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Abstract: Muscovite is a major constituent mineral in the continental crust that exhibits very strong
seismic anisotropy. Muscovite alignment in rocks can significantly affect the magnitude and symme-
try of seismic anisotropy. In this study, deformation microstructures of muscovite-quartz phyllites
from the Geumseongri Formation in Gunsan, Korea, were studied to investigate the relationship be-
tween muscovite and chlorite fabrics in strongly deformed rocks and the seismic anisotropy observed
in the continental crust. The [001] axes of muscovite and chlorite were strongly aligned subnormal to
the foliation, while the [100] and [010] axes were aligned subparallel to the foliation. The distribution
of quartz c-axes indicates activation of the basal<a>, rhomb<a> and prism<a> slip systems. For albite,
most samples showed (001) or (010) poles aligned subnormal to the foliation. The calculated seismic
anisotropies based on the lattice preferred orientation and modal compositions were in the range of
9.0–21.7% for the P-wave anisotropy and 9.6–24.2% for the maximum S-wave anisotropy. Our results
indicate that the modal composition and alignment of muscovite and chlorite significantly affect
the magnitude and symmetry of seismic anisotropy. It was found that the coexistence of muscovite
and chlorite contributes to seismic anisotropy constructively when their [001] axes are aligned in the
same direction.

Keywords: phyllite; lattice preferred orientation; seismic anisotropy; deformation microstructures;
muscovite; chlorite

1. Introduction

Seismic anisotropy originating in the interior of the earth provides important informa-
tion for understanding tectonic processes, deep earth structures and geodynamics [1–8].
In continental crust, strong seismic anisotropies have been observed in large-scale tec-
tonic structures such as mountain belts in orogenic systems [9–11], strike-slip faults or
shear zones near plate boundaries [3,4], and the overriding upper crust in subduction
zones [12,13]. In many cases, the fast S-wave polarization direction in continental crust
is parallel to the major tectonic boundary formed by compressive regime [4,11,13]. These
seismic patterns are usually attributed to the fault or fluid-filled cracks [14–16] and the
orientation of anisotropic fabrics and structures [2,12,17].

Many studies using the receiver function technique [9,18], acoustic wave velocity mea-
surements in laboratory settings [15,16,19], and fabric analysis on naturally [5,19–23] and
experimentally [24,25] deformed rock samples have suggested that the layering and lat-
tice preferred orientation (LPO) of anisotropic minerals is one of the important factors
controlling the seismic anisotropy in the middle crust below the depth of microcrack clo-
sure (P ≈ 150–250 MPa [15,16,18,26]). Mica and amphibole groups are major constituent
minerals in continental crust, which are elastically anisotropic [27–29]. In particular, phyl-
losilicate minerals show very strong anisotropy and it has been suggested that these
minerals play an important role in affecting seismic anisotropies observed in various
tectonic settings [5,17,22,30–34].
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Owing to its abundance in the crust, the deformation mechanism and LPO of quartz
have long been investigated. Quartz has been analyzed to provide structural data to
construct the tectonic history of regional geology [35–40] and to understand its deformation
mechanism [41–47]. The LPO data of albite or plagioclase have also been extensively
studied [48–59]. Because quartz and albite crystals do not develop strong LPO in rocks,
seismic anisotropy seems to be weakened when seismic waves pass through quartz- and
albite-rich rocks [15,60,61]. Their diluting effect on seismic anisotropy must be compared
with other phyllosilicate minerals based on their modal composition and LPOs to elucidate
the relationship between the observed seismic anisotropy in the crust and the elastic
properties of deformed rocks.

The phyllite from the Geumseongri Formation in Gunsan, Korea, has typical greenschist-
facies mineral assemblages including muscovite, chlorite, biotite, quartz, and albite. The
metamorphic condition and constituent minerals of this phyllite are representative of the
middle crust where rocks were plastically deformed and subsequent LPO was formed.
Electron backscatter diffraction (EBSD) analysis using fast and high-resolution mapping
techniques is necessary because seismic properties should be calculated based on repre-
sentative LPOs of minerals that reflect the exact volume proportions and deformation
structures of natural rock samples. In this paper, we present data on deformation mi-
crostructures and LPOs of minerals revealed by EBSD, and the seismic properties of
strongly deformed phyllite collected from the Geumseongri Formation in Gunsan, Korea,
to understand the deformation mechanism of minerals and the causes of seismic anisotropy
in the middle crust of highly deformed tectonic boundaries.

2. Geological Setting and Outcrop Description

The Korean Peninsula is composed of three Precambrian crystalline basements, the
Nangrim, Gyeonggi and Yeongnam massifs from north to south (Figure 1a). Regional
metamorphism and magmatism occurred around 1.9–1.8 Ga in these Paleoproterozoic mas-
sifs [62,63]. Two metamorphic belts, the Imjingang Belt and the Ogcheon Belt, comprising
intensely deformed and metamorphosed sedimentary and volcanic rocks, separate these
terranes. Permo-Triassic high-grade metamorphism strongly affected the Gyeonggi massif
and two metamorphic belts, which have often been considered the possible eastward
extension of the Qinling-Dabie-Sulu HP/UHP metamorphic belt in China. However, the
Permo-Triassic tectonic model of the Korean Peninsula remains controversial [64–73]. All
terranes were extensively intruded by Mesozoic plutonic rocks.

The Ogcheon Belt consists of Neoproterozoic to Paleozoic sedimentary and volcanic
rocks which have been metamorphosed and strongly deformed in the Permian to Trias-
sic. This fold-thrust belt separates the Gyeonggi and Yeongnam massifs, delineating the
major tectonic boundary. The Ogcheon Belt is subdivided into two tectonic provinces:
non-metamorphosed or slightly deformed early to late Paleozoic Taebaeksan Basin and
strongly deformed and metamorphosed Neoproterozoic to Paleozoic Ogcheon Metamor-
phic Belt [68].

Most petrological and structural studies have focused on the northeastern part of the
Ogcheon Metamorphic Belt. Cluzel et al. [64,65] divided the Ogcheon Metamorphic Belt
into five main tectonic units bounded by thrusts: Iwharyeong, Poeun, Turungsan, Chungju,
and Pibanryeong units. Although there has been some controversy regarding deformation
stages and the exact timing of metamorphism, it has been suggested that bimodal volcan-
isms and sedimentation in the rift setting occurred from the Neoproterozoic [67,74–77] to
late Paleozoic [78,79], followed by the subsequent Permian to Triassic tectonic event that
extensively affected the Ogcheon Metamorphic Belt, forming the southeastward stacking
of the nappes [64,65,67,72,79,80].
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Figure 1. (a) Simplified tectonic sketch map showing the major tectonic units in the southern part of the Korean Peninsula.
NM: Nangrim massif; GM: Gyeonggi massif; YM: Yeongnam massif; IB: Imjingang belt and correlatives; OB: Ogcheon
belt; GS: Gyeongsang basin (reprinted with permission from ref. [81]. Copyright 2020 Elsevier). (b) Geological map of the
Gunsan area and sample location (reprinted with permission from ref. [82] and ref. [83]. Copyright 2020 Korea Institute
of Geoscience and Mineral Resources). (c) Field photograph showing phyllite outcrop of the Geumseongri Formation.
(d) Close-up view of a strongly deformed phyllite showing well-developed foliation. (e) Folded and boudinaged quartz
veins discordantly cutting phyllite foliation.

The P-T conditions of metamorphism of the NE Ogcheon Metamorphic Belt have been
calculated in the range of 4.2–8.2 kbar and 490–540 ◦C in the Poeun unit and 5.4–9.4 kbar
and 520–630 ◦C in the Pibanryeong unit based on garnet-biotite geothermometer and garnet-
plagioclase-biotite-quartz or muscovite geobarometer [67,84]. A decrease in metamorphic
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grade towards the southwest along the strike of the Ogcheon Metamorphic Belt was
suggested based on the change in the mineral assemblage of the Poeun unit [85]. Another
study suggested the lower metamorphic condition of the Poeun unit (3.6–4.4 kbar and
350–450 ◦C) close to the study area in the SE Ogcheon Metamorphic Belt, based on the
mineral assemblage and chemistry of muscovite [72,86].

The studied samples were obtained from the Geumseongri Formation in Gunsan,
Korea (Figure 1a,b). There have not been many petrological and structural studies on the
southwestern edge of the Ogcheon Metamorphic Belt. The lithologies in the study area
consist of Paleoproterozic gneiss, Neoproterozoic to Paleozoic phyllite, schist and metased-
iments, Jurassic sedimentary rock, and granites (Figure 1b). The depositional age of the
Geumseongri Formation is controversial. Two geological maps of adjacent regions [82,83]
proposed different depositional ages of the protolith of the Geumseongri Formation as
Neoproterozoic and Paleozoic, respectively. The detrital zircon age distribution of the
Geumsengri Formation showed the youngest age of 806±19 Ma, which is the maximum
age of sedimentation [82]. The ages of metamorphism and deformation in the Geumseongri
Formation have not yet been reported.

At the sample location, dark-grey phyllite outcrops with shiny mica-rich foliation
are observed (Figure 1c,d). Kink bands and chevron folds are abundant. Folded and
boudinaged 10–50 cm thick quartz veins, with some including fragments of phyllite,
discordantly cut the phyllite foliation (Figure 1e). The axial planes and fold limbs of quartz
veins are typically subparallel to the foliation of phyllite, indicating the contemporary
ductile deformation of the quartz vein and phyllite. Outcrop-scale folds and faults affected
the strikes of phyllites, which are WSW–ENE to WNW–ESE with varying dips.

3. Methods

Five samples of phyllite were selected from the Geumseongri Formation in Gunsan,
Korea. The foliation and lineation of each sample were determined by observing the
compositional layering and stretching lineation of muscovite and quartz. For samples
showing no clear lineation in the hand specimen, we analyzed grain shapes of digitized
lines from elongated minerals on the foliation to ensure that lineation was determined by
the orientation of maximum elongation, following the method of Panozzo [87]. Based on
the decided foliation and lineation, standard 30 µm thick–thin sections of the XZ plane
were made, where X is parallel to the lineation and Z is perpendicular to the foliation of
each sample. Thin sections were polished using 1 µm powder and colloidal silica (0.06 µm)
to remove surface damage.

The LPOs of the minerals were measured using a scanning electron microscope
equipped with an EBSD system. EBSD data were collected using a JEOL JSM-7100F field
emission scanning electron microscope (FE-SEM, JEOL, Tokyo, Japan) equipped with a
Symmetry detector (Oxford Instruments, Abingdon, UK) installed at the School of Earth
and Environmental Sciences, Seoul National University, Korea. The samples were analyzed
with an accelerating voltage of 20 kV at a 25.0 mm working distance on a stage tilted
70◦. The Kikuchi patterns were automatically obtained and indexed using AZtec software
(Version 4.3, Oxford Instrument, Abingdon, UK) with a step size of 5 µm for four samples
(Table 1). The step size was determined to be approximately 1/10 of the average diameter
of the major minerals forming each sample, which clearly demonstrated the shape of the
grains. We analyzed one additional sample with a step size of 0.31 µm to observe the
internal microstructures of the deformed grains (Table 1). The rates of zero solutions in raw
data ranged from 4.7% to 18.3%, which were usually found along grain boundaries and
fractures. We conducted zero solution correction as follows: (1) wild spikes were eliminated
first; (2) zero solutions were corrected if each was surrounded by at least six consistent
pixels; and (3) wild spikes were eliminated again. By performing minimal correction
in (2), EBSD data were conserved, and grain shape was not distorted by correction. To
avoid oversampling from large grains, pole figures were plotted from one point per grain
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using HKL Channel 5. Mean aspect ratios of grains were calculated for quartz and albite
composed of more than 10 pixels (60 pixels for G105) (Table 1).

Table 1. Mineral modal composition, mean aspect ratio of grains in the phyllite samples, and step size of electron backscatter
diffraction (EBSD) analysis.

Sample No.
Modal Composition (%) 1 Mean Aspect Ratio

Step Size (µm)
Ms Chl Qtz Ab Cal Accessory Qtz Ab

G101 34.7 7.6 38.6 13.4 0.9 4.8 1.91 2.44 5
G102 31.1 11.3 33.0 15.0 0.9 8.7 1.93 2.11 5
G103 23.4 8.8 35.7 22.8 4.6 4.7 1.87 2.25 5
G104 22.1 13.8 47.6 14.0 0.8 1.7 2.12 3.39 5
G105 4.6 5.7 67.6 12.1 2.3 7.7 2.04 1.87 0.31

1 Modal composition was estimated based on the EBSD map data. Ms: muscovite, Qtz: quartz, Chl: chlorite, Ab: albite, Cal: calcite

To understand the relationship between the fabric strength of the constituent minerals
and seismic anisotropy, the misorientation index (M-index [88]) was calculated for minerals
in each sample (Table 2) using the MTEX toolbox for Matlab, version 5.4.0 [89], using
one point per grain data. We used the Bootstrap method to estimate the uncertainties of
M-index [90]. First, a group of grains was drawn from the original data with replacement.
Based on the number of grains in the original data, about 1/6–1/15 of grains (for example,
200 grains for quartz from each sample) were drawn for each group [91]. Second, this
process was replicated 1000 times for each mineral. Third, the M-index was calculated for
each random group of grains. Finally, with the M-indices of groups, the mean and ±95%
confidence intervals were calculated (Table 2) except for G105, which had too few grains.

Table 2. Fabric strength of minerals in phyllite samples.

Sample No.

M-Index

Ms Chl Qtz Ab

Mean CI 1 Mean CI Mean CI Mean CI

G101 0.3172 ±0.01170 0.2510 ±0.04770 0.0387 ±0.00890 0.0627 ±0.01395
G102 0.1693 ±0.02335 0.1711 ±0.04980 0.0326 ±0.00670 0.0632 ±0.01460
G103 0.2194 ±0.02090 0.1578 ±0.04575 0.0537 ±0.01055 0.0639 ±0.01295
G104 0.3175 ±0.02775 0.2928 ±0.06080 0.0555 ±0.00570 0.0821 ±0.01860
G105 0.21 - 0.293 - 0.09 - 0.379 -

1 CI: ± 95% confidence interval. Ms: muscovite, Qtz: quartz, Chl: chlorite, Ab: albite.

The seismic velocity and anisotropy of each mineral in the samples were calculated
using the single-crystal elastic constant, all LPOs, and crystal density. We used the Voigt–
Reuss–Hill averaging scheme and Fortran program created by Mainprice [92]. Single
crystal elastic constants were used for quartz [93], plagioclase [94], muscovite [29], and
chlorite [28]. Using volume proportions measured by EBSD analysis, the seismic velocity
and anisotropy of whole rocks were calculated. To investigate the relationship between
the seismic properties of platy minerals, quartz and albite, the P-wave anisotropy (AVp)
and the maximum S-wave anisotropy (max. AVs) of muscovite + quartz + albite, chlo-
rite + quartz + albite and muscovite + chlorite + quartz + albite for sample G102 were
calculated.

4. Results
4.1. Sample Description and Microstructures

The phyllite samples are mainly composed of quartz (33–68%), albite (12–23%), mus-
covite (5–35%), chlorite (6–14%), with minor biotite, calcite, and ilmenite (Table 1). Hand
specimens are fine-grained and exhibit shiny mica-rich foliation. All samples were strongly
foliated and compositionally layered, showing alternating Q-domain (quartz and albite)
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and M-domain (muscovite and chlorite) in photomicrographs (Figure 2a). The grain sizes
of quartz and albite vary in the range of 0.02 to 0.5 mm, and they have a subangular and
elliptical grain shape elongated parallel to the foliation of each sample.

Figure 2. Optical photomicrographs of phyllite samples from the Geumseongri Formation. (a) Phyllite showing well-
developed foliation with compositional layering of alternating Q-domain mainly composed of quartz and albite, and
M-domain of mica (sample G103). (b) Quartz ribbon displaying undulose extinction and subgrain boundaries (sample
G104). Yellow arrows represent undulose extinction of quartz. Red arrows represent recrystallized small grains of quartz.
Qtz: quartz, Ms: muscovite. (c) Microcrack in M-domain filled with a calcite crystal (sample G103). Cal: calcite. (d) Pressure
shadow of quartz around ilmenite porphyroclasts. Strain cap is partly observed (sample G102). Ilm: ilmenite. (e) Small-scale
microfolds showing limbs and axial planes parallel to the foliation (G101). (f) Sheared biotite grain showing dextral shear
sense (G102). Bt: biotite.
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Mica grains usually fill intergranular spaces and/or are strongly aligned parallel to
the foliation, forming relatively thick mica bands (Figure 2a,c).The old, relatively large
quartz grains exhibit undulose extinction (Figure 2b) and subgrain boundaries indicating
intracrystalline deformation, which can be observed in the inverse pole figure map created
using a fine step size (Figures 3b and 4a). Quartz grains commonly form ribbons consisting
of deformed quartz grains with some recrystallized small grains (Figure 2b).

Figure 3. EBSD phase maps (a,c), and Euler maps (b,d) of phyllite samples. (a,b) Sample G105 analyzed with step size of
0.31 µm. (c,d) Sample G102 analyzed with step size of 5 µm. Magnified EBSD map of the yellow box in Figure 3a is shown
in Figure 4. Ms: muscovite, Qtz: quartz, Chl: chlorite, Ab: albite, Cal: calcite, Ap: apatite, Ilm: ilmenite.
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Figure 4. Magnified EBSD maps of sample G105 (Yellow box in Figure 3a). (a) Inverse pole figure showing crystallographic
axes aligned parallel to the lineation. Quartz grains have subgrain boundaries, indicating intracrystalline plastic deformation,
while albite rarely show microstructures of ductile deformation. (b) Low-angle (1◦–10◦) and high-angle (<10◦) grain
boundary map of quartz on the band contrast map. Note that grain boundaries of albite were excluded.

The pressure shadow of quartz grains around ilmenite porphyroclasts was observed
frequently, indicating that the dissolution–precipitation was active (Figure 2d). Small-
scale microfolds showing limbs and axial planes parallel to the foliation of the sample are
observed, indicating overlapped deformation stages (Figure 2e). Asymmetrically deformed
and rotated porphyritic biotite grains are occasionally observed, showing concordant
shear direction in each sample (Figure 2f). However, penetrative non-coaxial deformation
structures such as S-C fabric are not well developed (Figures 2 and 3). Albite is difficult
to distinguish from quartz in an optical microscope with the exception of rare grains
exhibiting twinning.

4.2. LPO and Fabric Strength of Minerals
4.2.1. LPO of Muscovite and Chlorite

The LPOs of muscovite and chlorite are shown in Figure 5. In general, [001] axes of
both muscovite and chlorite show strong point maxima normal to foliation while (110)
poles, [100] axes and (010) poles are aligned in a girdle parallel to the foliation (Figure 5).
The fabric strength of each mineral is shown as an M-index in Table 2. The M-index of
muscovite was the strongest among minerals, ranging from 0.169 to 0.317, while that of
quartz was the weakest. Chlorite also showed a strong fabric strength in the range of
M = 0.158–0.293.

4.2.2. LPO of Quartz

The LPOs of quartz are generally weak, with the c-axes aligned around the pole of
foliation. In samples G102 and G104, the c-axes are also aligned subnormal to the lineation.
The G102 sample shows a typical pattern of quartz LPO forming a crossed girdle. Sample
G104 showed some c-axes aligned subparallel to the lineation. The fabric strength of quartz
is weak in the range of M = 0.033–0.090 (Table 2). No significant difference was observed
in the M-index of quartz among the samples, excluding sample G105. Note that the LPO
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and fabric strength of quartz from sample G105 was overestimated because the number of
analyzed grains was too small.

Figure 5. Pole figures of the quartz, muscovite, albite, and chlorite presented in the lower hemisphere using equal-area
projection. A half-scatter width of 20◦ was used. The color coding indicates the data point density. Multiples of uniform
distribution are denoted as the numbers in the legend. E–W direction of each figure corresponds to stretching lineation (X),
and N–S direction (Z) is perpendicular to the foliation. N = number of data points.
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4.2.3. LPO of Albite

The most common pattern of albite LPOs was characterized by the (001) pole aligned
subnormal to the foliation (samples G101, G102, G103, and G104). In two samples (G102,
G104), (001) poles are also partly aligned subparallel to lineation (X), forming two conjugate
maxima in the XZ plane. One sample (G103) showed the (001) pole aligned subparallel to
the lineation. Two samples (G101 and G104) showed that the (010) poles strongly aligned
subnormal to the foliation. The fabric strength of albite is in the range of M = 0.063–0.082,
and it is weaker than other minerals, excluding that in sample G105 (Table 2). Note that the
LPO and fabric strength of albite from sample G105 were overestimated because too few
grains were analyzed. In Figure S1, additional LPOs of the albite axes measured in this
study are displayed as pole figures. The <001> axes of two samples (G102 and G104) and
the <100> axis of one sample (G101) were aligned subparallel to the lineation (Figure S1).

4.3. Seismic Anisotropies of Phyllite Samples

The seismic properties of muscovite, chlorite, quartz, albite, and whole rocks are
shown in Figures 6–10 and Table 3. The seismic anisotropies of the P-wave (AVp) were in
the range of 43.4–51.1% for muscovite, 21.4–29.4% for chlorite, 2.8–7.1% for quartz, and
1.2–15.6% for albite. The maximum anisotropy of the S-wave (max. AVs) was in the range
of 41.9–59.1% for muscovite, 34.9–56.8% for chlorite, 3.5–9.8% for quartz, and 1.3–24.8%
for albite. Muscovite showed the strongest P- and S-wave anisotropy while albite showed
the weakest P- and S-waves anisotropy. The abnormally high AVp and maximum AVs of
albite in sample G105 resulted from the exaggerated LPO data due to the limited number
of albite grains analyzed. Therefore, the realistic AVp and maximum AVs for albite in
this study are in the ranges of 1.2–2.1% and 1.3–1.7%, respectively. Integrating all seismic
anisotropies of minerals based on the modal composition of each sample, the calculated
AVp and maximum AVs of whole rocks were 9.0–21.7% and 9.6–24.2%, respectively. The
patterns of contours and the polarization direction of the fast S-wave of whole rocks were
quite similar to those of muscovite and chlorite, except for sample G105, which has ~80%
quartz and albite (Figure 10).

Table 3. Mineral and whole-rock Seismic velocity and anisotropy in phyllite samples.

Sample
No.

Muscovite Chlorite Quartz Albite Whole Rock

AVp (%) Max.
AVs (%) AVp (%) Max.

AVs (%) AVp (%) Max.
AVs (%) AVp (%) Max.

AVs (%) AVp (%) Max.
AVs (%)

G101 51.1 58.1 26.7 51.1 4.5 5.7 1.2 1.5 21.7 24.2
G102 43.4 41.9 25.3 40.2 2.8 3.5 2.1 1.3 18.9 19.7
G103 44.4 47.7 21.4 34.9 3.9 4.7 1.3 1.7 14.3 15.4
G104 51.1 59.1 29.4 56.8 4.3 5.7 1.3 1.6 17.2 20.3
G105 43.9 42.8 26.5 47.4 7.1 9.8 15.6 24.8 9 9.6

To understand the relationship between various mineral assemblages in phyllite and
seismic anisotropies, the AVp and maximum AVs of sample G102 were calculated based on
different groups of minerals (Figure 11). The calculated results showed that the anisotropies
of the P-wave were 18.9% for muscovite + chlorite + quartz + albite (Figure 11a), 17.7% for
muscovite + quartz + albite (Figure 11b), and 6.2% for chlorite + quartz + albite (Figure 11c).
The maximum anisotropies of the S-wave were 8.2% for chlorite + quartz + albite, 16.5%
for muscovite + quartz + albite, and 19.7% for muscovite + chlorite + quartz + albite.
The results also elucidated the constructive role of coexisting muscovite and chlorite on
seismic anisotropy.
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Figure 6. Seismic properties of muscovite calculated from lattice preferred orientation (LPO) and elastic constant. The
P-wave velocity (Vp), amplitude of the shear-wave anisotropy (AVs), and polarization direction of the faster shear wave
(Vs1) are plotted in the lower hemisphere using an equal-area projection. E–W direction of each figure corresponds to
stretching lineation (X), and Z is normal to the foliation. N = number of data points.
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Figure 7. Seismic properties of chlorite calculated from LPO and elastic constant. The P-wave velocity (Vp), amplitude
of the shear-wave anisotropy (AVs), and polarization direction of the faster shear wave (Vs1) are plotted in the lower
hemisphere using an equal-area projection. E–W direction of each figure corresponds to stretching lineation (X), and Z is
normal to the foliation. N = number of data points.
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Figure 8. Seismic properties of quartz calculated from LPO and elastic constant. The P-wave velocity (Vp), amplitude of the
shear-wave anisotropy (AVs), and polarization direction of the faster shear wave (Vs1) are plotted in the lower hemisphere
using an equal-area projection. E–W direction of each figure corresponds to stretching lineation (X), and Z is normal to the
foliation. N = number of data points.



Minerals 2021, 11, 294 14 of 25

Figure 9. Seismic properties of albite calculated from LPO and elastic constant. The P-wave velocity (Vp), amplitude of the
shear-wave anisotropy (AVs), and polarization direction of the faster shear wave (Vs1) are plotted in the lower hemisphere
using an equal-area projection. E–W direction of each figure corresponds to stretching lineation (X), and Z is normal to the
foliation. N = number of data points.
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Figure 10. Whole rock seismic properties calculated from LPOs, volume proportions and elastic constant of each minerals.
The P-wave velocity (Vp), amplitude of the shear-wave anisotropy (AVs), and polarization direction of the faster shear
wave (Vs1) are plotted in the lower hemisphere using an equal-area projection. E–W direction of each figure corresponds to
stretching lineation (X), and Z is normal to the foliation.
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Figure 11. Whole rock seismic property of sample G102 calculated from LPOs, volume proportions and elastic con-
stant of each mineral. (a) Seismic anisotropy of muscovite + chlorite + quartz + albite. (b) Seismic anisotropy of mus-
covite + quartz + albite. (c) Seismic anisotropy of chlorite + quartz + albite. The P-wave velocity (Vp), amplitude of the
shear-wave anisotropy (AVs), and polarization direction of the faster shear wave (Vs1) are plotted in the lower hemisphere
using an equal-area projection. E–W direction of each figure corresponds to stretching lineation (X), and Z is normal to
the foliation.

5. Discussion
5.1. LPO Development of Minerals

The [001] axes of both muscovite and chlorite show strong point maxima normal to
foliation while (110) poles, [100] axes and (010) poles are aligned in a girdle parallel to
the foliation (Figure 5). The LPOs of muscovite and chlorite in this study are well known
fabric patterns of phyllosilicates reported from naturally [34,95–100] and experimentally
deformed rocks [101]. The platy shape of muscovite and chlorite is a primary factor in the
rotation of these minerals parallel to foliation during deformation [102]. Recrystallization
has also been suggested as the main deformation mechanism of muscovite [34]. The
strong alignment of the muscovite [001] axis in this study is interpreted as the easy glide
on the (001) planes [95,97,99,103]. Experimental studies have reported <100>(001) and
<110>(001) slip systems of muscovite [103]. Muscovite bands in M-domains clearly showed
undulose extinction of muscovite and chlorite (Figures 3a and 4a) indicating the operation
of dislocation creep in muscovite and chlorite. Therefore, it is suggested that strong LPOs
of muscovite and chlorite were formed due to dislocation creep on the basal plane and
crystal rotation parallel to the foliation.
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The LPO of quartz depends on many factors, including the deformation mech-
anism, active slip system, strain rate, temperature, kinematic framework, and water
contents [38,42,43]. However, in naturally deformed samples, it is very difficult to measure
the strain rate of samples in thin sections.

Therefore, we focused on the role of temperature in this study. Folds of quartz veins
in the outcrop (Figure 1e) and prevalent subgrain boundaries of quartz (Figures 3b and 4b)
indicate that the deformation temperature was high enough for the ductile deformation of
quartz. In the quartz LPO data, one of the main features observed was the c-axes maximum
at a small angle to the direction normal to the foliation (Figure 5). It is correlated to the
basal<a> slip system, which is active under relatively low temperature conditions [38,102].
In sample G102, the cross girdle of the quartz c-axis indicates multiple slip systems activated
including basal<a>, rhomb<a>, and prism<a>. An early study of naturally deformed quartz
reported that an abrupt change from these multiple slip systems to a single slip system
(prism<a>) occurs at approximately 500 ◦C, which was observed in metasedimentary rocks
with similar mineral assemblages to those of our phyllites in the Tonale fault zone [37]. This
is also supported by the observation of subangular albite grains with rare intracrystalline
deformation structures in this study (Figures 3a and 4a), indicating that albite was mainly
deformed in brittle manner. In addition, the mineral assemblage of phyllites seems to
correspond to the Poeun unit in the area of the decreased metamorphic condition [85,86],
which might indicate a lower metamorphic grade than the NE Ogcheon Metamorphic
Belt [84]. Therefore, it is suggested that the deformation temperature of phyllite was below
490–540 ◦C and possibly in the range of 350–450 ◦C [86]. This argument reflects our finding
of the suggested maximum deformation temperature (about 500 ◦C) of quartz based on the
measured LPO. Additional petrological analysis should be performed to confirm the exact
metamorphic conditions and deformation temperature of the phyllite.

In sample G104, some quartz c-axes are aligned subparallel to the lineation, which
might indicate the increased prism<c> slip. However, we did not observe any evidence of
high-temperature deformation of quartz, such as grain boundary migration recrystalliza-
tion, chessboard extinction pattern, or pinning structure. Several studies have reported that
water can change the relative activity of different slip systems [41,104], and decreasing the
strain rate can increase the activity of prism<c> slip [38,41]. Anisotropic growth promoted
by dissolution–precipitation creep could affect the quartz c-axes aligned subparallel to
the lineation [105,106]. In this study, pressure shadows of quartz around ilmenite por-
phyroclasts were frequently observed (Figure 3d), indicating the dissolution–precipitation
process of quartz. We suggest that the main deformation mechanism of quartz is repre-
sented by dislocation creep on the basal<a>, prism<a>, and rhomb<a> slip system, and
some alignment of quartz c-axes subparallel to the lineation might have been affected by
the dissolution–precipitation creep where the fluid was abundant.

Notably, the LPO of plagioclase in this study showed that the (010) and (001) poles
simultaneously showed maxima subnormal to the foliation (Figure 5), which has been
documented independently from the study of magmatic processes on anorthosite [51] and
the deformation mechanism of amphibolite and mafic schist [52]. In the case of anorthosite,
the LPO of plagioclase was interpreted as the interchange between the poles of (010) and
(001) of rod-shaped prismatic plagioclase crystals in melt flow [51]. The LPO of plagioclase
in the amphibolite and mafic schist was explained by changes in dislocation slip systems
influenced by strain and temperature [52]. Our albite LPO data may indicate that multiple
slip planes of dislocation glide have been activated. The LPO of albite (G104) indicates
an activation of the (010)[001] slip system, which has been reported as the dominant slip
system in plagioclase (Figure 5 and Figure S1; [57–59]). However, the phyllites in this study
are thought to have been deformed in greenschist facies where the temperature is lower
than 500 ◦C. Subangular albite grains (Figures 3a and 4a) and a relatively small number
of internal structures such as subgrain boundaries (Figure 4a) indicate that crystal plastic
deformation was only a minor component. In addition, the low symmetries of feldspar and
the large unit cell may make it difficult to have multiple activated slip systems particularly
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in low temperature conditions [54,107]. The suitable interpretation in this study is based on
the physical properties of albite with two good (001) and (010) cleavage planes [107]. These
planes formed via brittle deformation can be related to the shape preferred orientation
(SPO) of albite with a mean aspect ratio of about two in this study (Table 1). Fracturing
has been pointed out as the active deformation mechanism of plagioclase even at high
temperatures [53,57,59,107,108]. Particularly, the LPO of albite in two samples (G102 and
G104) showed their (001) poles (and partly, (010) poles) aligned subnormal to the foliation
and (001) poles aligned subparallel to the lineation, indicating interchange of two poles
during rotation of albite grains. Therefore, it is suggested that the predominant deformation
mechanism of albite in the samples is represented by rigid body rotation with alignment of
(010) and (001) cleavage planes parallel to the foliation, combined with a minor dislocation
creep with a (010)[001] slip system. This interpretation is concordant with the quartz LPO
showing multiple slip systems that are active at relatively low temperature conditions below
500 ◦C [37,102]. It is also possible that anisotropic growth by dissolution–precipitation
creep might have affected the LPO of albite [53,105].

5.2. Implications for Seismic Anisotropy in Continental Crust

Because the mineral assemblages of the phyllite samples analyzed in this study cor-
respond to typical greenschist-facies minerals of a pelitic protolith (biotite zone [67]), it
is suggested that the calculated seismic properties reflect a part of the observed seismic
anisotropies in the highly deformed middle crustal zone. Tectonic processes during com-
pressive or extensional regimes in the middle and lower crust result in ductilely deformed
planar structures aligned subnormal to compressive or extensional stress, inducing strong
seismic anisotropies when the rocks are rich in mica and/or amphibole [5,18,20,22,60,109].
It is particularly important below the depth of microcrack closure (approximately 200–
250 MPa [15,16,18]), where the plastically deformed shear fabrics and aligned minerals
play an important role in controlling the seismic properties.

If the seismic waves pass through the strongly foliated phyllites rich in muscovite, the
maximum P-wave velocity (Vp) would be observed where the seismic wave propagated
subparallel to the foliation, according to the results of this study (Figure 10). In particular,
the maximum Vp was observed in the direction subparallel to lineation. The S-wave
anisotropy (AVs) of the samples were also dramatically high in the direction subparallel
to the foliation (Figure 10). These seismic patterns are closely related to the hexagonal
symmetry with the slow symmetry axis of phyllosilicates [19]. The overall results, in-
cluding very high AVp and maximum AVs measured from phyllites (Table 3), imply that
phyllosilicate-rich deformed rocks comprising fold-thrust belts in continental collision
belts, subduction zones or strike-slip shear zones may significantly affect the observed
crustal seismic anisotropies parallel to the tectonic boundaries [4,9,11–13,109,110] where
the foliation of rocks is steeply aligned owing to tectonic processes.

The fabric strength of rock-forming minerals has been suggested as an important
factor for controlling seismic anisotropies in nature [22,97,111,112]. Figure 12 shows the
relationship between the seismic anisotropy of whole rock samples, volume proportion and
fabric strength of muscovite and chlorite. The general trend of seismic anisotropy shows
that AVp and maximum AVs increase with increasing muscovite and chlorite proportions
(Figure 12a,b). However, the volume proportion of phyllosilicates is not the sole factor
controlling the magnitudes of seismic anisotropy in this study. The proportion of Ms + Chl
in G102 was larger than that in G104. However, the seismic anisotropy of G102 is similar to
that of G104 because of the stronger fabric of G104. The role of fabric strength was also
clarified when the seismic anisotropies of G102 were compared with G101, yielding an
increase of approximately 14% and 22% for AVp and maximum AVs, respectively, owing
to fabric strength. These results show that the fabric strength of muscovite and chlorite, as
well as their proportion can affect the seismic properties of phyllite.
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(b) Modal composition of muscovite and chlorite for each sample. (c) M-index indicating fabric
strengths for each mineral. Ms: muscovite; Chl: chlorite.
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Additional seismic properties were calculated to understand the role of the coexistence
of muscovite and chlorite (Figure 11). Whole rock seismic anisotropies of sample G102
with the assemblages of Qtz + Ab + Ms + Chl, Qtz + Ab + Ms, and Qtz + Ab + Chl were
calculated. The calculated data showed that both AVp and maximum AVs increased with
increasing proportion of muscovite and chlorite (Figure 11a). The strongest anisotropy was
calculated in the assemblage of Qtz + Ab + Ms + Chl, indicating the constructive role of
muscovite and chlorite.

This contribution to the whole rock seismic anisotropies is due to their similar seismic
patterns. Both minerals showed the maximum and minimum Vp and AVs passing in
the subparallel and subnormal directions to the foliation, respectively (Figures 6 and 7).
The coincident seismic patterns related to their [001] axes were aligned subnormal to the
foliation (Figure 5) and induced a constructive effect on the whole rock seismic anisotropy
(Figures 10 and 11). This pattern can be applied to rocks including other phyllosilicate min-
erals such as serpentine, biotite, phengite, and talc, which have their [001] axes subnormal
to the foliation and similar seismic properties [20,22,95,97,99,100,113].

6. Conclusions

The deformation microstructures and seismic anisotropies of greenschist-facies phyl-
lites from the Geumseongri Formation in Gunsan, Korea, were studied to understand the
relationship between LPOs, deformation conditions, mineral assemblages, and seismic pat-
terns of deformed rocks in the middle crust. EBSD map data combined with observations of
deformation microstructures revealed that the dominant deformation mechanism of quartz
was dislocation creep with multiple slip systems and a minor dissolution–precipitation
creep. It is also suggested that albite was mainly deformed by rigid body rotation, com-
bined with a minor dislocation creep. The LPOs of muscovite and chlorite were formed
by dislocation creep and crystal rotation parallel to the foliation. Based on our results and
previous literature, we suggest that the phyllites in this study were deformed under typical
greenschist-facies conditions.

Calculated seismic anisotropies based on the LPOs and volume proportions of con-
stituent minerals indicated that muscovite and chlorite in phyllites play a significant role
in controlling the seismic pattern and magnitude of seismic anisotropy. The whole rock
seismic properties showed typical hexagonal symmetry with slow-axis symmetry. It was
also revealed that fabric strength is a primary factor controlling the strength of seismic
anisotropy, especially for muscovite and chlorite in phyllites. The increase in fabric strength
of muscovite and chlorite induced significant increase of seismic anisotropy in this study.
The calculation of seismic anisotropy based on various mineral assemblages showed that
the coexistence of muscovite and chlorite contributes to seismic anisotropy constructively
when their [001] axes are aligned in the same direction. Finally, it is suggested that the
strong LPOs of muscovite and chlorites in phyllosilicates in greenschist-facies rocks play an
important role in inducing large seismic anisotropy observed in crustal tectonic boundaries
such as the continental collision zone or strike-slip shear zone.
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