Caribbean. The island is located at the northern 

edge of the Caribbean plate. The northern Caribbean margin consists of a 2000 km-

long series of faults that connects the Middle American trench in the west to the 

Lesser Antilles trench in the east. The plate motion across the E-W striking major 

faults is left-lateral. The oceanic lithosphere subducts beneath the Caribbean plate, 

perpendicular to the trench in the northern Caribbean plate (Molnar and Sykes, 1969).  

During Caribbean island arc - North America continental margin convergence and 

collision a high pressure subduction accretionary complex was built (Escuder-

Viruete, 2013). It is composed of accreted arc- and oceanic-derived metaigneous 
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rocks, serpentinized peridotites and minor metasediments. The largest one of the 

accreted units is the Río San Juan metamorphic complex (Eberle et al., 1982; Draper 

and Nagle, 1991). The southern part of the Rio San Juan metamorphic complex 

composed of high pressure epidote-amphibolite and eclogite is called Cuaba unit 

(Fig. 1). Amphibolites and retrograded eclogite in this study were collected in the 

Cuaba Unit. The Cuaba Gneiss unit is about 30 km long and up to 6 km wide. The 

Cuaba unit is composed of the upper Jobito subunit and the lower Guaconejo subunit 

(Escuder-Viruete, 2009). The Jobito subunit is composed of fine-grained 

hornblende ± epidote amphibolites, characterized by a strong S-L fabric. The 

Guaconejo subunit consists of mid to coarse grained garnet – epidote amphibolites, 

retrograded eclogites and coarse grained orthogneises metamorphosed to upper 

amphibolite and eclogite facies.  

The general mineral assemblage in Cuaba units is Hbl + Pl + Qtz + Rt ± Grt ± 

Bt ± Ep (Abbott et al., 2006). The mafic protoliths of the Cuaba units were 

expected to be oceanic crust and the age of Cuaba units has not been identified yet 

(Draper and Nagle, 1991 and Escuder-Viruete et al., 2011, 2013 a, b). Protoliths 

were subducted from 120 to 110 Ma and then experienced a prograde deformation 

event at 110 to 100 Ma (Escuder-Viruete and Castillo-Carrión, 2016). Mafic rocks 

were metamorphosed into amphibolite, eclogites at high pressure metamorphic 

conditions at this time. After a prograde deformation, they were deformed 

decompressional ductile deformation from 90 to 89 Ma with thermal peak 

metamorphic conditions and locally experienced partial melting. The high pressure 

rocks of the subunit were exhumed and cooled below 550 ℃ during 100 to 85 Ma 

by extensional tectonics. 
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Figure 1. (a) Map of the northeastern Caribbean plate margin showing location of the 

Caribbean subduction complex and Río San Juan Complex (red square), Dominican 

Republic. (b) Simplified geological and tectonic map of the Cuaba unit, Río San Juan 

Complex modified after Javier Escurder-Viruete et al. (2013), showing major rocks, 

thrusts and faults. Sample location is labelled as yellow star. 
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The late Jobito detachment zone between the jobito and Guaconejo subunits were 

finally cooled below 400 ℃ at 82 to 70 Ma. Therefore, The P-T path of the 

Guaconejo subunit was the clockwise path characterized by an isothermal 

decompression (Abbott et al., 2006; Escuder-Viruete et al and Perez-Estaun, 2013). 

 

Chapter 3. Methods 

 

3.1 Measurement of grain size and LPOs of minerals 

 

The foliation of sample was determined based on the compositional layering of 

amphibole and plagioclase grains. The lineation of sample was determined by grain 

shape analysis on the foliation (Panozzo, 1984). The oriented thin sections were cut 

parallel to lineation (X) and vertical to foliation (Z). The aspect ratio and grain size 

of amphibole in the samples were measured by two methods. First, the Grasis 

software was used for grain boundary analysis in the XZ plane which assumes grain 

shape to be ellipse. Contours of grains were manually drawn along the boundary of 

amphibole grain. Example is shown Fig. 2a. Second, electron backscatter diffraction 

(EBSD) large area mapping was used. Grains were defined as areas fully enclosed 

by minimum angle of boundaries > 10°(Fig. 2b). Noise reduction was utilized for 

grain analysis map.  

The LPOs of minerals were determined by using EBSD in the scanning electron 

microscope (SEM). Analysis of thin sections with EBSD requires ultrapolishing with 
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colloidal silica (syton) and thin carbon coating to prevent sample charging during 

analysis in SEM. Two different SEMs were used during the analyses: JEOL JSM-

6380 SEM with HKL EBSD and JSM 7100F FESEM with Symmetry EBSD detector 

at the School of Earth and Environmental Sciences (SEES) at Seoul National 

University (SNU). Channel 5 software was used for indexing EBSD patterns. The 

kikuchi band patterns for individual grains were manually indexed to ensure patterns 

distinct from adjacent ones. The SEM was operated under accelerating voltage of 20 

kV and working distance of 15 mm.  
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Figure 2. (a) Example of grain boundaries of amphibole (sample 2474) which were 

manually drawn using optical photomicrographs of thin section in X-Z plane. (b) 

Example of grain boundaries of sample 2474 which were produced by using EBSD 

large area mapping. Red: amphibole, yellow: plagioclase, aqua: epidote, purple: 

magnetite, pink: titanite. Minimum angle of boundary > 10°. 
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3.2 Calculation of seismic velocity and anisotropy  

 

Seismic velocity and anisotropy of P- and S-wave were calculated using the 

program (Mainprice, 1990) using LPOs, density, and elastic constants of amphibole 

(Aleksandrov and Ryzhova 1961), plagioclase (Aleksandrov et al., 1974), epidote 

(Aleksandrov et al., 1974), biotite, diopside (M.D.Collins and J.M.Brown 1998), and 

quartz (McSkimin et al., 1965). P-wave anisotropy (AVp) was calculated as AVp (%) 

= 100 × [
𝑉𝑝𝑚𝑎𝑥−𝑉𝑝𝑚𝑖𝑛

𝑉𝑝𝑚𝑒𝑎𝑛

], where Vpmax is the maximum of P-wave velocity, Vpmin is the 

minimum of P-wave velocity, and Vpmean is the mean of P-wave velocity (Birch, 

1960; Ji and Xia, 2002). S-wave anisotropy (AVs) was also calculated as AVs (%) 

= 100 × [
𝑉𝑠1−𝑉𝑠2

𝑉𝑠𝑚𝑒𝑎𝑛

], where Vs1 is the fast S-wave velocity, Vs2 is the slow S-wave 

velocity, and Vsmean is the mean of S-wave velocity. Trace elements were ignored 

when seismic velocity and anisotropy of whole rocks were calculated. 

 

3.3 Estimation of temperature of samples  

 

Chemical analyses of amphibolites and retrograded eclogite were performed by 

Electron Probe Micro-Analysis (EPMA). EPMA was performed with a JEOL JXA-

8530F Plus instrument at the Kyeongsang University. Analytical conditions for spot 

analyses were 15 kV accelerating potential, 10 nA current and 5 µm beam diameter. 

Three amphibolites (sample 2474, 2476, and 2481) were selected because they 

showed representative three LPO types of amphiboles. Main minerals like amphibole 
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and plagioclase which were grown close to each other and had clean surface were 

chosen as appropriate beam targets.  

The methods employed to estimate equilibrium temperature conditions of 

amphibolites were amphibole – plagioclase geothermometer (Blundy and Holland, 

1990) because of no garnet in the samples. The equilibrium relation was deduced by 

two reactions between amphibole, quartz and albite in coexisting plagioclase based 

on the Aiiv substitution and Aiiv – A site coupling. Pressure conditions, one of the 

variables in the thermometer equation, were restricted between 5 – 7 kbar based on 

the mineral composition assemblage in the equilibrium assemblage diagram obtained 

for the lower Cuaba unit (Escuder-Viruete and Pérez-Estaún, 2013). According to 

the equation, Si values, the number of atoms per formula unit in amphiboles, ranged 

from 4 to 8; XAb, the Ab(albite)-An(anorthite)ratio of plagioclase, were over 0.5; 

therefore, Y values were zero in the thermometer equation. 

The temperature conditions of retrograded eclogite could not be calculated using 

Grt-Cpx-Phe-Ky-SiO2 thermobarometry (Ravna and Terry, 2004). This stems 

from the fact that phengite or kyanite was needed to estimate the reliable P-T 

conditions of eclogite, which could not be found in the sample. Instead of the above 

approach, the garnet – cpx – Al barometer and Fe2+ - Mg exchange thermometer 

that use only garnet and cpx were tried to use but we could not also apply them due 

to the huge error.  
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Chapter 4. Sample description 

  

Five amphibolites (Table 1, Figs. 3a – f, Fig. 4a), one tremolite schist (sample 

2477, Fig. 4b), and one retrograded eclogite (sample 2478, Fig. 4c–d) from Cuaba 

unit, Dominican Republic were studied. The modal compositions of rock samples, 

average grain sizes and aspect ratios of amphibole grains are shown in Table 1. The 

studied amphibolites contained amphibole and plagioclase, and epidote as major 

phases. Secondary phases included diopside, quartz, biotite, magnetite, ilmenite, 

titanite, rutile, spinel, apatite, and zircon. Lineations and foliations of most 

amphibolites were well developed by elongated amphibole and plagioclase.  

Sample 2472 among amphibolites contained K-feldspar instead of plagioclase 

(Fig. 3a). Sample 2475 contained a small amount of diopside and coarse grained 

amphibolite (Fig. 3c). Sample 2476 was biotite bearing coarse grained amphibolite 

(Fig. 3d) and sample 2481 was medium-grained amphibolite (Fig. 3f). Sample 2474 

was epidote-bearing fine-grained amphibolite (Fig. 4a). All studied amphibolites did 

not contain garnet. As the amount of amphibole increased, amphibolites showed a 

dark color. Tremolite schist consisted of tremolite, chlorite and magnetite (Fig. 4b). 

Sample 2478 was retrograded eclogite composed of garnet, diopside, hornblende, 

plagioclase, omphacite, quartz, and magnetite (Fig. 4c). Foliation of this sample was 

determined based on compositional layering of garnet and magnetite. 
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Figure 3. Optical photomicrographs of studied samples (a-f). (a) Sample 2472. 

Amphibolite showing hornblende pophyroclasts and K-feldspar. (b) Sample 2475. 

Amphibolite. Hornblende and plagioclase layers are indicated by white dotted lines 

(c) Sample 2475. Hornblende pophyroclasts. (d) Sample 2476. Amphibolite. (e) 

Sample 2476. Quartz grains showed undulose extinction. (f) Sample 2481. 

Amphibolite. Amp: amphibole, plg: plagioclase, K-fsp: K-feldspar, ep: epidote, qtz: 

quartz, bt: biotite. 
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Figure 4. Optical photomicrographs of studied samples (a-d). (a) Sample 2474. 

Amphibolite. (b) Sample 2477. Tremolite schist. (c) Sample 2478. Retrograded 

eclogite. Garnet porphyroblasts are replaced in the rims by a corona of amphibole. 

(d) Sample 2478. Retrograded eclogite. The matrix consists of a symplectite 

aggregated of diopside, plagioclase, amphibole, and quartz. Amp: amphibole, plg: 

plagioclase, tr: tremolite, chl: chlorite, gt: garnet, di: diopside, qtz: quartz. 
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Table 1. Modal compositions, average grain size, and aspect ratio of amphibole in samples. 

 

 

 

 

 

 

 

 

 

Amp: amphibole, plg: plagioclase, ep: epidote, bt: biotite, di: diopside, chl: chlorite, qtz: quartz. 

* Illmenite, magnetite, rutile, titanite, spinel, apatite, and zircon. 

a
 Measured grain shape analysis in XZ plane using the Grasis software, where X : lineation, Z : normal to foliation. 

b
 Measured by EBSD large area mapping in FE-SEM in XZ plane. 
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Chapter 5. Results 

 

5.1 Microstructures of samples 

  

Amphibolite (sample 2472) exhibited porphyroclastic texture (Fig. 3a). The 

hornblende prophyroclasts were about 0.9 mm in size and elongated. The aspect 

ratio of hornblende was 1.84 measured by grain boundary analysis. The boundary of 

amphibole prophyroclasts was very irregular. Sample 2472 among amphibolites 

contained K-feldspar instead of plagioclase. Tatan twinning of K-feldspar like grid 

pattern was observed in thin sections. Sample 2475 exhibited a compositional 

layering defined by plagioclase and hornblende bands (Fig. 3b). Sample 2475 

exhibited hornblende porphyroclasts with a grain size of about 800 µm (Fig. 3c). The 

aspect ratio of hornblende was 1.78 by grain boundary analysis. Sample 2476 

showed a strong foliation defined by the hornblende porphyroclasts with a grain size 

of 1300 µm and biotite grains (Fig. 3d). The aspect ratio of hornblende was 1.59 

measured by grain boundary analysis. Quartz grains showed an evidence of plastic 

deformation such as undulose extinction and subgrain boundary (Fig. 3e). The 

foliation of sample 2481 was not well developed due to the high content of plagioclase 

and fine-grained minerals (Fig. 3f). The aspect ratio of hornblende was 1.60 

measured by grain boundary analysis. Unidentified brown grains grew along the grain 

boundaries and cleavages of hornblende. Plagioclase vein was observed. It seemed 

to be affected by water. In the sample 2474, the average grain size of hornblende 

was very fine as 170 µm (Fig. 4a). The aspect ratio of hornblende was the largest, 
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2.14, which was measured by EBSD large area mapping in the FE-SEM. Small 

amounts of rutile and titanite were also observed. There was no plagioclase in the 

area where grain size of hornblende was coarse and it consisted of hornblende and 

epidote. Tremolite schist (sample 2477) mainly consisted of tremolite and chlorite 

(Fig. 4b). The average grain size of tremolite was 140 µm and aspect ratio was 2.02 

which were measured by EBSD large area mapping. Retrograded eclogite (sample 

2478) was characterized by a granoblastic texture of garnet (Fig. 4c). Garnet 

porphyroblasts were replaced in the rims by a corona of calcic-amphibole ± quartz. 

Garnet pophyroblasts were fractured and hornblende also grew along the fractures. 

Garnet contained very fine-grained inclusions such as quartz, omphacite, diopside 

and hornblende. The matrix was composed of symplectic intergrowths of diopside, 

plagioclase, and hornblende (Fig. 4d). The average grain size of hornblende in 

symplectite was fine-grained (40 µm). In addition, aspect ratio of hornblende was 

1.98 was measured by EBSD large area mapping. 

 

5.2 Mineral compositions 

 

Mineral compositions of amphibole and clinopyroxene of samples were analyzed 

using the EPMA and results are shown in Fig. 5. Amphibole in three amphibolites 

(samples 2474, 2476, and 2481) and retrograded eclogite was calcic amphibole. 

Amphiboles in sample 2474 were magnesio – hornblende and those in the samples 

2476 and 2481 were magnesio – hornblende and tschermakite – hornblende, 

respectively. Amphiboles in retrograded eclogite (sample 2478) were magnesio – 
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hornblende, edenite hornblende and ferroan – pargasite hornbldende. 

Clinopyroxenes in retrograded eclogite were diopside. The composition of 

clinopyroxene that make up inclusions in garnets and symplectites was not different. 

Two of the five garnet inclusions and one of the two pyroxene grains in symplectites 

were omphacite and the rest were diopside. 
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Figure 5. (a) Composition of amphiboles plotted in terms of Mg/(Mg+Fe2+) versus 

Tsi. (b) Ternary plot with apices wollastonite, enstatite and ferrosilite illustrating 

the composition of clinopyroxene in eclogite. (c) Ternary plot with apices jadeite, 

aegirine and diopside + hedenbergite illustrationg the composition of clinopyroxene 

in eclogite. 
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5.3 LPOs of minerals 

   

Four types of amphibole LPOs were identified in this study (Fig. 6). Samples 

(2472, 2475, and 2476) showed the type-I LPO which was characterized as the 

[001] axes of amphibole aligned subparallel to the lineation and [100] axes aligned 

subnormal to the foliation. Sample 2481 displayed the type-III LPO which was 

characterized as the [001] axes aligned as a girdle subparallel to the foliation and 

the [100] axes aligned subnormal to the foliation. Samples (2474 and 2477) 

exhibited the type-IV LPO which was characterized as the [001] axes aligned 

subparallel to the lineation and both (110) poles and [110] axes aligned as a girdle 

subnormal to the lineation. Finally, amphibole (sample 2478) showed new type LPO. 

This LPO of amphibole was named as type-V LPO. The [001] axes of amphiboles 

were aligned subparallel to the lineation and the (010) poles were aligned subnormal 

to the foliation. In addition, the [100] axes were aligned subnormal to the lineation 

and the (110) poles were aligned as a girdle subnormal to the lineation.  

LPOs of plagioclase are shown in Fig. 7. The LPOs of plagioclase were generally 

weak compared to those of amphibole and varied in pattern. Samples (2475 and 2481) 

showed that (001) poles were aligned subnormal to the foliation. The (010) poles in 

the sample 2475 were aligned subparallel to the lineation. The (100) poles of sample 

2481 were aligned subparallel to the lineation. The (001) poles in the sample 2476 

were aligned subnormal to the lineation while the (100) poles were aligned 

subparallel to the foliation and (010) poles were aligned subnormal to the foliation. 

Other samples showed a very weak and scattered LPO patterns. 
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Figure 6. Pole figures of amphibole. Pole figures are plotted in the lower hemisphere 

using an equal area projection. Foliation is indicted as white line, and lineation is 

indicated as red dot. A half scatter width of 30°was used. S: foliation, L: lineation, 

N: Number of grains. X // L, Z⊥S. 

 

LPOs of amphibole 
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Figure 7. Pole figures of plagioclase. Pole figures are plotted in the lower hemisphere 

using an equal area projection. Foliation is indicted as white line, and lineation is 

indicated as red dot. A half scatter width of 30°was used. S: foliation, L: lineation, 

N: Number of grains. X // L, Z⊥S. 

 

LPOs of plagioclase 
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Epidote LPOs of three samples (2474, 2475, and 2476) are shown in Fig. 8. The 

(010) poles of all samples were aligned subparallel to lineation. The [100] axes were 

strongly aligned subnormal to the lineation in the sample 2475. This is probably 

caused by the small number of grains measured. The [100] axes of the other samples 

were scattered. The [001] axes in the samples (2474 and 2475) were concentrated 

close to Y direction of pole figures. However, the [001] axes of sample 2476 were 

weakly distributed subparallel to the lineation compared to the other samples. 

Two LPOs of diopside are shown in Fig. 9. The [001] axes of diopside were 

aligned subparallel to the lineation. The (010) poles were aligned subnormal to the 

foliation. The [100] axes were aligned subnormal to the lineation and subparallel to 

Y direction. The (110) poles were aligned as a girdle subnormal to the lineation. 
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Figure 8. Pole figures of epidote. Pole figures are plotted in the lower hemisphere 

using an equal area projection. Foliation is indicted as white line, and lineation is 

indicated as red dot. A half scatter width of 30°was used. S: foliation, L: lineation, 

N: Number of grains. X // L, Z⊥S. 

  

LPOs of epidote 
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Figure 9. Pole figures of diopside. Pole figures are plotted in the lower hemisphere 

using an equal area projection. Foliation is indicted as white line, and lineation is 

indicated as red dot. A half scatter width of 30°was used. S: foliation, L: lineation, 

N: Number of grains. X // L, Z⊥S. 
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5.4 Seismic velocity and anisotropy  

 

The seismic velocity and anisotropy of amphibole is shown in Fig. 10. Seismic 

anisotropies of samples are summarized in Table 2. Seismic anisotropy of amphiboles 

was listed in the order of LPO types. The P-wave anisotropy (AVp) of hornblendes 

in amphibolites was in the range of 12.1 % – 17.5 %. The elastic constant of 

hornblende (Alexandrov and Ryzhova, 1961b) was used to illustrate the seismic 

anisotropy of tremolite (sample 2477) because elastic constant of tremolite have 

never been measured. The AVp of tremolite in tremolite schist was 7.5 %. The 

maximum shear wave anisotropy (max.AVs) of hornblendes in the amphibolites was 

in the range of 7.43 % – 15.50 %. The max.AVs of tremolite was 4.63 %. The seismic 

anisotropy of tremolite is much smaller than that of hornblende (Table 2).  

Hornblendes in the amphibolite specimen displayed the maximum P-wave 

velocity (Vp) in the range of 7.26 km/s (sample 2481) to 7.55 km/s (sample 2476) 

(Fig. 10). The propagation direction of the maximum Vp was oriented subparallel to 

the lineation. The minimum Vp was ranged from 6.28 km/s (sample 2472) to 6.49 

km/s (sample 2474), with the propagation direction of the minimum Vp subnormal to 

the foliation (Fig. 10). Exceptionally, sample 2478 had a minimum Vp propagation 

direction that was subnormal to the foliation. The maximum Vp of tremolites in the 

tremolite schist (sample 2477) was 7.16 km/s and the minimum Vp was 6.63 km/s 

(Fig. 10). The polarization direction of the fast shear wave of the samples (2472, 

2475, 2476, and 2481) which showed the type-I and type-III LPOs was subnormal 

to the lineation for the vertically propagating S-wave at the center of stereonets 
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(Fig. 10). The polarization direction of the fast shear wave of the samples (2474 and 

2477) showing the type-IV LPO was subparallel to the lineation at the center of 

stereonets. The maximum Vp of amphibole in the retrograded eclogite (sample 2477) 

was 7.35 km/s and the minimum Vp was 6.43 km/s (Fig. 10).   

The seismic anisotropy of plagioclase is shown in Fig. 11. The AVp of plagioclase 

was in the range of 1.5 % – 8.7 %. The max.AVs of plagioclase was in the range of 

3.13 % – 16.02 %. The maximum Vp of plagioclase was ranged from 5.92 km/s to 

6.17 km/s and the minimum Vp was ranged from 5.60 km/s to 5.83 km/s. Seismic 

anisotropy of plagioclase in the sample 2474 appears to be very weak compared to 

that of plagioclase in the other samples because of a weak LPO pattern of plagioclase.  

The seismic anisotropy of epdiote is shown in Fig. 12. The AVp of epidote was in 

the range of 5.2 % – 14.4 %. The max.AVs was in the range of 5.06 % – 13.71 %. 

The maximum Vp of epidotes was ranged from 7.53 to 7.93 km/s and the minimum 

Vp was ranged from 6.86 to 7.16 km/s. Sample 2475 with the type-I LPO showed 

the highest seismic anisotropy. 

The seismic anisotropy of whole rocks is shown in Fig. 13. Seismic anisotropy of 

whole rock was calculated considering modal composition of mineral in the specimen, 

LPOs, and elastic constants of major minerals. Minor or accessary minerals like 

ilmenite, titanite, magnetite, and rutile were ignored. Amphibolites displayed the AVp 

in the range of 6.1 % to 10.5 %. The max.AVs was ranged from 4.04 % to 9.58 %. 

AVp of tremolite schist was 6.7 % and max.AVs was 5.8 %. Sample 2472 with the 

type-I LPO showed the highest whole rock AVp and max.AVs. 
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Figure 10. Seismic velocities and anisotropy of amphibole. The E-W direction 

corresponds to the lineation (x), and the Z - direction is normal to the foliation. P-

wave velocity (Vp), seismic anisotropy of shear wave (AVs), and polarization 

direction of the fast shear wave are plotted. Tr: tremolite. 

Vp Contours (km/s) AVs Contours (%) Vs1 Polarization 

Amphibole 



  

29 

 

 

Figure 11. Seismic velocities and anisotropy of plagioclase. The E-W direction 

corresponds to the lineation (x), and the Z - direction is normal to the foliation. P-

wave velocity (Vp), seismic anisotropy of shear wave (AVs), and polarization 

direction of the fast shear wave are plotted. 

Vp Contours (km/s) AVs Contours (%) Vs1 Polarization 

Plagioclase 
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Figure 12. Seismic velocities and anisotropy of epidote. The E-W direction 

corresponds to the lineation (x), and the Z - direction is normal to the foliation. P-

wave (Vp), seismic anisotropy of shear wave (AVs), and polarization direction of the 

fast shear wave are plotted. 
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Figure 13. Seismic velocities and anisotropy of bulk rocks considering modal 

composition. The E-W direction corresponds to the lineation (x), the Z - direction 

is normal to the foliation. P-wave velocity (Vp), seismic anisotropy of shear wave 

(AVs), and polarization direction of the fast shear wave are plotted. 

Vp Contours (km/s) AVs Contours (%) Vs1 Polarization 

Bulk rocks 
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Table 2. Seismic anisotropy for each composite minerals and whole rock composition 

of studied samples. 

 

 

AVp: anisotropy of P-wave velocity, max.AVs: the maximum S-wave seismic 

anisotropy. 

Amp: amphibole, plg: plagioclase, ep: epidote. 
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Chapter 6. Discussion 

  

6.1 Important factors for controlling of LPO of amphibole in 

amphibolite  

  

Previous experimental study at the pressure of 1 GPa (Ko and Jung, 2015) 

showed that temperature and differential stress were important factors to control 

LPO formation of amphibole.  

In this study, type-I LPO of amphibole was observed in the amphibolites (2472, 

2475, and 2476), which showed a large average grain size of 800 to 1300 µm (Table 

1). The aspect ratio of amphibole in the samples was, in general, medium in range of 

1.59 – 1.84. The content of amphibole in the samples was 40 – 49 %, which 

accounts for about half of the rocks. Similar type-I LPO of amphibole was reported 

in the mylonitic metabasites from SW Spain (Aspiroz, 2007). This sample was 

characterized by a relatively large aspect ratio of amphibole in range of 2 – 7 and 2 

– 10 and a well-defined foliation that correlates with a strong LPO. Grain size of 

amphibole was in the range of 50 to 150 µm and 10 to 100 µm.  

The sample (2481) with the type-III LPO showed small aspect ratio of 1.60 and 

contained hornblende (48 %). Average grain size of hornblende with the type-III 

LPO was smaller than that with the type-I LPO, but larger than that with the type-

IV LPO (Table 1). Aspiroz (2007) reported type-III LPO of amphibole from the 

banded amphibolites in Southwestern Spain. Hornblende porphyroblasts in banded 

amphibolites showed a weak SPO, small aspect ratio (1 – 3), and a weak foliation, 
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which are consistent with our specimen. Grain size of them was in the range of 300 

µm to 1.5 cm or 100 to 500 µm, but the grain size of banded amphibolites was larger 

than mylonitic metabasites with type-I LPO of amphibole. One of fine-grained 

amphibolites from East Athabasca mylonite in Canada also showed type-III LPO (Ji 

et al., 2013). The grain size of fine-grained amphibolites was in the range of 50 – 

150 µm. The sample with type-III LPO consisted of hornblende of 65.0 %, 

plagioclase of 28.9 %, serpentine of 4.2 %, and accessory mineral of 1.1%. The 

aspect ratio of fine-grained amphibolite was not reported in this sample. The small 

aspect ratio of amphiboles which is the characteristics of sample showing the type-

III LPO means that there was a small difference between the long and the 

intermediate lengths of amphibole prisms. Since sample 2481 had a small aspect ratio, 

the length of the prisms of the amphibole was not so different, so the [001] axes 

seemed to have a girdle shape.  

Samples (2474 and 2477) with the type-IV LPO showed the smallest average 

grain size in the range of 140 - 170 µm. The aspect ratio was above 2.0 which were 

the largest among the studied samples. The samples were composed of 70 % or more 

of amphibole which were the highest amphibole content in our study. Aspiroz (2007) 

reported similar type-IV LPO of amphibole from the El Rellano amphibolites with 

aspect ratios (1 – 3). They showed hornblende porphyroclasts displaying a core and 

mantle structure. Both medium- to coarse-grained cores ranging from 400 µm to 2 

cm and very fine mantles ranging from 5 to 400 µm showed the type-IV LPO. Type-

IV LPO from plagioamphibolite mylonite, the Western Hill in Beijing was also 

reported by Zhang et al. (2013). In this study, core-mantle structure and 

porphyroclast fabric were observed in amphibolite mylonite. The type-IV LPO of 
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amphibole were observed in the hornblende porphyroclasts with the very small grain 

size of 100 to 500 µm as well as in the new-born needle-shaped tails with the grain 

size of 30 to 80 µm. This sample was composed of hornblende of more than 50%, 

plagioclase of 30%, and quartz of 10%. Samples (2474 and 2477) in this study did 

not show the core-mantle structure. According to the previous studies and this study, 

there is a tendency that the samples with very small grain size show the type-IV 

LPO of amphibole.  

According to the recent study (Elyaszadeh et al., 2018), there was also a change 

in the LPO of amphibole depending on grain size in the mylonitic gabbro from the 

marginal shear zone in Iran. Coarse amphibole grains (100 – 200 µm) showed a 

Type-III LPO oriented with the main foliation reference frame while [001] axes of 

fine amphibole grains (5 – 7 µm) changed from a girdle to an alignment parallel to 

lineation and (100) poles also migrated from pole of foliation towards the pole of 

C’shear bands. Amphibole porphyroclasts and fine amphibole grains showed 

different microstructural features. Porphyroclasts showed lattice distortion and most 

of low-angle boundaries whilst fine amphibole grains were initially developed by 

subgrain rotation recrystallization and showed the reduced frequency of low-angle 

misorientations. Different microstructures indicate that they are affected by different 

slip systems and/or mechanisms. Thus, change in grains size by different slip 

systems and/or mechanisms would make changes to LPO of amphibole.  

In summary, type-I LPO of amphibole was observed under conditions with a large 

grain size and a medium aspect ratio of hornblende. Type-III LPO of amphibole was 

observed under a medium grain size and relatively small aspect ratio. Type-IV LPO 

of amphibole was observed under conditions with a very small grain size, large aspect 



  

36 

 

ratio, and large amphibole content in the specimen. These results indicate that grain 

size, aspect ratio, and modal composition are important factors to affect to the LPO 

development of amphibole. 

 

6.2 LPO of amphibole in the retrograded eclogite 

  

The LPO of amphibole in the retrograded eclogite (sample 2478) is a new type 

of LPO that has never been reported. This LPO is named Type-V (Fig. 6) that [001] 

axes are aligned subparallel to the lineation, (010) poles aligned are subnormal to 

the foliation, [100] axes are normal to the lineation and are parallel to the foliation 

and (110) poles are aligned normal to the lineation in girdle. The type-V LPO of 

amphibole was very similar to the LPO of diopside (Fig. 15). LPOs of diopside have 

not yet been defined as a specific type; however, the LPO types of another 

clinopyroxene, omphacite, have previously been classified as type-S, -L, and -SL 

(Helmstaedt et al. 1972; Zhang et al., 2006). The new type-V LPO of amphibole or 

the LPO of diopside have the same as the SL-type of omphacite. It is considered 

that both amphibole and diopside have inherited the LPO of pre-existing omphacite 

during the retrograde stage.  

Similar LPOs of a mineral inherited from pre-existing minerals have been 

reported in previous papers. Heidelbach and Terry (2013) reported that diopside, 

hornblende, and orthopyroxene composed of symplectites in Ulla eclogitic gneiss 

from the Western Gneiss Region in Norway had similar LPOs inherited from the 

original omphacite. The Ulla eclogitic gneiss was characterized by mm-sized 
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elongated garnet in a matrix of a symplectitic intergrowth of lamellar diopside and 

plagioclase. The symplectite was made by a retrograde reaction of omphacite to 

pagiolcase, diopside, hornblende, and orthopyroxene under static conditions at 1.2 

GPa and 750 ℃. Their LPOs showed that [001] poles were aligned parallel to the 

lineation and {010} and {110} poles were aligned perpendicular to the lineation in 

girdles with maxima subparallel to the foliation corresponding to an L-type texture 

of the original omphacite. It indicated constrictional strain with an additional 

component of pure shear/simple shear component. Mcnamara et al. (2012) reported 

that LPOs could occur through mimicry of a pre-existing LPO, so they formed 

statically, not during deformation. LPOs of barroisite, sodium-calcium amphiboles, 

in retrograded eclogites from the Zermatt-Saas Unit of the Northwest Italian Alps 

were significantly controlled by pre-existing omphacite and glaucophane LPOs. In a 

study of eclogites from the Sanbagawa metamorphic belt in Japan, LPO of actinolite 

similar to LPO of omphacite suggest that their LPO development was due to 

homotatic growth by the replacement of omphacite (Rehman et al., 2016). Other 

examples of inherited LPOs are also known from spinel and pyroxene after garnet 

(Obata and Ozawa, 2011) or spinel, orthopyroxene, and clinopyroxene after garnet 

and olivine (Odashima et al., 2008). Therefore, the unusual amphibole LPO in 

retrograded eclogite is considered evidence for an inheritance of amphibole LPO 

after omphacite. 

 

 

 



  

38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Pole figures of compositional minerals of retrograded eclogite. Pole 

figures are plotted in the lower hemisphere using an equal area projection. Foliation 

is indicted as white line, and lineation is indicated as red dot. A half scatter width of 

30°was used. S: foliation, L: lineation, N: Number of grains. X // L, Z⊥S. 

 

 

Retrograded eclogite (sample 2478) 
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6.3 LPO of epidote  

 

Based on the distribution of the [001] axes, epidote LPO can be divided into [001] 

point type (SL-type) and [001] girdle-type (L-type) normal to the lineation (Cao 

et al., 2013). The (010) poles of all samples were aligned subparallel to lineation. 

The [100] axes were strongly aligned subnormal to the lineation in the sample 2475. 

This is probably caused by the small number of grains measured. The [100] axes of 

the other samples were scattered. The [001] axes in the samples (2474 and 2475) 

were concentrated close to Y direction of pole figures. However, the [001] axes of 

sample 2476 were subparallel to the lineation as a girdle. Only (010) poles in the 

studied samples that had a strong maximum aligning subparallel to lineation were 

similar to the reported epidote LPO pattern (Cao et al., 2013). Both [001] and [100] 

axes were different from the previously reported LPO pattern of epidote. 

 

6.4 Seismic anisotropy of amphibolite in the crust 

 

The P-wave anisotropy (AVp) of amphiboles in this study ranges from 7.5 to 

17.5 % (Table 2, Fig. 10). The maximum S-wave anisotropy (max.AVs) of 

amphiboles was in the range of 4.6 – 15.5 %. The AVp and max.AVs of amphibole 

was relatively higher than previous other studies. The AVp of poly crystal amphibole 

from the Lewisian shear zone of NW Scotland was reported in the range of 3.6 – 

6.0 % and the max.AVs was in the range 3.8 – 6.9 % (Tatham et al., 2008). The AVp 
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of amphibole from the Sulu ultrahigh-pressure metamorphic belt of China and the 

East Athabasca mylonite and the Britt Domain of Canada was in the range of 7.5 – 

14.0 % and the max.AVs was in the range of 4.2 – 8.5 % (Ji et al, 2013). The AVp 

of experimentally deformed amphibole at the pressure of 1 GPa and temperatures 

(480 – 700℃) was in the range of 9.0 – 14.6 % and the max.AVs was in the range 

of 7.6 – 12.1 % (Ko and Jung, 2015). The AVp of mica- and amphibole-bearing 

metamorphic rocks from the southeast Tibetan Plateau was in the range of 5.7 – 

14.0 % and the max.AVs was in the range of 4.1 – 8.5 % (Ji et al., 2015).  

The polarization direction of fast shear wave which is parallel to the trench were 

observed in many subduction zones (Civello and Margheriti, 2004; Long and Silver, 

2008, 2009a, Long and Becker, 2010). The delay times of 0.1 ‒ 0.3 s were observed 

in subduction zones (Nakajima and Hasegawa, 2004; Anglin and Fouch, 2005; 

Nakajima et al., 2006; Long and van der Hilst, 2006; Long and Wirth, 2013). In 

addition, the fast orientation and delay time has been also observed in the interior of 

crust (Wolbern et al., 2014, Zheng et al., 2018). Trench-parallel fast polarizations 

and delay time between 0.3 and 1.2s have been observed in the central Andean 

Altiplano and Puna plateaus (Wolbern et al., 2014). The prevailing EW polarizations 

in the Central Andes generally reflect the direction of Nazca plate motion while the 

observed trench-parallel fast polarizations likely originate in the continental crust 

above the subducting slab. A possible explanation for this alignment was considered 

to be due to ductile flow in the lower crust from the Puna towards the Altiplano 

plateau. According to the recent study by using the P to S converted phase from the 

Moho (Zheng et al., 2018), the mean magnitude of crustal azimuthal anisotropy was 

0.48 ± 0.13 s in the tectonically active plateau and 0.23 ± 0.10 s in the stable 



  

41 

 

Sichuan Basin, the southeastern Tibetan Plateau. The contrast in delay time between 

the plateau region and the Sichuan Basin indicated that crustal anisotropy was mostly 

related to the degree of crustal deformation which was a function of stress magnitude 

and lithospheric strength.  

A large delay time of 0.95 – 2.1 s and fast polarization direction oriented parallel 

to the trench have been observed in northern Caribbean – North American 

subduction zone (Russo et al., 1996; Piñero-Feliciangeli and Kendall, 2008; Meighan 

and Pulliam, 2013; Hodges and Miller, 2015). SKS splitting parameters presented 

delay time of 1.36 s and 1.85 s measured at PUCM and SMN1 stations near the study 

area (Meighan and Pulliam, 2013). 

The delay time of S-wave was calculated using the LPOs of minerals in this study 

(sample 2472, 2476) and the equation (Pera et al., 2003).  

D = 100 × dt ×< Vs >/AVs 

where D is the thickness of the anisotropic layer, dt is the delay time of the shear 

waves, and < Vs > is the average velocity of S-wave. The average Vs was calculated 

as (VS1max + VS1min + VS2max + VS2min)/4. AVs is the anisotropy of the S-wave in the 

middle of the propagation direction. Crustal thickness of the study area is known to 

be ~ 40 km (Escuder-Viruete et al., 2013). Assuming that the crust is made of 

amphibolite with 30 km thick, the delay time was estimated to be 0.35s for amphibole 

only and 0.17 s for whole rock.  
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6.5 Pressure and temperature conditions of amphibolites 

 

There was no report on the P-T conditions of amphibolite of Cuaba unit. Only P-

T conditions for the garnet peridotite, eclogite and garnet amphibolite were reported 

previously. In this study, comparing the composition of the studied samples with the 

equilibrium assemblage diagram of garnet amphibolite from Guaconejo subunit of the 

Cuaba unit (Escuder-Viruete and Pérez-Estaún, 2013), pressure range was 

calculated to be between 0.5 – 0.7 GPa. Pl + Phg + Cpx + Ep + Amp area in the 

assemblage diagram was selected because studied amphibolites did not contain 

garnet and mainly were composed of amphibole, plagioclase and epidote. Calculated 

temperatures of amphibolites are 610 to 820 ℃ (Table 3). Sample 2476 which had 

the type-I LPO of amphibole showed the highest temperature condition, 710 to 

820 ℃. The temperature condition of the sample 2481 which showed the type-III 

LPO was 700 to 790 ℃. In the case of the sample 2474 which showed the type-IV 

LPO, the range of calculated temperature was 610 to 710 ℃, which is the lowest 

temperature condition.  

P-T conditions for ultrahigh-pressure (UHP) rocks of the Cuaba Gneiss in the 

Dominican Republic using multiple-equilibrium analysis (WEBINVEQ) have been 

reported (Abbott and Draper, 2006): garnet peridotite, 3.0 – 4.2 GPa, 838 – 867 ℃; 

garnet clinopyroxenite, 2.75 GPa, 807 ℃; retrograded eclogite, 1.8 GPa, 730 ℃. In 

the upper structural levels of the Guaconejo subunit, the modeled peak P-T 

conditions of a garnet – epidote amphibolite are 580 ℃ and 19.2 kbar (Escuder-

Viruete and Pérez-Estaún, 2013). In the lower structural levels of the Guaconejo 
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subunit, the modeled peak P-T conditions in garnet metagabbros are 640 ℃ and 

17.5 kbar. Since studied samples have experienced the retrograded metamorphism, 

equilibrium temperature of samples are expected to be 600 – 700 ℃ less than the 

modeled peak P-T conditions; but the calculated temperature conditions were higher 

than the expected temperature.  
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Table 3. Pressure and temperature estimation of amphibolites calculated by 

amphibole – plagioclase geothermometer (Blundy and Holland, 1990).  
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Chapter 7. Conclusion 

 

Amphibolites from Cuaba unit, Dominican Republic were studied and four types of 

amphibole LPOs were identified in this study. Three amphibolites (2472, 2475, and 

2476) showed the type-I LPO of amphibole. Amphibole with the type-I LPO showed 

the largest grain size ( > 800 µm). The aspect ratio of amphibole was small to medium 

in the range of 1.6 to 1.8. The content of amphibole in the samples was 40 - 49 %. 

The compositional layers of hornblende and plagioclase in the three samples were 

well developed and they showed porphyroclastic texture. Other amphibolite (2481) 

showed the type-III LPO of amphibole. The sample with the type-III LPO showed 

small aspect ratio of 1.6. Average grain size of hornblende with the type-III LPO 

was smaller than that with the type-I LPO, but larger than that with the type-IV 

LPO. One amphibolite (2474) and a tremolite schist (2477) exhibited the type-IV 

LPO. Amphibole with type-IV LPO showed the smallest grain size (140 - 170 µm). 

But, the aspect ratio of amphibole was the largest among the studied samples. The 

content of amphibole was the most with more than 70 % of rocks. The results of this 

study showed that the microstructures such as the grain size, aspect ratio and modal 

composition of amphibole are related to the different LPO types of amphibole. Newly 

found LPO of amphibole named as type-V LPO was very similar to the LPO of 

diopside in symplectite. It is considered that amphibole and diopside have maintained 

the LPO of pre-existing omphacite during the retrograde stage. The temperature 

conditions of amphibolites measured by EPMA and amphibole – plagioclase 

geothermometer were in the range of 610 – 820 ℃ when pressure was assumed to 

be 0.5 – 0.7 GPa. The seismic velocity and anisotropy of P- and S-waves were 
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calculated for amphibole, plagioclase, and epidote, and bulk rocks. The P-wave 

velocity anisotropy ranged from 7.5 % to 17.5 % and the S wave maximum anisotropy 

ranged from 4.6 % to 15.5 %, which were relatively large compared to previous 

studies. The polarization directions of the fast shear wave were different depending 

on the LPO types of amphibole in horizontal flow. Large seismic anisotropy of 

amphibolite can be a source of seismic anisotropy in the middle and lower crust. 
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국문 초록 

 

각섬석은 중, 하부 지각의 중요한 구성광물로서 탄성적으로 이방성을 갖기 때문에 지

각의 지진파 전파속도와 비등방성에 큰 영향을 미칠 수 있다. 지진파 비등방성에 영향을 

주는 요인 중 하나로 격자선호방향(LPO, Lattice Preferred Orientation)이 꼽히며 각섬

석의 강한 격자선호방향이 중, 하부 지각의 지진파 비등방성에 영향을 준다고 알려져 있

다. 온도와 차등응력 조건이 각섬석의 격자선호방향에 영향을 미친다는 실험연구가 있지

만 다른 요인들에 대해서 자세히 연구가 되어 있지 않다. 따라서 본 연구에서는 각섬석

의 격자선호방향 형성에 영향을 미치는 요인들을 밝히기 위해 각섬암의 미구조와 격자선

호방향의 연관성에 대해 연구하였다. 도미니카 공화국의 리오 산 후안 변성복합체의 쿠

아바 지역에서 가져온 자연상에서 변형된 각섬암과 에클로자이트에서 네 유형의 각섬석 

격자선호방향을 관찰하였다. 세 개의 시료에서 [001] 축이 선구조 방향에 평행하고 

[100] 축이 엽리에 아수직하게 강한 배열을 보였다(Type-I LPO, Ko and Jung, 2015). 

두 번째는 [001] 축이 엽리에 아평행하게 거들모양을 보이고 [100] 축이 엽리에 수직

하게 나타났다(Type-Ⅲ LPO). 세 번째는 두 개의 시료에서 [001] 축이 선구조 방향

에 평행하고 [100] 축과 [010]축이 선구조에 아수직한 거들 모양을 보였다(Type-Ⅳ 

LPO). 마지막으로, 후퇴변성된 에클로자이트에서 발견한 각섬석의 새로운 격자선호방향

은 투휘석과 녹휘석의 격자선호방향과 매우 유사했다. 후퇴 변성되며 녹휘석이 각섬석과 

투휘석으로 바뀌었지만 격자선호방향은 원래 존재하던 녹휘석의 격자선호방향을 그대로 

유전 받은 것으로 예상된다. Type-V 라고 이름 지은 이 격자선호방향은 [001] 축이 

선구조 방향에 평행하고 [010] 축이 엽리에 아수직하며 [100]축이 선구조 방향에 수직

하게 배열되어 있다. 각섬암의 미구조적 특성과 격자선호방향을 비교해본 결과, Type-I 

LPO가 나타난 각섬암들은 각섬석의 크기가 컸고, Type-IV LPO를 가진 각섬암들은 각

섬석의 크기가 비교적 작으며 종횡비와 조성비가 큰 것으로 나타났다. 각섬석의 격자선

호방향 결과를 바탕으로 지진파 비등방성을 계산해봤을 때 P파의 비등방성은 7.5 - 

17.5 %, S파의 최대 비등방성은 4.6 - 15.5 %로 비교적 크게 나타났다. 수평 전단 방향

에서 엽리를 수직으로 통과하는 빠른 S파가 나타내는 편광 방향은 각섬석의 격자선호방

향의 유형에 따라 차이를 보였다.  

연구 결과들에 의하면 각섬석의 광물 크기, 종횡비, 조성비와 같은 각섬암의 미구조
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적 특성이 각섬석의 격자선호방향의 여러 유형을 만드는 요인이 될 수 있다는 점을 알 

수 있었다. 또한 각섬석의 격자선호방향이 야기하는 큰 지진파 비등방성은 지각의 중・

하부에서 관찰되는 지진파 비등방성의 원인이 될 수 있음을 지시한다.  
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