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The lattice-preferred orientation (LPO) of minerals is important for interpreting seismic
anisotropy [1–5], which occurs in the Earth’s crust and mantle [6,7], and for understand-
ing the internal structure of the deep interior of the Earth [6–8]. The characterization of
microstructures, including LPO, grain size, grain shape, and misorientation, is important
to determine the deformation conditions, deformation histories, kinematics, and seismic
anisotropies in the crust and mantle [1,2,9]. LPOs develop in minerals in the crust, man-
tle, and subduction zones [1,2], where the rocks are deformed under high pressure and
temperature [1–5].

This Special Issue [10–18] contains contributions pertaining to the LPOs of various
minerals, including olivine, pyroxene, garnet, omphacite, muscovite, lawsonite, epidote,
glaucophane, and natural ice in different settings in the crust, mantle, and subduction zones.

The articles published in this issue are divided according to the different rock types
occurring in the mantle, subduction zones, and crust. The articles by Park et al. [10],
Liu et al. [11], and S. Jung et al. [12] are case studies that investigate the microstructures,
LPOs, and seismic properties of mantle peridotites.

Park et al. [10] have reported the deformation microstructures and LPOs of olivine
and pyroxenes with respect to the petrogenesis of upper mantle xenoliths beneath the
Baekdusan volcano, North Korea. Based on the petrographic features and deformation
microstructures, they identified two textural categories for the peridotites: coarse and fine-
grained harzburgites (CG and FG Hzb). They found that mineral composition, equilibrium
temperature, LPO of olivine, stress, and extraction depth varied considerably with texture.
Accordingly, they suggested that the A-type LPO of olivine in CG Hzb samples may be
related to the pre-existing Archean cratonic mantle fabric (i.e., old frozen LPO) formed
under anhydrous, high-temperature, and low-stress conditions. Conversely, they suggested
that the D-type LPO of olivine in FG Hzb samples likely originated from later localized
deformation events under low-temperature, high-stress, and anhydrous conditions after a
high degree of partial melting.

Liu et al. [11] have carried out a comprehensive petro-structural and geochemical
study to better elucidate the thermo-structural evolution of the Val Malenco peridotites
in Italy. Their results showed that the Val Malenco serpentinized peridotites recorded
both pre-alpine extension and alpine convergence events. The pre-alpine extension was
recorded by microstructural and geochemical features preserved in clinopyroxene and
olivine porphyroblasts, including partial melting and re-fertilization and high-temperature
(900–1000 ◦C) deformation, followed by cooling and fluid–rock interactions. The following
alpine convergence that occurred in a supra-subduction zone setting was documented
by subduction-related prograde metamorphism that was preserved in the coarse-grained
antigorite and olivine in the less-strained olivine-rich layers, with later low-temperature
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(<350 ◦C) serpentinization of the fine-grained antigorite in the more strained antigorite-
rich layers.

Jung et al. [12] have studied the microstructure of amphibole peridotites from Åheim,
Norway, to understand the evolution of the LPO of olivine throughout the Scandian
orogeny and its implications for seismic anisotropy in the subduction zone. Detailed
microstructural analysis of the Åheim peridotites revealed multiple stages of deformation.
The coarse grains showed an A-type LPO of olivine, which can be interpreted as the initial
stage of deformation. The spinel-bearing samples showed a combination of B-type and
C-type LPOs of olivine, which is considered to represent deformation under hydrous
conditions. The recrystallized fine-grained olivine displayed a B-type LPO, which can
be interpreted as the final stage of deformation. The microstructure and water content
of olivine indicated that dislocation creep under hydrous conditions was the dominant
deformation mechanism in olivine with B-type LPO. They found that the occurrence of
the B-type LPO of olivine to be vital for trench-parallel seismic anisotropy in the mantle
wedge. Moreover, the calculated seismic anisotropy of tremolite showed that tremolite
could contribute to trench-parallel seismic anisotropy in the mantle wedge.

Several studies have focused on the LPOs of minerals and microstructures of eclog-
ites and blueschists in subduction zones. Two articles in this issue pertain to eclogites
(Lee et al. [13], Cao et al. [14]), while two focus on blueschists (Park et al. [15], Choi et al. [16]).

Lee et al. [13] have investigated retrograde eclogites from Xitieshan, northwestern
China, to understand the seismic velocity, anisotropy, and seismic reflectance in the upper
part of the subducting slab. In their study, S-type LPO of omphacite was observed in three
samples. The LPOs of amphibole and omphacite were found to be similar in most samples.
The misorientation angles between amphiboles and their neighboring omphacites were
small, with a lack of intracrystalline deformation features in the amphiboles. This indicates
that the LPO of amphibole was formed by its topotactic growth during the retrogression
of eclogites. The seismic properties of retrograde eclogites and amphibole were similar,
indicating that they were strongly affected by the amphibole growth. The contact between
serpentinized peridotites and retrograde eclogites showed a high reflection coefficient,
indicating that a reflected seismic wave could be easily detected at this boundary.

Cao et al. [14] have investigated the seismic velocity and seismic anisotropies of a
unique olivine-rich eclogite from northwestern Flemsøya in the Nordøyane ultra-high
pressure domain of the Western Gneiss Region in Norway. Detailed analyses of the seismic
properties suggest that seismic anisotropy patterns of the Flem eclogite were largely
controlled by the strength of the crystal-preferred orientation (CPO) and characterized by
significant destructive effects of the CPO interactions, which together resulted in very weak
bulk rock seismic anisotropies (AVp = 1.0–2.5%, max. AVs = 0.6–2.0%). The magnitudes
of the seismic anisotropies of the Flem eclogite were similar to those of dry eclogite but
markedly lower than those of gabbro, peridotite, hydrous phase-bearing eclogite, and
blueschist. The average seismic velocities of the Flem eclogite were significantly affected
by the relative volume proportions of omphacite and amphibole. The Vp (8.00–8.33 km/s)
and Vs values (4.55–4.72 km/s) of the Flem eclogite were markedly larger than those of
the hydrous phase-bearing eclogite, blueschist, and gabbro, but they were lower than
those of dry eclogite and peridotite. The seismic features of the Flem eclogite can thus be
used to distinguish olivine-rich eclogite from other common rock types (especially gabbro)
in the deep continental crust or subduction channel when high-resolution seismic data
are available.

Park et al. [15] have conducted deformation experiments on epidote blueschists in
simple shear under high pressure (0.9–1.5 GPa) and high temperature (400–500 ◦C) to
understand the LPO and deformation microstructures of blueschists occurring at the top of
a subducting slab in a warm subduction zone. They discovered that the LPO of epidote
and glaucophane changes with increasing shear strain. At low shear strain (γ ≤ 1), the
[001] axes of glaucophane were subparallel to the shear direction, and the (010) poles were
subnormally aligned with the shear plane. At high shear strain (γ > 2), the [001] axes of
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glaucophane were subparallel to the shear direction, while the [100] axes were aligned
subnormally to the shear plane. At a shear strain of γ > 4, the alignment of the (010) epidote
poles altered from being subparallel to becoming subnormal to the shear plane, while
the [001] axes were subparallel to the shear direction. Their experiments indicate that the
magnitude of shear strain and rheological contrast between component minerals play an
important role in the formation of LPOs for glaucophane and epidote.

Choi et al. [16] have investigated the effect of lawsonite twinning on the strength of
CPO and seismic anisotropy in the lawsonite blueschists from Alpine Corsica (France)
and the Sivrihisar Massif (Turkey). Lawsonite is an important mineral for understanding
the seismic anisotropy of subducting oceanic crust due to its large elastic anisotropy and
occurrence in cold subduction zones. The study concluded that twinned lawsonite could
induce substantial seismic anisotropy reduction, particularly for the maximum S-wave
anisotropy in lawsonite and whole rocks by up to 3.67% and 1.46%, respectively. This
article was selected as the cover issue of Minerals on 11 April 2021.

One article focuses on the studies of LPOs and microstructures in crustal rocks
(Han et al. [17]). Muscovite is a major constituent mineral in the continental crust that
exhibits markedly strong seismic anisotropy. In this article, deformation microstructures
of muscovite-quartz phyllites from the Geumseongri Formation in Gunsan, South Korea,
were studied to investigate the relationship between muscovite and chlorite fabrics in
strongly deformed rocks and the seismic anisotropy observed in the continental crust.
Their 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
when their [001] axes are aligned in the same direction, the coexistence of muscovite and
chlorite constructively contributes to seismic anisotropy.

Kim et al. [18] have reported the microstructures and fabric transitions of natural ice.
They studied five ice core samples from the Styx Glacier, northern Victoria Land, Antarctica,
and reported CPO changes in ice with depth. They interpreted that the change in CPOs
at <140 m was related to a combination of vertical compression and shear on a horizontal
plane, while the girdle CPOs at depths >140 m were the result of horizontal extension.
Their results imply that, during burial, stress regimes are subject to changes due to external
kinematic controls, such as the appearance of a small peak in the bedrock.

The articles in this Special Issue prove that studies of LPO and microstructures of
minerals and rocks are a major research area and provide a foundation for interpreting
seismic anisotropy in the crust, mantle, and subduction zones. Therefore, the authors
hope that this Special Issue encompassing recent advances in the measurement of LPOs
of different minerals under various tectonic settings will be a fundamental and valuable
resource for the readers and researchers interested in exploring the deformation conditions
of minerals and rocks as well as the interpretation of seismic anisotropy in the crust, mantle,
and subduction zones.
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Abstract: The microstructure of amphibole peridotites from Åheim, Norway were analyzed to
understand the evolution of the lattice-preferred orientation (LPO) of olivine throughout the Scandian
Orogeny and its implication for the seismic anisotropy of the subduction zone. The Åheim peridotites
had a porphyroclastic texture and some samples contained an abundant amount of hydrous minerals
such as tremolite. Detailed microstructural analysis on the Åheim peridotites revealed multiple
stages of deformation. The coarse grains showed an A-type LPO of olivine, which can be interpreted
as the initial stage of deformation. The spinel-bearing samples showed a mixture of B-type and
C-type LPOs of olivine, which is considered to represent the deformation under water-rich conditions.
The recrystallized fine-grained olivine displays a B-type LPO, which can be interpreted as the final
stage of deformation. Microstructures and water content of olivine indicate that the dominant
deformation mechanism of olivine showing a B-type LPO is a dislocation creep under water-rich
condition. The observation of the B-type LPO of olivine is important for an interpretation of
trench-parallel seismic anisotropy in the mantle wedge. The calculated seismic anisotropy of the
tremolite showed that tremolite can contribute to the trench-parallel seismic anisotropy in the
mantle wedge.

Keywords: microstructural evolution; lattice preferred orientation; olivine in Åheim; amphibole;
seismic anisotropy

1. Introduction

The deformation behavior of olivine is key to understanding the mantle flow and seismic
anisotropy in the upper mantle [1–5]. Many experimental studies concerning the deformation of olivine
have reported that it has various types of lattice-preferred orientations (LPOs), depending on the
physicochemical conditions during its deformation, and that the different LPOs of olivine may influence
the seismic anisotropy of the upper mantle [3,6–11]. For example, the fabric transition of olivine in the
mantle wedge from an A-type to a B-type LPO of olivine is proposed as a possible mechanism for the
change in the shear wave splitting pattern observed in the subduction zone [3,7,8,12–14]. Many studies
have proposed a hypothesis for this change in fabric: a deformation under water-rich conditions [7,8],
a deformation under high pressure [10,15,16], an enhancement of grain boundary sliding [17–19],
a diffusional creep [20], or the presence of partial melt [21,22]. There have been many reports of such
fabric transitions recorded in naturally deformed peridotites from various localities: The Bergen Arc,
Norway [23], the Ronda massif, Spain [19], Lien, Almklovdalen, Norway [24], the Navajo volcanic

Minerals 2020, 10, 345; doi:10.3390/min10040345 www.mdpi.com/journal/minerals5
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field, USA [25], and the Calatrava volcanic field, Spain [26]. However, the exact mechanism for the
fabric transition of olivine in the mantle wedge is still under debate.

In subduction zones, various hydrous minerals such as serpentines, chlorites, and amphiboles
can be produced via chemical reactions that take place in the presence of fluid released from the
subducting slab [27–30]. Hydrous minerals in and near the subducting slab are elastically highly
anisotropic [31–34], and thus very important for understanding seismic anisotropy at a subduction
zone. Many studies have suggested that the trench-parallel shear wave anisotropy observed at various
subduction zones [35–37] can be induced by the LPO of hydrous minerals such as serpentine [38–40],
chlorite [24,33,41], and amphibole [41–44]. Amphibole can be present in the mantle wedge above the
subducting slab as a product of the hydration reaction of pyroxene [45,46]. However, studies on the
influence of the amphibole fabric on seismic anisotropy in the mantle wedge is still very limited.

In this study, a detailed microstructural analysis of several samples of amphibole peridotite from
Åheim, Norway, was performed to understand the evolution of its microstructures during the orogenic
event and the subsequent exhumation processes. The LPO of the olivine in the Åheim amphibole
peridotites was analyzed to study the mechanism underlying the fabric transition of the olivine in
nature and its implication for seismic anisotropy at a subduction zone. The water content was measured
using Fourier transform infrared (FTIR) analysis, and the dislocation microstructures in the olivine
were observed to identify a possible mechanism leading to its deformation. In addition, the LPO of
the amphibole was analyzed to estimate the influence of amphibole fabric on seismic anisotropy in a
subduction zone.

2. Geological Setting and Sample Description

The Western Gneiss Region (WGR) in Norway is located between Bergen and Trondheim, with
25,000 km2 of dominantly gneissic rocks representing the crustal root zone of the Caledonian mountain
belt [47,48]. The Caledonian mountain belt was originated during the collision between Laurentia and
Baltica [49–51]. The Scandian Orogenic event resulted in a series of high-pressure to ultra-high pressure
(HP to UHP) metamorphism events in the WGR. Many orogenic peridotite bodies were emplaced into
the crustal rocks of the WGR, which experienced multiple stages of metamorphism and deformation
over the course of the Scandian Orogeny and the subsequent uplift [52–59]. During exhumation, many
peridotite bodies were infiltrated by fluid and retrograded to amphibole peridotite or chlorite peridotite.

The WGR is predominantly composed of orthogneisses and paragneisses with abundant emplaced
peridotite or eclogite bodies (Figure 1). The Proterozoic protolith, dated to 1654 ± 1 Ma, underwent
UHP metamorphism and subsequent retrogression associated with the Scandian Orogenic event [60,61].
A continent–continent collision between Baltica and Laurentia from 425–400 Ma resulted in HP–UHP
metamorphism at P = 1.8–3.6 GPa and T = 600–800 ◦C [52,59,62]. Following this collision (400–380 Ma),
the WGR was uplifted to a depth of 15–20 km, where it underwent amphibolite facies retrogression
at P = 0.5–1.5 GPa and T = 650–850 ◦C [48,57,63]. The orogenic peridotite bodies within the
Nordfjord–Stadlandet UHP domains include garnet lherzolite and dunite trapped during the uplift
stage. During the uplifting, these peridotites experienced multiple stages of deformation and
associated recrystallization in the granulite facies (ol + opx + cpx + sp) and amphibolite facies
(ol + opx + amp + chl) conditions [53–56,64]. The amphibole peridotite samples (426, 429, 443, 445,
446, 447, and 448) were collected from Gusdal quarry in Åheim, Western Norway (Figure 1) for a
detailed study of their microstructures.
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Figure 1. Simplified geological map and the distribution of peridotite bodies in the Western
Gneiss Region, Norway (modified after Austrheim [47], Brueckner etl al. [53], Root et al. [63],
and Wang et al. [16]). Samples are from Gusdal quarry in Åheim (larger green circle). The green lines
indicate the approximate peak metamorphic temperature [57]. Locations of chlorite peridotite and
a garnet peridotite body are marked with a green and red circle, respectively. Two UHP domains,
Nordfjord-Stadlandet and Sorøyane, are marked by a dotted blue line.

3. Materials and Methods

3.1. The Chemical Composition of Minerals

The chemical compositions of the representative minerals were analyzed using a Shimadzu 1600
electron probe micro-analyzer (EPMA), with an accelerating voltage of 15 kV and a beam size of 1 μm,
at the Korea Basic Science Institute in Jeonju. The chemical composition of the minerals was obtained
from their cores. No chemical zoning was detected within the samples. The temperature of the spinel
peridotite was estimated using an olivine–spinel geothermometer [65] and Al in an orthopyroxene
geothermometer [66]. As there was an absence of garnet among the samples, and given the wide range
in which amphibole peridotite is stable [27,33], it was difficult to precisely determine the pressure of
these samples. However, it can be expected to have been lower than 1.6 GPa, the point at which the
spinel–garnet peridotite boundary occurs at 800 ◦C [67].

3.2. Measurement of LPO and Seismic Anisotropy

The foliation of the samples was determined from the compositional layering of the olivine,
amphibole, and chlorite. Lineation was determined by examining the shape-preferred orientation
of the elongated olivines in the foliation plane using the projection-function method [68]. To study
the LPO of the olivine and tremolite, a thin section was prepared in the x–z plane (x: lineation, z:
normal to foliation). An electron backscattered diffraction (EBSD) detector attached to a scanning
electron microscope (SEM) (JEOL JSM-6380) housed at the School of Earth and Environmental Sciences
(SEES) at Seoul National University (SNU) was used to determine the LPO of each mineral. An HKL
system with Channel 5 software was used for the EBSD analysis. The accelerating voltage and working
distance in the SEM observation were 20 kV and 15 mm, respectively. To ensure an accurate solution,
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each EBSD pattern of the individual grains was analyzed manually. The fabric strength of the LPO of
the olivine and tremolite was calculated using the M-index [69] and J-index [70].

To estimate the impact that the multiple stages of deformation and presence of hydrous minerals
had on the seismic anisotropy, the seismic velocity and anisotropy of the Åheim amphibole peridotites
were calculated using the software ANIS2k and VpG [71], on the basis of the LPO data. The ambient
condition elastic constants for a single crystal of olivine [72], tremolite [73], and antigorite [74] were
used for the crystallographic data. The thickness of the anisotropic layer (TA) for a given delay time was
estimated from the shear wave splitting via the following equation [75]: TA = (100× δ×< VS >)/AVS,
where δ is the delay time of the S-wave, <VS> is the average velocity of the fast and slow shear waves
(VS1 and VS2), and AVS is the seismic anisotropy of the S-wave expressed as a percentage.

3.3. Measurement of Water Content in Olivine

The water content of the olivine was measured using FTIR spectroscopy. The FTIR specimens
were thinned to a thickness of 100 μm and polished on both sides. Each sample was then heated at a
temperature of T = 120 ◦C for 24 h to eliminate water from the surface and the grain boundary. The FTIR
analysis was performed using a Nicolet 6700 FTIR spectrometer with a continuum IR microscope
housed at the Tectonophysics laboratory in the SEES at SNU. Unpolarized transmitted light with an
aperture size of 50 μm × 50 μm was used to obtain the FTIR spectra. For each sample, FTIR spectra
were collected from 10 different olivine grains without any cracks or inclusions, to avoid interference,
and averaged. To identify the constituents of the inclusions in the olivine, additional FTIR analyses
were performed on the olivines with inclusions. A series of 128 scans were averaged for each spectrum
to improve the quality of the spectra at a resolution of 4 cm−1. The water content of the olivine was
calculated at the wave numbers in the range 3400–3750 cm−1 using the calibration method described
by Paterson [76].

3.4. Dislocation Microstructure

An oxygen decoration technique [77–79] was applied to allow observation of the dislocation
microstructures in the olivine. The peridotite samples were polished on a single side and were then
heated in the oven for 1 h at T = 800 ◦C. Each sample was polished with colloidal silica after oxidation
in order to remove the thin layer of oxide from its surface. The polished samples were then coated with
carbon to prevent charging during the SEM observation (JEOL JSM-6380). To observe the dislocation
microstructures in the olivine, backscattered electron images (BEI) were taken with an accelerating
voltage of 15 kV and at a working distance of 10 mm [77].

4. Results

4.1. Microstructures

The majority of the samples had a porphyroclastic texture and contained primarily olivine (>90%)
with minor amounts of amphibole, orthopyroxene, chlorite, biotite, and chromite (Figure 2A–D).
However, some samples showed different mineral assemblages and modal compositions. For example,
some samples (429 and 445) included layers of Cr-rich spinel (Figure 2B), and one sample (443) included
a tremolite-rich layer with an approximately 50% modal composition of tremolite (Figure 2D).

The average grain size of each sample was measured using the linear intercept method [80] and
the range was found to be 0.32–1.2 mm (Table 1) with an average of 0.51 mm. The average size of
the grains in sample 448, with its clear porphyroclastic texture, was 0.35 mm for the recrystallized
fine grains and 1.2 mm for the coarse grains including the porphyroclasts (Table 1). The olivine
porphyroclasts had curvy grain boundaries, indicating a recrystallization process that occurred via
grain boundary migration (Figure 2A,C). Straight grain boundaries and triple junctions were often
observed in the recrystallized small grains, which indicated that annealing occurred during exhumation
(Figure 2C). A few four-grain junctions were also observed in the area of the recrystallized olivine
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grains (Figure 2E,F). Undulose extinction and subgrain boundaries were frequently observed in all
samples (Figure 2A,C). Microstructures such as porphyroclastic texture, undulose extinction, subgrain
boundaries, and abundant inclusions or fractures coincided with those of the grey peridotite described
by Kostenko et al. [64].

 

Figure 2. Optical photomicrographs of the samples in transmitted light. (A) Representative wide-view
images of sample 448. White arrows mark the olivine crystals that show clear subgrain boundaries.
Olivine and chlorite grain is indicated as Ol and Chl, respectively. (B) Spinel-rich layer observed in
sample 429. Chromite and chlorite grains are indicated as Chr and Chl, respectively. (C) Representative
wide-view images of sample 447. White arrows mark the olivine crystals showing clear subgrain
boundaries. The yellow arrows mark the location of the tripple junctions. Olivine and chlorite grains
are indicated as Ol and Chl, respectively. (D) Tremolite-rich layer observed from sample 443. Tremolite
and biotite grains are indicated as Trm and Bt, respectively. (E) Wide view image of sample 447.
The yellow rectangle indicates the location of Figure 2F. (F) Four-grain junction is observed in sample
447. The blue arrow marks the location of the four-grain junction.
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Table 1. The lattice-preferred orientations (LPO), water content, and fabric strength of olivine.

Sample
LPO Type
of Olivine

Water Content of Olivine 1

(ppm H/Si)
Average Grain

Size 2 (mm)
M-Index 3 J-Index 4

426 A + B-type 500 ± 50 0.48 0.09 2.98

429
Spinel-rich B + C-type

320 ± 50
0.36 0.05 2.00

Spinel-poor B-type 0.32 0.08 2.86

443
Tremolite-rich B-type

230 ± 50
0.35 0.05

0.13 *
2.34

5.89 *

Tremolite-poor A-type 0.7 0.08 2.66

445 B + C-type 500 ± 50 0.51 0.05 1.89

446 B-type 310 ± 50 0.46 0.09 3.61

447 B-type 430 ± 50 0.38 0.19 4.55

448
Large grain A-type

300 ± 50
1.2 0.1 3.25

Small grain B-type 0.35 0.08 4.46
1 Water content of olivine was measured from the inclusion-free area. Paterson calibration was used to calculate
water content [76]. 2 Average grain size was measured using the linear intercept method [80]. 3 Fabric strength of
the LPO of olivine calculated using the M-index [69]. 4 Fabric strength of the LPO of olivine calculated using the
J-index [70]. * Fabric strength of the LPO of tremolite.

4.2. Chemical Compositions of Minerals

The representative chemical compositions of the minerals obtained via the EPMA analysis are
presented in Table 2. A high content of magnesium was found in the olivine and orthopyroxene, with
an Mg# of 94 for the olivine and 93–95 for the orthopyroxene. No significant chemical difference was
found between the coarse porphyroclasts and fine recrystallized grains. Spinel had a high concentration
of chromium (Cr2O3 = 58.98 wt. %; Table 2) and can be classified as chromite. Amphiboles can
be classified as tremolite with a very low aluminum concentration (Al2O3 = 1.1 wt. %; Table 2).
The temperature of the Åheim amphibole peridotite was estimated at 586 ± 50 ◦C using the Ol–Sp
geothermometer [65] and at 640 ± 50 ◦C using the Al in the orthopyroxene geothermometer [66].

Table 2. The chemical compositions of the representative minerals in the specimen.

Sample 447 448

Mineral ol-1 ol-2 opx-1 amp-1 bt-1 ol-1 ol-2 opx-1 chl-1 sp-1

SiO2 41.10 41.61 57.85 56.33 42.68 41.49 41.60 58.22 31.33 0.00
TiO2 0.03 0.01 0.00 0.01 0.06 0.01 0.01 0.00 0.02 0.01

Al2O3 0.01 0.00 0.10 1.10 12.18 0.00 0.00 0.08 13.36 3.03
Cr2O3 0.02 0.01 0.02 0.25 0.68 0.01 0.00 0.01 3.79 58.98
FeO 6.17 6.17 4.47 1.46 1.77 6.30 6.46 4.14 1.93 25.70
MnO 0.09 0.08 0.13 0.06 0.00 0.07 0.12 0.14 0.02 0.49
MgO 51.39 51.43 36.11 23.69 27.06 51.79 51.93 36.84 34.53 5.85
CaO 0.01 0.02 0.12 12.74 0.24 0.00 0.00 0.08 0.01 0.01

Na2O 0.00 0.00 0.00 0.53 1.09 0.00 0.00 0.01 0.00 0.00
K2O 0.00 0.00 0.00 0.09 6.93 0.00 0.00 0.01 0.00 0.00
NiO 0.40 0.41 0.08 0.00 0.18 0.32 0.40 0.11 0.00 0.03

Total 99.21 99.75 98.88 96.26 92.86 99.99 100.52 99.62 84.97 94.10

wt. % oxides, ol: olivine, opx: orthopyroxene, amp: amphibole, bt: bitotite, chl: chlorite, sp: spinel.

4.3. LPO of Minerals

The LPOs of the olivine in the amphibole peridotite samples are illustrated in Figure 3. In samples
443 and 448, it is apparent that the [100] axes of the olivine are aligned subparallel to the lineation and
the [010] axes are aligned subnormal to the foliation, which is known as an A-type LPO [7]. In samples
446 and 447, the [001] axes of the olivine are aligned subparallel to the lineation and the [010] axes are
aligned subnormal to the foliation, which is a B-type LPO [7,8]. Some samples showed a combination
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of the two different types of LPOs. In sample 426, both the [100] and [001] axes of the olivine are
aligned subparallel to the lineation and the [010] axes are aligned subnormal to the foliation; this is an
A + B-type LPO [19,23,81]. In samples 429 and 445, the [001] axes of the olivine are aligned subparallel
to the lineation and both the [100] and [010] axes are aligned subnormal to the foliation; this is known
as a mixed B- and C-type LPO (B + C-type LPO). This B + C-type LPO of olivine is quite similar to the
type III LPO of olivine which is reported by Prelicz (2005) [82]. The fabric strength of the samples,
which was calculated as both the M-index and J-index values from the LPO of the olivine and tremolite,
is listed in Table 1. Both the M- and J-index values tend to be slightly lower in the samples with a
mixed olivine LPO, such as A + B or B + C (samples 426, 429, and 445; Table 1). The fabric strength of
the tremolite was much higher than that of the olivine (Table 1).

 

Figure 3. Pole figures of the olivine presented in the lower hemisphere using equal-area projection.
The white line (S) represents foliation and the red dot (L) represents lineation. A half-scatter width of
20◦ was used. “N” represents the number of grains. The color-coding indicates the density of the data
points. The numbers in the legend correspond to multiples of uniform distribution.

To understand the effects of grain size and mineral assemblage on the LPO of olivine, an additional
EBSD analysis was performed for three samples: sample 429, 443, and 448. Sample 429 was divided
into the spinel-rich layer (Figure 2B) and the spinel-poor layer. In the case of sample 443, the LPOs of
the olivine in the tremolite-rich and tremolite-poor layers were determined separately (Figure 2D).
Sample 448 was divided into the porphyroclasts and fine-grained recrystallized grains (Table 1).
A detailed EBSD analysis of the samples (429, 443, and 448) revealed that the LPO of olivine has a
tendency to be varied within the mineral assemblage of the layer and the grain size of the samples
(Figure 4). In sample 429, the LPO of the olivine that was obtained from the spinel-rich layer (429 Sp-rich)
was a B + C-type, but the LPO of the olivine obtained from the spinel-poor layer (429 Sp-poor) was
a B-type (Figure 4A). In sample 443, the LPO of the olivine obtained from the tremolite-rich layer
(443 Tr-rich) was a B-type, but the LPO of olivine obtained from the tremolite-poor layer (443 Tr-poor)
was an A-type (Figure 4B). In sample 448, the LPO of the olivine observed from the coarse grains that
included porphyroclasts (448 large grain) was an A-type, but the LPO of the olivine in the recrystallized
fine grains (448 small grain) was a B-type (Figure 4C).

The LPO of the tremolite in the tremolite-rich layer from sample 443 is also shown in Figure 4B.
The tremolite LPO exhibits the [001] axes and {010} poles forming a girdle distribution along the
foliation with the [100] axes that are aligned subnormal to the foliation; this is known as a type-III LPO
of amphibole [44].
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Figure 4. Pole figures of olivine presented in the lower hemisphere using an equal-area projection
obtained from (A) the spinel-rich layer and a spinel-poor layer of sample 429, (B) the tremolite-poor
layer and tremolite-rich layer of sample 443, and (C) large grains including the porphyroclasts and
recrystallized small grains of sample 448. The pole figure of the tremolite from the tremolite-rich
layer of sample 443 is also included in (B). The white line (S) represents foliation and the red dot
(L) represents lineation. A half-scatter width of 20◦ was used. “N” represents the number of grains.
The color-coding indicates the density of data points. The numbers in the legend correspond to
multiples of uniform distribution.

4.4. Seismic Velocity and Anisotropy

To simulate the changes in the seismic properties from the degree of the recrystallization, the LPO
data from the large porphyroclasts and fine-grained recrystallized grains were mixed with six different
mixing ratios: 100:0, 80:20, 40:60, 60:40, 20:80, and 0:100. The LPO of the olivine in sample 448 was
chosen as the original raw data because of its clear porphyroclastic texture (Figure 2A). Due to sample
448 mainly consisting of olivine (more than 90%), only the LPO of olivine was considered for the
calculation. The seismic velocity and anisotropy of sample 448 are illustrated in Figure 5. In the large
grains of sample 448 (100%), the P-wave anisotropy (AVP) was found to be 5.7%, and the maximum
S-wave anisotropy (AVS) was 3.63%. The calculated AVP and maximum AVS values were similar
to or slightly higher than those from the previous studies on the Almklovdalen chlorite peridotites;
that is, 2.4–8.2% and 0.9–4.3% from Prelicz (2005) [82], 5.3–6.0% and 3.72–4.46% from Wang et al.
(2013) [16], and 1.8–3.8% and 1.66–2.68% from Kim & Jung (2015) [24]. For large grains of sample 448,
the polarization direction of the fast shear wave at the center of the stereonet was subparallel to the
direction of flow (X-direction; Figure 5). With the increasing ratio of small grains, the polarization
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direction of the fast shear wave started tilting and became subnormal to the flow direction at the large
grains (40%) and small grains (60%) (Figure 5). This result indicates that with the 60% of recrystallization
rate, a trench-parallel shear wave anisotropy is expected at the mantle wedge, assuming a 2D corner
flow of the upper mantle. The estimated thickness of the anisotropic layer for the given delay time is
noted in Table 3.

Figure 5. Effects of multiple stages of deformation on seismic velocity and anisotropy. LPO data of
olivine from 448 large grains and 448 small grains (Figure 4C) was mixed with 6 different mixing
ratios: 100:0, 80:20, 40:60, 60:40, 20:80, and 0:100. Seismic velocity and anisotropy are calculated from
the mixed LPO data to estimate the effect that the secondary deformation event had on the seismic
anisotropy. The P-wave velocity (VP), the amplitude of the shear-wave anisotropy (AVS), and the
polarization direction of the faster shear wave (Vs1) are plotted in the lower hemisphere using an
equal-area projection. The center of the stereonet corresponds to the direction normal to the foliation
(Z), and the east-west direction corresponds to lineation (X).
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Table 3. Estimated seismic anisotropy and the thickness of the anisotropic layer for the given delay
time calculated from the LPOs of the olivine, amphibole, and serpentine.

The Mixing Ratio of
448 Large Grain and

448 Small Grain

Horizontal
AVS (%) 1 <VS> (km/s) 1

The Thickness of Anisotropic Layer for the
Given Delay Time Calculated from the

Seismic Anisotropy (km)

dt = 0.1 s dt = 0.2 s dt = 0.3 s

100:0 1.8 4.780 27 53 80
80:20 1.4 4.785 34 68 103
60:40 1.5 4.790 32 64 96
40:60 1.8 4.790 27 53 80
20:80 2.4 4.795 20 40 60
0:100 3.1 4.800 15 31 46

Mineral Assemblage

Olivine (443) 2 1.4 4.813 34 69 103
Olivine + tremolite 2

(70%) (30%)
1.7 4.665 27 55 82

Olivine + tremolite 2

(50%) (50%)
2.5 4.595 18 37 55

Tremolite (443) 2 5.5 4.340 8 16 24

Antigorite (VM3) 3 [38] 1.6 3.735 23 47 70
Tremolite (443) 3 6.0 3.975 7 13 20
Ol + Atg + Trm 3

(50%) (25%) (25%)
3.2 4.450 14 28 42

1 Horizontal AVS and <VS>were determined at the center of the stereonet (vertical S-wave propagation direction;
Figure 5; Figure 6); 2 The LPO data was rotated with a dipping angle of 45◦ to simulate the effect of flow dipping
along the subducting slab; 3 The LPO data was rotated with a dipping angle of 55◦ to simulate the effect of flow
dipping along the subducting slab; AVs: anisotropy of S-wave velocity, <Vs>: the average velocity of the fast and
slow shear waves (VS1 and VS2), dt: delay time of S-wave, Ol; olivine, Atg: antigorite, Trm: tremolite.

The LPOs of the olivine and tremolite in the tremolite-rich layer of sample 443 (Figure 2D) were
chosen to estimate the influence that the amphibole had on the seismic anisotropy of the mantle wedge.
The LPO data of the olivine and tremolite in the tremolite-rich layer were mixed in 70:30 and 50:50
ratios and were rotated with a dipping angle of 45◦ to simulate the effect of flow dipping along the
subducting slab in the mantle wedge. The seismic velocity and anisotropy of the tremolite-rich layer of
sample 443 is shown in Figure 6. In the case of the olivine (443 Ol), the AVP is 3.8%, the maximum
AVS is 2.68%, and the polarization direction of the fast shear wave at the center is oblique to the
flow direction (Figure 6A). The tremolite of this sample (443 Trm) demonstrates an AVP of 21.8%,
a maximum AVS of 14.19%, and the polarization direction of the fast shear wave at the center is aligned
subnormal to the flow direction (Figure 6A). When the olivine and tremolite are mixed with the 70:30
ratio, the AVP is 8.4%, the maximum AVS is 5.79%, and the polarization direction of the fast shear
wave at the center is aligned subnormal to the flow direction (Figure 6A). With the 50:50 mixing ratio,
the AVP is 12.0%, the maximum AVS is 8.07%, and the polarization direction of the fast shear wave at
the center is aligned subnormal to the flow direction (Figure 6A). This result suggests that the presence
of amphibole may significantly contribute to the trench-parallel S-wave anisotropy, assuming that the
flow dips along the subducting slab in the mantle wedge. In addition, the P- to S-wave velocity ratio
(VP/VS) of the tremolite was smaller than that of the olivine (Figure 6A). The maximum VP/VS for the
olivine, amphibole, and olivine–amphibole mixture (50:50) was 1.74, 1.70, and 1.71, respectively.
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Figure 6. (A) Effect of amphibole on seismic velocity and anisotropy. LPO data of the olivine and
tremolite in the tremolite-rich layer in sample 443 (Figure 4B) was used. (B) Effect of amphibole
and serpentine on seismic velocity and anisotropy. LPO data of the olivine and tremolite in the
tremolite-rich layer in sample 443 (Figure 4B) and LPO data of antigorite (VM3) reported by Jung [36]
was used. The P-wave velocity (VP), the amplitude of the shear-wave anisotropy (AVS), the polarization
direction of the faster shear wave (VS1), and the P- to S-wave velocity ratio (VP/VS) are plotted in
the lower hemisphere using an equal-area projection. The x direction and the z direction correspond
to the lineation and the direction normal to the foliation, respectively. Ol: olivine, Trm: tremolite,
Atg: antigorite.

In addition, the LPO data of the serpentine was mixed with the LPO of the olivine and tremolite
in the tremolite-rich layer of sample 443 in order to compare the influence of amphibole and serpentine
on the seismic anisotropy in subduction zones. The LPO data of the antigorite from Val Malenco, Italy
(sample VM3), reported by Jung [38], was mixed with the LPO data of the olivine and tremolite in the
tremolite-rich layer of sample 443 in a 50:25:25 (olivine–tremolite–antigorite) ratio. Because serpentine
requires a high dipping angle to produce trench-parallel seismic anisotropy [36], the calculated data
was rotated with a dipping angle of 55◦ in order to make a proper comparison. The calculated seismic
velocity and anisotropy of the olivine, tremolite, and antigorite mixture are shown in Figure 6B.
The mixing ratio of olivine, tremolite, and antigorite was 50:25:25. The AVP is 13.7%, the maximum
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AVS is 14.16%, and the polarization direction of the fast shear wave at the center is aligned subnormal
to the flow direction (Figure 6B). In addition, the pattern of the seismic velocity and anisotropy was
similar to that of the antigorite (VM3; [38]), which indicates that the seismic anisotropy of the overall
mixture is governed by the antigorite.

4.5. Water Content of Olivine

The representative FTIR spectra of the olivines are illustrated in Figure 7. In the case of the
olivine grain without any inclusions or cracks, small absorption peaks were observed (Figure 7A).
The average water content of the olivine calculated using the IR bands between 3400 and 3750 cm−1

was 370 ± 50 ppm H/Si (Table 1), which is above the boundary between the A-type and B-type LPO
illustrated by the fabric diagram for the olivine [8]. The average water content of the olivine from
this study was higher than that from previous studies on the Almklovdalen chlorite peridotites; that
is, 7–115 ppm H/Si from Wang et al. (2013) [16] and 170–310 ppm H/Si from Kim & Jung (2015) [24].
No significant difference was apparent in the FTIR spectrum related to the grain size of the olivine or the
mineral assemblage of the sample, and therefore all the FTIR spectra were averaged. Additional FTIR
analyses were performed for the olivine grains with visible inclusions to study the components of these
samples. The resulting FTIR spectra showed strong absorption bands in the range 3400–3750 cm−1

(Figure 7B,C). IR peaks were found at the wave numbers of 3689, 3684, 3649, and 3630 cm−1, which
indicates the presence of serpentine as a hydrous inclusion in the olivine [83–85].

 

Figure 7. A representative unpolarized FTIR spectra of the olivine. (A) FTIR spectrum of olivine in
sample 429 without any inclusions or grain boundaries. (B) FTIR spectrum of olivine in sample 447
where hydrous inclusions are found, and the optical micrograph image of the location from which the
FTIR spectra are taken. (C) FTIR spectrum of olivine in sample 429 where a hydrous inclusion is found,
and optical micrograph image of the location from which the FTIR spectra are taken.
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4.6. Dislocation Microstructure of Olivine

Backscattered electron images of the dislocation microstructure of the olivine are shown in Figure 8.
All samples showed a homogeneous distribution of the dislocations, and there was no significant
difference between the samples with different LPOs of olivine. In many cases, the dislocations were
observed to be curved (Figure 8A) or looped (Figure 8C), suggesting the strong influence that obstacles
have on the dislocation glide. Abundant subgrain boundaries were observed in the olivine grains
(Figure 8A–C), which were similar to those observed with the optical microscope (Figure 2A,C).

 

Figure 8. Backscattered electron images showing dislocation microstructures of olivine from (A) sample
426, (B) sample 429, (C) sample 447, and (D) sample 448. Dislocations are shown as white dots and lines.

5. Discussion

5.1. Development of LPO of Olivine

Previous studies on the Almklovdalen chlorite peridotites located at a distance of 3 km from the
Åheim peridotites, reported both A- and B-type LPOs of olivine [16], A-, B-, C-, and E-type LPOs
of olivine [24], and an A-, B + C-type, and axial [010] pattern LPOs of olivine [82]. Wang et al. [16]
interpreted that the A-type and B-type LPOs of olivine were formed under dry conditions (7–115 ppm
H/Si) and the B-type LPO of olivine was developed under conditions of high stress and high strain.
On the other hand, Kim and Jung [24] reported that the A-type LPO was a result of deformation under
dry conditions (170 ± 30 ppm H/Si), whereas the B-type LPO was developed due to the deformation of
olivine under wet conditions (210–310 ± 30 ppm H/Si). Prelicz (2005) [82] reported that the B + C-type
(type-III) LPO of olivine developed in a mantle peridotite under water-rich retrograde conditions
possible during the emplacement in crustal rock.

In this study, we observed that the LPO of the olivine in the Åheim amphibole peridotites has
a close relationship with the grain size of the olivine and the mineral assemblage of the peridotite
(Table 1, Figure 4). The A-type LPO of olivine was observed in the coarse grains of sample 448 (with
an average grain size of 1.2 mm, Table 1, Figure 2A) and the tremolite-poor layer of sample 443
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(with an average grain size of 0.7 mm, Table 1, Figure 2D). On the other hand, the B-type LPO was
observed from the recrystallized fine grains of the olivine in sample 448 (with an average grain size of
0.35 mm, Table 1, Figure 2A) and in the tremolite-rich layer of sample 443 (with an average grain size
of 0.35 mm, Table 1, Figure 2D). One possible mechanism for this fabric transition from an A-type to
B-type LPO observed in the olivine from the Åheim amphibole peridotites is an olivine deformation
under water-rich conditions. The water content of the olivine measured via the FTIR spectroscopy was
in the range of 230–500 ± 50 ppm H/Si, which indicates that the olivine was deformed under water-rich
conditions [7,8]. The presence of hydrous minerals such as amphibole and chlorite (Figure 2D), and the
abundant hydrous inclusions observed in the olivine (Figure 7B,C) suggest that the deformation of the
recrystallized olivine grains occurred in the presence of a fluid. In addition, numerous dislocations
were observed in the olivine samples (Figure 8). These results indicate that the dominant deformation
mechanism of olivine showing a B-type LPO in the Åheim peridotites is a dislocation creep under
water-rich conditions.

The other possible mechanism for a fabric change from an A-type to B-type LPO of olivine is an
enhancement of dislocation-accommodated grain boundary sliding (DisGBS) [17–19,86]. Precigout
and Hirth [19] proposed that a fabric transition from an A-type to B-type LPO in olivine that was
observed in the Ronda massif, Spain could have resulted from the enhancement of GBS as the grain
size decreased. The average grain size of the olivine in the Ronda peridotite was ~1 mm in the
tectonites and 0.05–0.3 mm in the upper mylonite [19], which is similar to that of the Åheim amphibole
peridotite (448 fine: 0.35 mm, and 448 coarse: 1.2 mm; Table 1). In addition, the few four-grain junctions
(Figure 2E,F) observed from the recrystallization of the olivine grains with a B-type olivine fabric
(Figure 3) could be further evidence for a minor contribution from deformation via GBS [87,88].

A B + C-type LPO of olivine was observed in the olivine of sample 445 and the spinel-rich layer of
sample 429. A C-type LPO of olivine is known to be produced under conditions of low stress and
water-rich conditions [7,8,89]. Water may have been lost from the olivine during exhumation. A high
water content (up to 500 ± 50 ppm H/Si; Table 1) and the presence of hydrous inclusions such as
serpentine in the olivine (Figure 7C) indicate that the B +C-type LPO of olivine observed in samples 429
and 445 can be related to deformation under water-rich conditions. In addition, numerous dislocations
were observed in the olivine samples (Figure 8B). These results indicate that the dominant deformation
mechanism of olivine demonstrating the C-type LPO in the Åheim peridotites is a dislocation creep
under water-rich conditions. A C-type LPO of olivine was also reported in the other previous studies
where peridotites were deformed in water-rich conditions at various localities such as Cima di Gagnone
in the Central Alps [90], Otrøy Island in Western Norway [91], the North Quidam UHP belt, NW
China [92], and the Rio Grande rift, USA [93].

5.2. The Deformation History of Åheim Peridotite

The LPO of the olivine in the Åheim amphibole peridotites showed four different types of olivine
fabric: A-, B-, A + B-, and B + C-type LPOs of olivine (Figures 3 and 4). The Åheim peridotite bodies
represent the mantle wedge where it was entrapped in the crust during the uplift process [53,54].
An A-type LPO of olivine was observed in the coarse olivine grains including the porphyroclasts
(Figure 4B,C, Table 1), which can, therefore, be interpreted as the original mantle fabric prior to
uplift. Deformation was localized in the fine recrystallized grain area of the samples (Figure 2B–D).
Considering that a significant amount of strain is required to alter the LPO of olivine [6,94], the strain
of the deformation during the exhumation process is considered insufficient to change the pre-existing
LPO of olivine porphyroclasts. During the uplift process, fluid infiltrated the samples in the amphibole
peridotite stability field [53,64], enhancing the recrystallization of the olivine under water-rich
conditions [77], which is considered to have resulted in the fabric transition of the olivine from an
A-type to a C- and B-type.

The secondary olivine fabric which was developed in the Åheim peridotites is considered to be
the C-type LPO of olivine, which is preserved as the B + C-type LPO of olivine in sample 445 and the
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spinel-rich layer of sample 429 (Figure 4A). The C-type fabric in the Åheim amphibole peridotite can
be correlated with the spinel bearing assemblage (Figures 2B and 4A), which is related to the granulite
facies (ol + opx + cpx + sp) condition during the process of exhumation [53,54,58]. After the granulite
facies condition, a localized deformation associated with the fluid infiltration may have resulted in
the fabric transition to the C-type LPO of olivine (Figure 7C). As granulite facies metamorphism was
recorded in the Åheim amphibole peridotite prior to amphibolite facies [53,54,58], this C-type LPO can
be regarded as a secondary olivine fabric.

The last olivine fabric which was developed in the Åheim peridotites is considered to be as the
B-type LPO of olivine observed in the small recrystallized olivine grains (Figure 4B,C). Samples with
the B-type LPO of olivine were of the smallest grain size. The B-type LPO of olivine can be related to
the deformation of samples during amphibolite facies (ol + opx + amp + chl) conditions, following
the granulite facies [53,54,58]. Fluid infiltration and the enhanced recrystallization of olivine at the
amphibolite facies condition could lead to the fine-grained olivine grains that were deformed under
water-rich conditions, resulting in the B-type LPO of olivine in the small recrystallized olivine grains.
Both the A + B-type or B + C-type LPO of the olivine observed in samples 426, 429, and 445 (Figure 3)
can be interpreted as a B-type LPO of olivine overprinting a preexisting A- or C-type LPO of the
olivine. These mixed LPOs of olivine are believed to be the last olivine fabrics preserved in the Åheim
amphibole peridotites.

5.3. Implications for the Seismic Anisotropy

Trench-parallel seismic anisotropy has been observed at various subduction zones around the
world [13,37,95–98]. After experiments concerning the deformation of olivine under wet conditions at
high pressures, a water-induced fabric change of the olivine in the subduction zone was suggested as
one of the possible mechanisms for this phenomenon [7,8]. As the fabric transition from an A-type
to B-type LPO of the olivine in the Åheim amphibole peridotite was driven by the fluid infiltration
associated with the exhumation process during/after the Scandian orogeny, the olivine fabric data from
this study cannot be directly applied to the current mantle wedge above the subducting slab. However,
the olivine fabric transition observed from the Åheim amphibole peridotites could be a good example
of water-induced fabric change to olivine in naturally deformed peridotites.

Prelicz (2005) reported the ultrasound velocities of the P- and S-waves measured on the cores
obtained from the Almklovdalen chlorite peridotites [82]. The mean VP and VS1 at a confining pressure
of 400 MPa were around 7.9–8.2 km/s and 4.76–5.1 km/s, respectively [82], The seismic velocities
calculated from the LPO of olivine in sample 448 showed that the VP was slightly higher (8.1–8.57 km/s;
Figure 5) and the <VS> was similar to the ultrasound velocity data (4.78–4.8 km/s; Table 3). There are
several explanations for these differences in seismic velocities: (1) Since sample 448 mainly consisted of
olivine, only the LPO of olivine was considered for the calculation. Therefore, the effect of secondary
minerals was excluded in this case, especially for the effect of hydrous minerals such as tremolite
and chlrotite. (2) In this study, the elastic constant of a single crystal olivine at an ambient condition
was used for calculation. Since the elastic constant of olivine is dependent on the pressure and
temperature [72], there may be minor errors related to the elastic constant because of the low pressure
and temperature conditions of the rocks. (3) As the calculated seismic anisotropy only consider the
volume fraction, density, elastic constants, and the LPO of the mineral [71], the effects of thermal cracks
or pores on the seismic velocities were neglected.

As S-wave anisotropies in the A- and B-type LPOs of olivine are negatively interfered with [7,8],
the mixing of these two olivine fabrics may result in a significant weakening of the seismic anisotropy [99]
or change in the S-wave anisotropy [14]. In the case of sample 448, large grains (i.e., porphyroclasts)
showed an A-type LPO of olivine and the small recrystallized grains (448 small grain) showed a
B-type LPO of olivine (Figure 4C). The seismic velocity and anisotropy calculated from the LPOs of
the olivine in sample 448 showed that with more than 60% of fabric transition from an A-type to
B-type LPO of olivine, the polarization direction of the fast shear wave at the center of the stereonet
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(vertical propagation of S-wave) changed, to become subnormal to the flow direction (trench-parallel;
Figure 5). Comparing the seismic anisotropy of the 60% fabric transition (60:40) with that of the 100%
fabric transition to a B-type LPO (0:100), the S-wave anisotropy (AVS) at the center of the stereonet was
decreased to ~42%, and the estimated thickness of the anisotropic layer for a given delay time was
increased to ~80% (Table 3). Assuming that the olivine fabric is partially changed from an A- to B-type
LPO of olivine in the forearc mantle wedge (Figure 9), the shear wave seismic anisotropy of the olivine
in the forearc mantle wedge would be significantly decreased (Table 3). This mixed olivine fabric in the
mantle wedge could be a possible explanation for the relatively small delay time (~0.2 s) observed at
various subduction zones such as in NE Japan or Mexico [99–102].

 

Figure 9. Schematic diagram of the proposed olivine fabrics in the mantle wedge of a cold subduction
zone. Hydrous minerals: serpentine, chlorite, tremolite, etc. S.A.: Seismic anisotropy.

To understand trench-parallel seismic anisotropy in subduction zones and assuming a mantle
flow that is dipping alongside the slab, it is important to consider the effect that hydrous minerals
are expected to have on the seismic anisotropy of a subduction zone [2,33], such as the formation of
serpentine [38,39] and chlorite [24]. Under a slab dipping angle of approximately 45◦, the polarization
direction of the fast shear wave was oblique to the lineation (flow) direction when only the LPO of
the olivine of sample 443 was considered (Figure 6A). However, the polarization direction of the fast
shear wave became subnormal to the flow direction when the tremolite LPO was mixed with the LPO
of the olivine in sample 443 (Figure 6A). Comparing the seismic anisotropy of the Ol–Trm mixture
(50:50) with that of the olivine, the AVS was increased to ~79%, and the estimated thickness of the
anisotropic layer for the given delay time was decreased to ~47% (Table 3). This result suggested that
the amphibole can have a similar effect on the trench-parallel shear wave splitting as other hydrous
minerals such as serpentine and chlorite in the mantle wedge (Figure 9).

Due to the strong seismic anisotropy of the antigorite, the overall seismic velocity and anisotropy
of the olivine, antigorite, and tremolite mixture were governed by the LPO of antigorite (Figure 6B).
The maximum AVS of the antigorite was 2.4 times larger than that of the tremoloite, and the pattern
of the seismic velocity and anisotropy of Ol–Atg–Trm mixture mostly followed that of the antigorite.
However, the AVS values of the tremolite (Tremolite 443) for the vertically propagating seismic wave (at
the center of the stereonet) was 3.75 times higher than that of antigorite (VM3) with a slab dipping angle
of 55◦ (Table 3). In addition, amphibole can produce trench-parallel seismic anisotropy (Figure 6A) in a
relatively lower slab dipping angle (45◦) than that of the serpentine [38].

The maximum VP/VS values of the olivine, tremolite, and olivine–tremolite mixture were 1.74, 1.70,
and 1.71, respectively (Figure 6A). The calculated maximum VP/VS value of the tremolite (1.70) was
close to the isotropic VP/VS value (β0 = 1.718) in the amphibolite reported by Ji et al. [42]. The seismic
velocity and anisotropy calculated from the LPOs of the olivine and tremolite in the tremolite-rich
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layer of sample 443 showed that the VP/VS ratio of the tremolite was smaller than that of the olivine
(Figure 6A). The VP/VS ratio of the mixed olivine–tremolite layer was also smaller than that of the
olivine. High VP/VS zones have been observed at various subduction zones such as those near
Cascadia, Nankai, and in Central Mexico [103–107]. These high VP/VS zones are usually interpreted as
being the result of a regionally high pore fluid pressure [103,105] or presence of talc [108]. Our result
indicates that, unlike talc or serpentine, amphiboles do not contribute much to the formation of the
high VP/VS zones.

6. Conclusions

The microstructures of the amphibole peridotites from the Gusdal quarry in Åheim, Norway
were studied and evidence for the multiple stages of deformation during the Scandian Orogeny and
subsequent exhumation was found. The Åheim amphibole peridotites showed a porphyroclastic
texture with abundant undulose extinctions and subgrain boundaries in the olivine. The LPOs of the
olivine in the Åheim amphibole peridotites were closely related to the grain size of the olivine and
mineral assemblage of the samples. The coarse grains including porphyroclasts showed an A-type
LPO of the olivine, which corresponds to the initial stage of deformation in the mantle. During the
exhumation process, deformation was associated with the infiltration of fluid and enhanced dynamic
recrystallization under water-rich conditions that resulted in the fabric transition of the olivine from
an A-type to C- or B-type LPO. Olivines in the spinel-bearing assemblage showed a C-type LPO of
olivine which can be interpreted as a result of deformation under water-rich conditions after granulite
facies metamorphism. The small recrystallized olivine grains showed a B-type LPO of olivine, which
represents the deformation in amphibolite facies. A high water content (370 ± 50 ppm H/Si) and
abundant dislocations in the olivine suggest that the B-type LPOs of olivine that were observed in the
recrystallized olivine grains were developed via deformation by a dislocation creep under water-rich
conditions. In addition, the existence of small recrystallized grains and four-grain junctions indicate
that the fabric transition from A-type to B-type was also influenced by the DisGBS process related to
the grain size reduction. The microstructural evolution of the Åheim amphibole peridotites can be a
good example of the fabric change of the olivine from an A- to B-type that is observed in naturally
deformed peridotites. Seismic anisotropy of the olivine in the Åheim amphibole peridotite calculated
with a different ratio of coarse grains (showing an A-type LPO) and the fine recrystallized grains
(showing a B-type LPO) of olivine indicates that with the 60% recrystallization rate, a trench-parallel
S-wave anisotropy is expected from the mantle wedge. Tremolites from the tremolite-rich layer
showed a type-III LPO of amphibole. A stronger fabric strength was observed in the tremolite than
that in the olivine, and the resultant seismic anisotropy of the tremolite implies that amphibole can
perform a similar role to other hydrous minerals such as serpentine and chlorite on the formation of
trench-parallel seismic anisotropy.
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Abstract: Investigating the seismic properties of natural eclogite is crucial for identifying the
composition, density, and mechanical structure of the Earth’s deep crust and mantle. For this purpose,
numerous studies have addressed the seismic properties of various types of eclogite, except for a rare
eclogite type that contains abundant olivine and orthopyroxene. In this contribution, we calculated
the ambient-condition seismic velocities and seismic anisotropies of this eclogite type using an
olivine-rich eclogite from northwestern Flemsøya in the Nordøyane ultrahigh-pressure (UHP) domain
of the Western Gneiss Region in Norway. Detailed analyses of the seismic properties data suggest
that patterns of seismic anisotropy of the Flem eclogite were largely controlled by the strength of the
crystal-preferred orientation (CPO) and characterized by significant destructive effects of the CPO
interactions, which together, resulted in very weak bulk rock seismic anisotropies (AVp = 1.0–2.5%,
max. AVs = 0.6–2.0%). The magnitudes of the seismic anisotropies of the Flem eclogite were similar to
those of dry eclogite but much lower than those of gabbro, peridotite, hydrous-phase-bearing eclogite,
and blueschist. Furthermore, we found that amphibole CPOs were the main contributors to the
higher seismic anisotropies in some amphibole-rich samples. The average seismic velocities of Flem
eclogite were greatly affected by the relative volume proportions of omphacite and amphibole. The Vp
(8.00–8.33 km/s) and Vs (4.55–4.72 km/s) were remarkably larger than the hydrous-phase-bearing
eclogite, blueschist, and gabbro, but lower than dry eclogite and peridotite. The Vp/Vs ratio was
almost constant (avg. ≈ 1.765) among Flem eclogite, slightly larger than olivine-free dry eclogite,
but similar to peridotite, indicating that an abundance of olivine is the source of their high Vp/Vs
ratios. The Vp/Vs ratios of Flem eclogite were also higher than other (non-)retrograded eclogite and
significantly lower than those of gabbro. The seismic features derived from the Flem eclogite can thus
be used to distinguish olivine-rich eclogite from other common rock types (especially gabbro) in the
deep continental crust or subduction channel when high-resolution seismic wave data are available.

Keywords: seismic anisotropy; seismic velocity; olivine-rich eclogite; Western Gneiss Region

1. Introduction

Eclogite is a unique high-pressure to ultrahigh-pressure (HP–UHP) metamorphic rock that
commonly originates from the subduction of an oceanic or continental crust or derives from the
thickening of an orogenic crust during a continental collision [1–4]. A typical eclogite consists
of a mainly bi-mineralic assemblage (i.e., garnet and omphacite), which is metamorphosed from
mafic components, such as gabbro, diabase, and basalt [4]. Hydrous minerals, such as amphibole
(e.g., glaucophane and hornblende), epidote, lawsonite, and mica (e.g., phengite and biotite) are also
common in the eclogite and indicate different equilibrated pressure–temperature (P–T) conditions
and hydrous states of the eclogite facies’ metamorphisms [5–7]. Magnesium-rich minerals, such as
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olivine and orthopyroxene, can also be sporadically abundant in the eclogite when its protolith is rich
in olivine (i.e., olivine gabbro or troctolite) [8].

Investigating the seismic properties (i.e., P- and S-wave velocities and their anisotropies) of eclogite
is crucial for constraining the presence of eclogite in the deep crust and upper mantle, which has profound
implications for interpreting the composition, density, and thermal and mechanical structures of the
subducted crust, continental lithosphere, and upper mantle, as well as for reconstructing the geodynamic
evolutions of the subduction and collision zones [9–19]. For this purpose, numerous previous studies
have addressed the seismic properties of dry eclogite (i.e., bi-mineralic eclogite), e.g., [20–27]; retrograded
eclogite (i.e., amphibolized eclogite), e.g., [16,19,23,28–31]; epidote/glaucophane eclogite [12,14,28];
lawsonite eclogite [13,32]. However, because of the sample rarity, the seismic properties of the olivine
and orthopyroxene rich eclogite have not been studied yet.

The eclogite in the Flem Gabbro from Flemsøya in the Western Gneiss Region (WGR), Norway,
is exceptional due to its peculiar mineral assemblage of olivine and orthopyroxene, which were
inherited from an olivine gabbro protolith [8,33]. This eclogite body may once have been situated
in a continental subduction channel (the interface between the subducted slab and the wedge of an
overlying crust and mantle) or a continental root zone (around Moho) owing to continental subduction
and collision [2]. In this context, it can provide a valuable opportunity to examine the seismic properties
of this rare type of eclogite and its implications for the detectability of eclogite bodies in the deep crust.

2. Geological Background

The Western Gneiss Region (WGR) in Norway is one of the largest, best-exposed, and most studied
HP–UHP terranes in the world. It resulted from the deep subduction of the Baltica basement and
subsequent collision with the Laurentia continent≈425–400 Ma [34–38]. The peak metamorphic pressure
and temperature (P–T) conditions increase from SE to NW with the highest P–T estimates preserved in
three UHP domains (Nordfjord, Sørøyane, and Nordøyane) along the west Norwegian coast (Figure 1a).
The Flemsøya is located in the Nordøyane UHP domain, which has the highest peak P–T condition
(>800 ◦C and 3.0–4.0 GPa; see Terry et al. [39], Carswell et al. [40], and Butler et al. [41]) among the three
UHP domains. The eclogite samples analyzed in this study were collected from northwestern Flemsøya
in the Nordøyane UHP domain (Figure 1b). The Flem Gabbro (or Sandvikhaugane Gabbro) is the
largest gabbro block that experienced heterogeneous eclogitization [33]. The studied eclogite (named
as Flem eclogite hereafter) is located in the northernmost margin of the Flem gabbro. It is almost
completely eclogitized and features variously deformed structures (massive and foliated structures)
in the outcrop [42]. Our recent petrological work proposed that the Flem eclogite experienced UHP
metamorphism at ≈2.7–3.7 GPa and ≈700–820 ◦C, in accordance with the previous P-T estimates in the
Nordøyane UHP domain [42].

28



Minerals 2020, 10, 774

 

 

Figure 1. (a) Geological map showing the Western Gneiss Region (WGR) (modified from Renedo et al. [43]).
The dark gray shaded area includes three ultrahigh-pressure (UHP) domains (Nordfjord, Sørøyane,
and Nordøyane) along the western coast of the WGR. The dashed lines are isobars of peak metamorphic
pressures. The blue arrow indicates the Flemsøya region where our eclogite samples were collected.
(b) Geological map of the NW part of Flemsøya showing the distributions of eclogite (modified from
Mørk [33] and Terry and Robinson [38]). The blue arrow indicates the locality where our eclogite samples
were collected.
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3. Samples and Methods

3.1. Sample Descriptions

Based on the field occurrences and deformation microstructures, the Flem eclogite could be divided
into massive eclogite (MEC) and foliated eclogite (FEC). In the hand specimen, MEC hardly shows
discernable foliation and lineation, whereas FEC developed these structural frameworks conspicuously.
The MEC was mainly composed of olivine (Ol), garnet (Grt), omphacite (Omp), orthopyroxene (Opx),
phlogopite (Phl), ilmenite (Ilm), amphibole (Amp), minor spinel (Sp), and plagioclase (Pl) (Table 1).
The Ol crystals were mostly (sub)euhedral and often rimmed with small Opx and Omp grains (Figure 2a).
The Ol crystals lacked a shape-preferred orientation (SPO) and presented as an irregularly shaped Grt
matrix (Figure 2a). In contrast, the FEC often displayed a pronounced foliation characterized by mineral
layering, Grt bands, and elongated Ol porphyroclasts (Figure 2b). The mineral assemblage of FEC was
similar to but had relatively higher proportions of Omp, Grt, and Amp, but lower Ol content, than the
MEC (Table 1).

Table 1. Normalized phase volume proportions (vol.%) based on electron backscatter diffraction
(EBSD) mapping.

Sample Rock Type Grt Omp Ol Opx Amp Phl Ilm Pl Sp

NW1140 MEC 21.64 29.37 40.12 2.78 2.97 1.29 1.40 0.40 0.03
NW1153 MEC 24.41 21.10 40.68 6.39 2.73 1.19 2.11 1.03 0.34
NW1142 FEC (subgroup 1) 30.55 13.25 16.03 4.37 33.28 1.15 0.98 0.37 0.02
NW1143 FEC (subgroup 1) 22.95 30.03 30.00 2.63 12.05 1.00 0.82 0.50 0.02
NW1144 FEC (subgroup 1) 31.82 26.42 21.06 2.10 16.47 1.00 0.93 0.17 0.02
NW1147 FEC (subgroup 2) 36.56 38.29 18.45 0.36 4.71 0.88 0.55 0.19 0.03
NW1148 FEC (subgroup 2) 29.79 24.25 27.74 2.71 11.99 2.25 0.77 0.46 0.04

Mineral abbreviations: garnet (Grt), omphacite (Omp), olivine (Ol), orthopyroxene (Opx), amphibole (Amp),
phlogopite (Phl), ilmenite (Ilm), plagioclase (Pl), and spinel (Sp).

 

Figure 2. Optical photomicrographs under crossed polarizers showing the microstructures of (a) massive
eclogite (MEC) and (b) foliated eclogite (FEC). Mineral abbreviations: olivine (Ol), garnet (Grt),
amphibole (Amp), and orthopyroxene (Opx).

3.2. Crystal-Preferred Orientation (CPO) Measurement and Analysis

The CPOs of the Flem eclogite were measured by investigating finely polished thin sections
using an electron backscatter diffraction (EBSD) system. The thin sections, parallel to the lineation
and perpendicular to the foliation (i.e., XZ plane), were used for the FEC, whereas the thin sections,
parallel to the foliation of the neighboring FEC in the outcrop (named the apparent XY plane or X’Y’
plane), were used for the MEC owing to its vague foliation and lineation. The EBSD system we used

30



Minerals 2020, 10, 774

was installed in a Quanta 450 Field Emission Scanning Electron Microscope (FESEM) at the State Key
Laboratory of Geological Processes and Mineral Resources in the China University of Geosciences
(Wuhan), China. The operational settings of the EBSD system were: an acceleration voltage of 20 kV,
a working distance of 25 mm, and a spot size of 60 in a low-vacuum mode. The CPOs were presented
in the pole figures with marked foliation and/or lineation, and their strengths were quantified using
the J-index (ranging from 1 to infinity; see [44]) and the M-index (ranging from 0 to 1; see [45]).
The CPO analyses were completed using the MTEX toolbox (ver. 5.2.beta2) in MATLAB (ver. 2017b)
(http://mtex-toolbox.github.io/) [46,47]. More details about the EBSD measurement and data treatment
of studied samples are available in Cao et al. [42].

3.3. Seismic Property Calculation

To calculate the seismic property (velocity and anisotropy) of the MEC and FEC, the elastic stiffness,
CPOs, densities, and volume proportions of their constituent minerals are required before inserting
them into the Christoffel equation to solve for the seismic velocities (i.e., Vp, Vs1, and Vs2) along every
direction in 3D space [48]. The volume proportions of the constituent minerals were obtained directly
from the EBSD phase maps (Table 1). The densities of the bulk rock were averaged from the densities of
each mineral weighted by their volume proportions. The elastic stiffness of the single-crystal (Cij) Amp
(kataphorite), Opx (enstatite80), Phl, Pl (albite), and Sp were adopted from Brown and Abramson [49],
Webb and Jackson [50], Alexandrov and Ryzhova [51], Brown et al. [52], and Duan et al. [53], respectively.
Because Omp in MEC and FEC has the composition of Jd20-40Di50-75 [42], the (Cij) of the Omp
that has a similar composition (Jd30Di70) recently reported by Hao et al. [54] is used. The elastic
stiffness of single-crystal Ol (avg. Fo# ≈ 68) was estimated using the (Cij) of their forsterite [55]
and fayalite [56] endmembers, which were linearly averaged by their molar proportions. Likewise,
the elastic stiffness of single-crystal Grt (Grs10–15, Prp40–45, and Alm+Sps45) was calculated using the
(Cij) of grossular [57], pyrope [58], and alamdine-spessartite [59] endmembers. Since the single-crystal
elastic stiffness of ilmenite (FeTiO3) was not reported, we constructed a fictive isotropic tensor using the
bulk and shear modulus of ilmenite (MgTiO3) [60]. A list of single-crystal elastic stiffness tensors for
common minerals was recently provided by Almqvist and Mainprice [61]. The elastic stiffness tensors
<Cij> of mono-mineralic polycrystal and bulk rock were calculated by integrating the elastic stiffness
tensor (Cij) of all grains (and phases) over their individual orientations using the Vogit-Reuss-Hill
(VRH) averaging scheme. In this study, the calculation was accomplished using the MTEX toolbox
(ver. 5.2.beta2) in MATLAB (ver. 2017b) [47,62]. Since this calculation method yields seismic velocities
along discrete orientations in 3D space, we could derive the average Vp and Vs by simply averaging
their maximum and minimum values (Table 2).

To understand the contributions of different mineral phases and/or their CPOs to the bulk rock
seismic properties, we also calculated the seismic properties of major mono-mineralic aggregates (e.g.,
olivine, orthopyroxene, garnet, omphacite, and amphibole). These results were compared with the
seismic properties of bulk rock, providing a straightforward approach to characterizing the constructive
and destructive effects among different mineral aggregates.

4. Results

4.1. Crystal-Preferred Orientation

Both MEC and FEC exhibited obvious but weak CPOs for most of their constituent minerals
(Figures 3 and 4). Notably, in most FEC samples, Opx, Omp, and Amp tended to align the maximum of
their [001] axes subparallel to the lineation and the maximum of the [010] or [100] axes sub-perpendicular
to the foliation (Figures 3 and 4). These CPO patterns are common and are also observed in many other
deformed Opx, Omp, and Amp bearing rocks. The weak CPO strengths agreed with their fairly low
J- (<2.5) and M-indices (<0.06). For more details of the EBSD analytical method, descriptions of the
microstructures and CPOs in the studied MEC and FEC samples, readers are referred to Cao et al. [42].
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4.2. Seismic Properties

4.2.1. Olivine Polycrystals

The Ol polycrystals in the MEC showed the maxima of Vp at low angles to the apparent foliation,
subparallel either to the X’ or Y’ direction, while the Vp was low when a seismic ray propagated at
moderate to high angles to the apparent foliation (Figure S1a,b). The degree of shear wave splitting
or S-wave polarization anisotropy and velocities of the fast shear wave (Vs1) displayed no regular
patterns among MEC samples. In the FEC, the Vp, AVs, and Vs1 all lacked consistent distributions
between the samples (Figure S1c–g). Regardless of the MEC and FEC samples, both the fast P-wave
and the polarization direction of the fast shear wave (S1) tended to align parallel to the maxima
of the [100] axes of the Ol CPOs (Figure 3). Notably, the P-wave anisotropy (AVp) and maximum
polarization anisotropy of the S-wave (max. AVs) were higher in the MEC (AVp = 2.04–3.42%, max.
AVs = 1.69–2.53%) than the FEC (AVp = 0.86–1.65%, max. AVs = 0.84–1.28%), which is in agreement
with the stronger Ol CPO strength in the MEC than the FEC (Figure 3).

 

Figure 3. Crystal-preferred orientations (CPOs) of Ol (left column), Opx (middle column), and Grt
(right column) in the MEC and FEC (modified from Cao et al. [42]). The pole figures are presented with
an equal area, in the lower hemisphere, and contoured with a resolution of 1◦. The superimposed circles
in (f) are scattered orientations of Opx grains. X, Y, and Z denote the lineation, direction perpendicular
to the lineation and parallel to the foliation, and foliation-normal direction, respectively. X’ and Y’
are the apparent lineation and the direction perpendicular to the lineation on the apparent foliation
(X’Y’ plane). N: number of grains, M: M-index [45], and J: J-index [44].
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Figure 4. CPOs of the Omp (left column) and Amp (right column) in the MEC and FEC (modified from
Cao et al. [42]). The method used to plot the pole figures and the associated parameters were the same
as those used in Figure 3.

4.2.2. Orthopyroxene Polycrystals

The Vp, AVs, and Vs1 patterns of Opx polycrystals were irregular in the MEC, but they were
more consistent in the FEC (Figure S2). Except for one FEC sample (Figure S2f), the max. Vp was
aligned subparallel to the lineation and the low Vp tended to distribute in a girdle perpendicular to the
lineation with their minima mostly subnormal to the foliation (Figure S2c–e,g). Despite the lack of
consistency in the distributions of AVs and Vs1 in the FEC, the fast S-wave always tended to polarize
parallel to the lineation just like the fast P-wave (Figure S2c–g). The magnitudes of the AVp and max.
AVs were low and varied in similar ranges for both the MEC (AVp = 1.30%, max. AVs = 1.20–1.72%)
and FEC (AVp = 0.84–1.52%, max. AVs = 0.82–1.70%).

4.2.3. Garnet Polycrystals

In both the MEC and FEC, the Grt polycrystals displayed orthogonal patterns for the max. and min.
Vp (Figure S3). The max. Vp mainly corresponded to the <100> axes in the Grt CPO (Figure 3), which
were the fastest P-wave directions for the Grt single crystal. The AVs and Vs1 also displayed some
regular clustering and girdling without consistent spatial correlation with the foliation and lineation.
The AVp and max. AVs were very low in both the MEC (AVp = 0.03–0.04%, max. AVs = 0.06–0.09%)
and FEC (AVp = 0.01–0.03%, max. AVs = 0.03–0.05%).
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4.2.4. Omphacite Polycrystals

The Omp polycrystals exhibited disparate and irregular Vp, AVs, and Vs1 patterns in the MEC,
whereas they were more consistent and regular in the FEC (Figure S4). Specifically, the max. Vp was
always subparallel to the lineation, complying with the maxima of the Omp [001] axes in the FEC
(Figure 4). In contrast, the slow P-wave was perpendicular to the lineation with minima mainly at high
angles to the foliation, matching the distribution of the Omp [010] pole (Figure 4). The fast S-wave
tended to polarize subparallel to the lineation when the seismic ray traveled at high angles to the
lineation. The intensities of the AVp and max. AVs were also larger in the MEC (AVp = 3.09–4.98%,
max. AVs = 2.09–5.29%) than in the FEC (AVp = 1.87–2.69%, max. AVs = 0.83–2.12%).

4.2.5. Amphibole Polycrystals

No consistent Vp, AVs, and Vs1 patterns were observed in the Amp polycrystals in the MEC
(Figure S5a,b). In contrast, these patterns were more regular in the FEC (Figure S5). Excluding two
FEC samples that showed XZ-girdled (Figure S5f) and off-lineation clustering (Figure S5g) of the fast
Vp, the max. Vp was aligned subparallel to the lineation in the other FEC samples (Figure S5c–e).
Furthermore, the min. Vp was always found in the plane sub-perpendicular to the lineation. Notably,
the max. and min. Vps were well correlated with the distributions of the [001] and [100] axes of Amp,
respectively (Figure 4). The AVs was large when the seismic ray propagated along the moderate Vp
directions and with S1 polarizing parallel to the max. Vp directions. Except for one FEC sample that
had the lowest AVp (1.58%) and max. AVs (1.45%) (Figure S5g), the seismic anisotropies of the FEC
samples (AVp = 3.29–16.95%, max. AVs = 2.56–12.00%) were much higher than those of the MEC
(AVp = 2.29–2.80%, max. AVs = 2.00–2.44%).

4.2.6. Bulk Rocks

Overall, the bulk rock Vp distribution patterns of the MEC were similar to those of the Omp
polycrystals (cf. Figures S4a,b and 5a,b). In contrast, three FEC samples (subgroup 1) presented Vp,
AVs and Vs1 patterns resembling those of the Amp polycrystals (cf. Figures S5c–e and 5c–e); the other
two FEC samples (subgroup 2) showed similar Vp, AVs, and Vs1 patterns to those of the Omp or
Ol polycrystals (Figures S1f,g, S4f,g and 5f,g). Apart from one MEC sample (Figure 5a), the max.
Vp and polarization direction of the fast S-wave were aligned subparallel (occasionally oblique) to
the (apparent) lineation in other eclogite samples (Figure 5b–g). The two MEC samples showed an
intermediate AVp (1.06–1.08%) and max. AVs (1.00–1.38%) between the subgroup 1 FECs (Figures 5c–e,
6 and 7), which display the highest AVp (1.78–2.46%) and max. AVs (1.30–1.99%), and the subgroup 2
FECs (Figures 5f,g, 6 and 7), which exhibit the lowest AVp (0.99–1.09%) and max. AVs (0.63–0.65%)
(Table 2). Taking all samples together, the intensities of the AVp and max. AVs increased markedly
with the volume proportion of Amp (Figure 8) and CPO strength (Figure 9).
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Figure 5. Bulk rock seismic properties of the MEC and FEC in ambient conditions. (a,b) MEC, (c–g) FEC.
Data are presented using equal area and upper hemisphere stereonets. First column: P-wave velocity
(Vp) and its anisotropy (AVp); second column: shear wave splitting or S-wave polarization anisotropy
(AVs) and its maximum (max. AVs); third column: fast S-wave velocity (Vs1) and its anisotropy
(AVs1). The black bars in the Vs1 stereonets indicate the polarization directions of the fast shear wave.
The structural references (X, Y, Z, X’, and Y’) are the same as in Figure 3.
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Figure 6. (a) AVp and (b) max. AVs of the bulk rock and mono-mineralic polycrystals in the MEC
and FEC.

 

Figure 7. Comparisons of the bulk rock AVp and max. AVs between the directly calculated values
(AVpcal and max. AVscal) and the indirectly averaged values (AVpavg and max. AVsavg). The former were
calculated conventionally using CPOs and volume proportions of all constituent minerals. The latter
were estimated from the seismic anisotropies of all mono-mineralic polycrystals weighted by their
volume proportions. The six and four yellow symbols in the upper and lower parts denote the FEC
subgroups 1 and 2, respectively.
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Figure 8. Relations between the phase volume proportions and the bulk rock (a) P-wave anisotropy
(AVp) and (b) maximum S-wave polarization anisotropy (max. AVs) in the MEC and FEC. The blue
dashed lines are the best-fitting curves along with their fitting functions for Amp.

 

Figure 9. Relations between the bulk rock CPO strength (J- and M-index) and bulk rock (a) AVp and
(b) max. AVs in the MEC and FEC. The bulk rock J- and M-index were averaged J- and M-index of the
constituent minerals weighted by their volume proportions. The six and four yellow symbols in the
upper and lower parts of each diagram are the FEC subgroups 1 and 2, respectively. The blue dashed
lines are the best-fitting curves along with their fitting functions.

5. Discussion and Implications

5.1. Factors Controlling the Seismic Anisotropy of Flem Eclogite

Several factors can affect the seismic anisotropy of a natural rock, including microcracks, mineral
assemblage, and the strength of CPOs and their interactions [13,19,63–66]. The role of microcracks is
nontrivial in natural rocks; however, its contribution to seismic anisotropy decreases dramatically with
depth, where the effect is negligible at pressures above ≈300 MPa (≈10 km in depth) owing to the fast
closure of cracks under an increasing confining pressure [20,21,23], though a few studies suggest that
some spherical micropores may still exist up to 1 GPa [67,68]. Nevertheless, these pressures are much
lower than the case of our high-pressure MEC and FEC that were formed at≈1.0–3.7 GPa or≈30–110 km
depths [42], where the effect of microcrack should be minimized. Because the single-crystal seismic
anisotropies can be highly different between minerals, their volume proportions can tremendously
influence the seismic anisotropies of the bulk rock that they constitute. This factor is generally the main
contributor to the disparate seismic anisotropies between different rock types, such as blueschist and
eclogite [12–14]. However, the bulk rock seismic anisotropies (AVp and max. AVs) of Flem eclogite
show no obvious correlations with the volume proportions of major phases, except for Amp (Figure 8),
indicating that bulk rock seismic anisotropies are not mainly controlled by the mineral assemblage.
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The weak positive relations between the seismic anisotropies and the volume proportions of Amp,
which is relatively stronger for AVp (R2 = 0.583) than max. AVs (R2 = 0.157), reveal that the high
Amp content can partly account for the higher seismic anisotropies in the Amp-rich FEC subgroup 1
(Figure 8).

The stronger CPO strength (denoted by larger J- and M-indices) means that the crystal lattices
were aligned more toward a similar orientation, resulting in greater seismic anisotropies. Despite a
weak CPO strength, positive correlations between the bulk rock seismic anisotropies and the bulk
rock CPO strength were still recognizable in the MEC and FEC (Figure 9). This result suggests that
the variations of bulk rock seismic anisotropies in the Flem eclogite were largely affected by their
CPO strength, which is also corroborated by previous studies, especially the variations of seismic
anisotropies in the same rock type [13,14].

The interactions of CPO can either reinforce or weaken the bulk rock seismic anisotropies,
depending on the distribution patterns of the constituent mono-mineralic polycrystals. If the fast
velocities (Vp or Vs) of different mono-mineralic polycrystals are aligned in similar orientations
(same for the slow velocities), the CPOs are thus thought to coherently contribute to the bulk
rock seismic anisotropies (i.e., the constructive effect of CPO interactions). Otherwise, the seismic
anisotropies of bulk rock are much weaker than those of mono-mineralic polycrystals, when the
fast and slow velocities are subparallel and thus counteract with each other (i.e., destructive effect
of CPO interactions) [13,69,70]. In the FEC subgroup 1, the Omp, Amp, and Opx polycrystals
presented overall similar distribution patterns for Vp (constructive effect; Figures S2c–e, S4c–e
and S5c–e), thus partly contributing to the highest bulk rock seismic anisotropies for the FEC
subgroup 1. In contrast, the Vp distribution patterns were less consistent in the FEC subgroup 2
(destructive effect; Figures S2f,g, S4f,g and S5f,g), hence leading to the lowest bulk rock seismic
anisotropies in collaboration with the lowest bulk rock CPO strength (Figure 9). The Vp patterns of Ol
polycrystals mostly differed from those of Omp, Amp, and Opx (Figure S1), which is indicative of
the destructive effect of Ol CPO. The Grt polycrystals showed almost negligible seismic anisotropies
(Figure S3) and thus weakened the bulk rock seismic anisotropies. A comparison of the seismic
anisotropies between bulk rock and constituent mono-mineralic polycrystals illustrated that the bulk
rock seismic anisotropies were indeed the combined results of each of the mono-mineralic polycrystals
(Figure 6). Especially for the FEC subgroup 1, their highest seismic anisotropies were mainly due to
the Amp polycrystals. The calculated seismic anisotropies were all smaller than the arithmetically
averaged seismic anisotropies that approximated the purely constructive contributions of all constituent
mono-mineralic polycrystals (Figure 7). This result clearly reflects the existence of destructive effects
of CPOs on weakening the bulk rock seismic anisotropies [14]. The degree of deviations (calculated
using 100 ×

(
AVpavg −AVpcal

)
/AVpcal and 100 ×

(
max. AVsavg −max. AVscal

)
/max. AVscal) from the

dividing line (k = 1) were much larger for the MEC (90–126% for AVp and 45–74% for max. AVs) and
FEC subgroup 1 (34–45% for AVp and 25–54% for max. AVs) than FEC subgroup 2 (15–26% for AVp
and 6–13% for max. AVs), implying that the destructive effects of the CPOs were not constant in the
Flem eclogite, i.e., they were more remarkable in the MEC and FEC subgroup 1 than in FEC subgroup 2
(Figure 7).

It is noteworthy that the three factors above are probably not mutually exclusive. The highest
seismic anisotropies in FEC subgroup 1 were contributed jointly by their higher Amp contents, larger bulk
rock CPO strength, and constructive CPO interactions. The enrichment of Amp in the FEC subgroup 1
may favor the development of a stronger Amp CPO (especially in the Amp-rich layers where strain is
likely more localized) and result in a larger bulk rock CPO strength (combined consequences of stronger
Amp CPO and higher Amp volume proportion). The stronger CPOs of Amp, Omp, and Opx in FEC
subgroup 1 may also imply that more coherent CPO developments and resultant constructive CPO
interactions reinforce the seismic anisotropies.
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5.2. Seismic Properties and the Implications of Flem Eclogite

The Flem eclogite is a unique type of eclogite because of its uncommon mineral assemblage of
abundant Ol and Opx. FEC subgroup 1 showed an AVp (1.78–2.46%) and max. AVs (1.30–1.99%) similar to
previously reported dry eclogite that consisted of dominantly bi-mineralic Omp and Grt (AVp = 1.2–2.9%,
max. AVs = 0.74–2.02%; Bascou et al. [22]), while the seismic anisotropies of the MEC (AVp = 1.06–1.08%,
max. AVs = 1.00–1.38%) and FEC subgroup 2 (AVp = 0.99–1.09%, max. AVs = 0.63–0.65%) were even
lower (Figure 10). The seismic anisotropies of the Flem eclogite were also strikingly lower than the seismic
anisotropies of other types of eclogite that bear hydrous phases, such as epidote (Ep), glaucophane
(Gln), and lawsonite (Lws) (AVp = 1.4–10.2%, max. AVs = 1.35–8.09%; Figure 10). Therefore, compared
to the eclogite free of Ol and Opx, and despite the large strain and high Amp content (as reflected by
the Amp-rich FEC), the presence of Ol and Opx actually weakened the bulk rock seismic anisotropies,
mainly by reducing the mineral CPO strength (Figure 9) through non-dislocation creep mechanisms,
such as diffusion creep, grain or phase boundary sliding, and rigid-body-like rotations [42]. The Ep-
and Lws-bearing blueschist, which is the hydrous precursor of eclogite, displayed the highest seismic
anisotropies, implying a gradual decrease of the elastic anisotropies in the subducted oceanic crust with
increasing depth [12–14]. Peridotite is the rock that is typically enriched with Ol and Opx. However,
peridotite had a higher AVp and max. AVs (Figure 10), indicating that it can be distinguished from Flem
eclogite and dry eclogite, but not Ep-, Gln-, and Lws-bearing eclogite, in terms of the magnitudes of
seismic anisotropies [71]. The Flem eclogite is surrounded by non- or weakly metamorphosed gabbro
(Figure 1b; see Mørk [33]). Although the seismic anisotropies of the surrounding gabbro are unknown,
an examination of the seismic anisotropies of the gabbro from other localities revealed similar intensities
to the peridotite [72] (Figure 10). This fact thus raises the feasibility of using the intensities of seismic
anisotropies to distinguish Flem eclogite and dry eclogite from their gabbroic country rocks in the deep
continental crust.

 

Figure 10. Seismic anisotropies (AVp and max. AVs) of the Flem eclogite (MEC and FEC) and other rock
types in ambient conditions. The blue dashed arrow indicates the trend of even higher seismic anisotropies
of the epidote bluseschist, which are outside the diagram. Data source: lawsonite eclogite [13,32],
lawsonite blueschist [13,69,70], epidote/glaucophane eclogite [14,73,74], epidote blueschist [14,70,73,74],
dry eclogite [22], peridotite [75–78], and gabbro [79].
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Unlike the seismic anisotropies, the average seismic velocities (approximating the isotropic seismic
velocities) and Vp/Vs ratio of Flem eclogite were controlled only by the mineral assemblage. Specifically,
both Vp and Vs correlated positively and negatively with the volume proportions of Omp and Amp,
respectively (Figure 11a,b). These salient relations were the manifestation of the faster seismic velocities
of Omp than the Amp single crystal and the formation of Amp by replacing mainly Omp and Ol.
As suggested by Cao et al. [42], the Amp in MEC and FEM has both low- and high-pressure origins,
where the high-pressure Amp is the most abundant and is formed by deformation-enhanced hydration
reactions under peak-to-early-retrograde UHP metamorphic conditions. Furthermore, despite narrow
ranges of seismic velocities and densities, weak positive correlations between Vp, Vs, and bulk rock
densities were still displayed (Figure 12), which obeyed Birch’s law [9,29,80]. The seismic velocities
of Flem eclogite were lower than those of peridotites and dry eclogite; larger than those of Ep-, Gln-,
and Lws-eclogite; much greater than those of blueschist and gabbro (Figure 13). The Vp and Vs of Flem
eclogite were plotted in a straight line, yielding an average Vp/Vs ratio of 1.765, which was lower and
higher than the Ep-/Gln- and Lws-bearing eclogites, respectively (Figure 13). Despite the narrow range
of the Vp/Vs ratio (≈1.758–1.770; see Table 2), a strong positive correlation (R2 = 0.922) between the
Vp/Vs ratio and Ol volume proportion suggested that Ol could significantly increase the Vp/Vs ratio
of eclogite, whereas Amp and Grt decreased the bulk rock Vp/Vs ratio, as indicated by the negative
correlations between the Vp/Vs ratio and their volume proportions (Figure 11c). The Vp/Vs ratio of
the Flem eclogite was much larger than the non-retrograded eclogite (1.69–1.71) and slightly larger
than the retrograded eclogites (1.73–1.77) that contain appreciable amounts of retrograde Amp and
Pl [12,28]. This Vp/Vs ratio was also slightly higher than the dry eclogites (1.73–1.75) that are free of Ol
and Opx and similar to those of peridotite [81], further indicating that Ol was the source of high Vp/Vs
ratio in the Flem eclogite (Figure 13). Owing to the abundance of Gln, which was characterized by
the low Vp/Vs ratio, Ep-blueschist mostly had lower Vp/Vs ratios (1.70–1.73) than the Flem eclogite.
However, the occurrence of a high-Vp/Vs-ratio Lws can increased the Vp/Vs ratio of Lws-blueschist to
a wide range (1.71–1.81). The enrichment of high Vp/Vs ratio Pl caused the Vp/Vs ratios of gabbro
(1.75–1.85) to be higher than the Flem eclogite. Therefore, we propose that the much larger Vp and
Vs and relatively smaller Vp/Vs ratios of the olivine-rich eclogite (e.g., Flem eclogite) can be used to
differentiate them from the country rocks (e.g., metastable and non-eclogized gabbro) in the deep
continental crust or subduction channel when high-resolution seismic waves data are available since
the detectable body size depends on the resolution (i.e., a wavelength that is determined by velocity
and frequency) of seismic waves at different depths.
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Figure 11. Relations between the phase volume proportions and the bulk rock (a) Vp, (b) Vs,
and (c) Vp/Vs ratio in the MEC and FEC. The blue, magenta, orange, and green dashed lines are the
best-fitting curves, along with their fitting functions, for Amp, Omp, Ol, and Grt, respectively.
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Figure 12. Relations between the bulk rock averaged seismic velocities (Vp and Vs) and density.

 

Figure 13. Seismic velocities (Vp and Vs) of the Flem eclogite (MEC and FEC) and other rock types
in ambient conditions. The star symbols denote the seismic velocities of isotropic mono-mineralic
polycrystals. Data source:s lawsonite eclogite [13], lawsonite blueschsit [13,69,70], epidote/glaucophane
eclogite [14,73,74], epidote blueschsit [14,70,73,74], dry eclogite [22], peridotite [81], (olivine) gabbro [82].
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6. Conclusions

The Flem eclogite from NW Flemsøya in the Nordøyane UHP domain of the Western Gneiss
Region in Norway is a unique type of eclogite that was enriched with olivine and orthopyroxene.
Based on the detailed examinations on their seismic properties, several main findings were as follows.

• The seismic anisotropies of the Flem eclogite were largely controlled by the CPO strength
and significant destructive effects of CPO interactions on weakening the seismic anisotropies
were manifested in both weakly and strongly foliated eclogite. Amphibole CPOs were the main
contributors to the higher seismic anisotropies in some amphibole-rich and strongly foliated eclogite.

• The average seismic velocities correlated positively with the rock density and omphacite content,
but negatively with the amphibole volume proportion, which is indicative of the dominant role of
a mineral assemblage in governing the bulk rock seismic velocities.

• The Vp/Vs ratios were almost constant (≈1.765) between the Flem eclogite samples. These values
were similar to the Vp/Vs ratios of peridotite and slightly higher than the dry eclogite that was
free of olivine, suggesting that the abundance of olivine was the source of their high Vp/Vs ratios.

• Compared to other common rock types, including hydrous-phase-bearing eclogite, blueschist,
peridotite, and gabbro, the AVp and max. AVs of Flem eclogite were very low and similar to
those of dry eclogite. In contrast, the average Vp and Vs of the Flem eclogite were remarkably
larger than the hydrous-phase-bearing eclogite, blueschist, and gabbro, but lower than the
dry eclogite and peridotite. The Vp/Vs ratios of the Flem eclogite were relatively higher than
those of dry, non-retrograded, and retrograded eclogite, but significantly lower than gabbro.
These results thus highlight the feasibilities of utilizing seismic anisotropies, velocities, and Vp/Vs
ratios for differentiating olivine-rich eclogite (e.g., Flem eclogite) bodies from their country rocks
(e.g., gabbro) in the deep continental crust or subduction channel when high-resolution seismic
wave data are available.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/9/774/s1,
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Abstract: To understand the lattice preferred orientation (LPO) and deformation microstructures at
the top of a subducting slab in a warm subduction zone, deformation experiments of epidote blueschist
were conducted in simple shear under high pressure (0.9–1.5 GPa) and temperature (400–500 ◦C).
At low shear strain (γ ≤ 1), the [001] axes of glaucophane were in subparallel alignment with the
shear direction, and the (010) poles were subnormally aligned with the shear plane. At high shear
strain (γ > 2), the [001] axes of glaucophane were in subparallel alignment with the shear direction,
and the [100] axes were subnormally aligned with the shear plane. At a shear strain between 2< γ <4,
the (010) poles of epidote were in subparallel alignment with the shear direction, and the [100] axes
were subnormally aligned with the shear plane. At a shear strain where γ > 4, the alignment of the
(010) epidote poles had altered from subparallel to subnormal to the shear plane, while the [001] axes
were in subparallel alignment with the shear direction. The experimental results indicate that the
magnitude of shear strain and rheological contrast between component minerals plays an important
role in the formation of LPOs for glaucophane and epidote.

Keywords: lattice preferred orientation; glaucophane; epidote; deformation experiment; simple
shear; dislocation glide; cataclastic flow

1. Introduction

Several previous studies have recognized blueschist as one of the representative rocks in the
subduction zone at increased depths. This is because the subducting oceanic crust is considered to
transform to blueschist-facies metamorphic rock under high pressure (0.5–2.5 GPa) and relatively
low temperature (150–550 ◦C) conditions [1–3]. The blueschist has been reported worldwide in the
paleo-subduction zone or active subduction zone [4–6]. Previous geophysical studies have reported
that the low-velocity layer of the subduction zone almost coincides with the upper plane of the
double seismic zone at the top of the subducting oceanic crust [7–9]. Glaucophane and lawsonite or
epidote in blueschist is considered to potentially affect seismic velocity at the top of the subducting
oceanic crust [10,11], as these minerals contain a high H2O content (as hydroxyl) in their molecular
structure [2,12]. Other studies have reported that the tremors and low-frequency earthquakes (LFEs)
occur near the top of the low-velocity layers [13,14]. In addition, researchers have suggested that
the lattice preferred orientation (LPO) of glaucophane, one of the elastically anisotropic minerals in
blueschist, may affect the trench-parallel seismic anisotropy of the forearc region where the subducting
slab has a high dip angle [15–18].

To better understand the characteristics of this subduction zone, it is necessary to understand the
deformation behavior of the constituent minerals in blueschist. Among these minerals, glaucophane
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and epidote, recognized as the principal minerals of epidote blueschist, are important at the
top of the slab in warm subduction zones. Previous studies on the deformation of natural
rocks have suggested several deformation mechanisms for glaucophane; (1) the rigid behavior
of glaucophane in eclogitic micaschist [19], (2) rigid body rotation and dynamic recrystallization
by dislocation creep in glaucophanite [20], (3) dislocation glide (or slip) in eclogitic micaschist and
glaucophane schist [21], (4) dynamic recrystallization by dislocation creep in natural blueschist [17,18],
and (5) dissolution–precipitation creep in rocks deformed at high P/T conditions with aqueous fluids [22].
For epidote, five deformation mechanisms have been proposed; (1) rigid body rotation for epidote
(zoisite) in metabasite rock [23], (2) dislocation glide for epidote (clinozoisite) in eclogite [24,25], (3) either
dislocation glide or sliding on the cleavage by fracturing in naturally deformed rocks [26], and (4) rigid
body rotation at relatively low shear strain (γ = 2) and (5) granular flow and a diffusion-assisted
grain boundary sliding at relatively high shear strain (γ = 4.5 and 7.5) for epidote (zoisite) product
in an experimentally deformed plagioclase matrix [27]. Thus, glaucophane and epidote are likely to
be deformed through brittle and ductile behavior based on the results from these previous studies.
However, the dominant mechanism in the subducting slab in the subduction zone continues to be
debated in the literature.

It is possible to develop the LPOs of glaucophane and epidote in blueschist through these
deformation mechanisms. Previous studies have reported several LPOs or slip systems of glaucophane.
Several dislocation slip systems of glaucophane were first reported by a transmission electron
microscopy (TEM)/high-resolution electron microscopy (HREM) study [21]. Recent studies on natural
blueschists have reported three types of LPOs for glaucophane; (1) LPO indicating a (100)[001]
slip system (or, point/SL-type LPO) [15–18,28–32], (2) LPO indicating a {110}[001] slip system (or,
girdle/L-type LPO) [15,16,18,28,31], and (3) LPO indicating a (010)[001] slip system [33]. Although there
has been little description on the slip systems of epidote, certain TEM/HREM studies have suggested
the easiest slip plane (e.g., [24,34]). There are two types of LPOs for epidote that have recently been
reported: one is the LPO indicating a (001)[010] slip system [16,17,28,29,35], and the other is the LPO
indicating a {101}[010] slip system [16,30,33,35]. Although LPOs of glaucophane and epidote have
been reported, there is little clarity as to the deformation mechanisms that developed their LPOs.

This study conducts deformation experiments for epidote blueschist in simple shear under high
pressure (0.9–1.5 GPa) and temperature (400–500 ◦C), to understand the development of LPOs and
deformation mechanisms of glaucophane and epidote in the conditions prevailing over the subducting
slab in a warm subduction zone.

2. Methods

2.1. Starting Material

The starting material was a natural epidote blueschist-facies rock collected from the Voltri
massif in the western Alps, Italy. This was a massive fine-grained rock with a small grain size
(average ~30 μm, Figure 1a). There was no clear foliation and lineation in the hand specimen and
thin section. The blueschist was mainly composed of Na-amphibole (glaucophane, ~55%), epidote
(~15%), albite (~15%), titanite (~5%), chlorite (~5%), and garnet (almandine, ~5%). The starting
material underwent peak metamorphic conditions at a pressure of 22–28 kbar and a temperature of
460–500 ◦C and was re-equilibrated at a pressure of 10–15 kbar and a temperature of 450–500 ◦C [36].
The mineral composition of the starting material was measured with a JEOL JXA-8100 electron probe
X-ray microanalyzer at the Center for Research Facilities at Gyeongsang National University (GNU),
South Korea. The measurement conditions included an accelerating voltage of 15 kV, a current of 10 nA,
and a 5 × 5 μm2 beam size. The Na-amphibole was classified as pure glaucophane, represented by the
formula Na2.0[(Mg1.7Fe2+

1.3)(Ca0.04Mn0.01)Al1.8Fe3+
0.09]Si8.1O22(OH)2. The epidote was classified as

Ep50.4Czo49.6, represented by the formula Ca2.0Al2.0(Fe3+
0.50AlVI

0.49)(Si1.0O4)(Si2.0O7)O(OH) (Table 1).
The backscattered electron (BSE) image of the starting material illustrates the subhedral shape of
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the constituent minerals with an absence of fractures and few cleavages (Figure 1b). Most grain
boundaries of glaucophane are irregular and curved, while some glaucophane grains represent
the retrograded rim from Na-rich to NaCa/Ca-rich, after having undergone somewhat retrograde
metamorphism [37]. Epidote minerals also possess irregular grain boundaries and are relatively larger
than glaucophane minerals.

 
Figure 1. (a) Optical photomicrograph (XPL) with retardation plate (λ = 530 nm) and (b) backscattered
electron (BSE) image of the starting material (massive fine-grained epidote blueschist-facies rock).
The average grain size of constituent minerals was ~30 μm. Gln: glaucophane, Ep: epidote, Ttn: titanite,
Ab: albite, and Chl: chlorite.

2.2. Deformation Experiment in Simple Shear

Deformation experiments of epidote blueschist were conducted using a modified Griggs apparatus
at the Tectonophysics Laboratory, School of Earth and Environmental Sciences (SEES) at Seoul National
University (SNU), Seoul, South Korea. Figure 2 presents the sample assembly designed for the
deformation experiment in simple shear. As there was no clear foliation and lineation in the starting
material, the sample was core-drilled in an arbitrary orientation in the same direction as a cylindrical
rod with a 3.15 mm diameter and cut at 45◦ to ~400 μm thick, for the simple shear experiment.
The sample was sandwiched between alumina pistons cut at 45◦ in the maximum principal stress (σ1)
direction, keeping the same orientation for all experiments. Weak CsCl or NaCl was used as a pressure
medium. A thin Ni foil, a strain marker, was inserted in the middle of the sample perpendicular
to the shear plane. Temperature was monitored using two thermocouples (Pt70-Rh30 and Pt94-Rh6)
near the top and bottom of the specimen. The confining pressure and temperature were raised to the
target pressure (0.9–1.5 GPa) and temperature (400–500 ◦C) within ~10 h and ~30 min, respectively.
The sample was deformed by moving the tungsten carbide (WC) and alumina pistons at a constant
speed (~8.7 × 10−5 mm·s−1). Following the deformation experiment, the sample was quenched to room
temperature by shutting off the power to preserve microstructures developed during experiments.
The confining pressure was decreased to room pressure in the same length of time that it took to
increase and reach the target pressure.
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Figure 2. Schematic of sample assembly for the deformation experiment in simple shear. The sample
was positioned at 45◦ to the maximum principal stress (σ1). A strain marker was placed perpendicular
to the shear plane in the middle of the sample.

2.3. Determination of LPOs of Minerals

The LPOs of minerals in epidote blueschist were determined using the electron backscattered
diffraction (EBSD) technique [38], prior to and after the deformation experiment. To determine the
LPOs, we used HKL Technology’s EBSD system (Channel 5 software) with a Nordlys II detector
attached to the scanning electron microscope (SEM; JEOL JSM 6380) at the SEES in SNU. The LPOs
of glaucophane and epidote were measured in the XZ plane of the deformed samples; the X- and
Z-directions represent the shear direction and direction normal to the shear plane, respectively. Samples
were polished using alumina powders, diamond paste of 1 μm, and Syton (0.06 μm colloidal silica
slurry) because the measurement of the LPO of minerals using SEM involved removing the mechanical
surface damage using a chemical–mechanical polishing technique [39]. The polished plane was coated
with a ~3 nm thick carbon to prevent charging in the SEM, and the surface was tilted 70◦ to the incident
electron beam in the chamber. EBSD analysis was conducted under a 20 kV accelerating voltage,
a 15 mm working distance, and a spot size of 60. For each grain, all EBSD patterns were manually
indexed point by point to determine the LPO of the mineral accurately.

2.4. Observation of the Deformation Microstructures in Minerals

The observation of deformed samples following the experiments was conducted using
field-emission SEM (FE-SEM; JEOL JSM 7100F) at the SEES in SNU. To observe the intracrystalline
deformation microstructures in samples, EBSD mapping of deformed grains was conducted using
the Oxford Instruments’ EBSD system (AZtec v. 3.4 software), with a Symmetry detector attached to
the FE-SEM at the SEES in SNU. EBSD analysis was conducted under a 15 kV accelerating voltage,
a 25 mm working distance, a ~3 nA probe current, and a 0.1–0.2 μm step size. Data were subsequently
processed using MTEX, a MATLAB toolbox [40], to calculate the local misorientations for textural
analysis. This study used the grain reference orientation deviation (GROD) angle map and the kernel
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angle misorientation (KAM) map. The former is a map generated based on the deviation between the
mean orientation of a reference point and those of other points. The KAM map is the misorientation
less than the predefined threshold value calculated by the mean orientation between a point and its
neighbors. The TEM technique was also used to observe dislocation structures in deformed grains.
TEM observations under a 300 kV accelerating voltage were carried out using a JEOL JEM-3010 at the
National Center for Inter-university Research Facilities (NCIRF) in SNU. Focused ion beam (FIB) foils
for TEM investigations were prepared using the FEI Helios 650 at the NCIRF in SNU. The FIB mineral
foils were extracted subparallel to the shear direction and shear plane.

3. Results

3.1. Deformation Microstructures after Experiments

Table 2 summarizes the experimental conditions and results for the deformation experiments
on the epidote blueschist. The deformation microstructures of representative samples are shown in
Figure 3. Even though we designed and used the sample assembly (Figure 2) for simple shear, there
was a small proportion of the pure shear component (~5–9%) for all experiments depending on the
shear strain magnitude. We quantified the magnitude of the shear strain (γ) by the rotational angle of
the thin Ni strain marker and/or elongated shapes of grains. In the sample deformed with low shear
strain (γ ≤ 1), most minerals exhibited a similar shape to that of the starting material (Figure 3a,b).
Glaucophane grains had slightly elongated obliquely to the shear direction, with some fractures
present subparallel to the shear plane inside a grain. In contrast, epidote grains exhibited kink bands
and bookshelf gliding textures [26] (Figure 3b). In the sample deformed with an intermediate shear
strain (1 < γ ≤ 2), glaucophane grains had elongated, demonstrating cataclastic mosaic fragmented
texture. Their rotation was also more oblique to the shear direction than those deformed with low shear
strain. However, epidote grains had reduced elongation than glaucophane, exhibiting shear-band-type
fragmented texture in this region (Figure 3c,d). In the sample deformed with high shear strain (γ > 2),
all minerals appeared to be elongated and/or flowed subparallel to the shear direction (Figure 3e,f).
Relatively large glaucophanes (~30–50 μm) were highly elongated, consisting of many small-size
grains from 0.5 to 5 μm. They were in subparallel alignment with the shear direction, exhibiting a
cataclastic/granular flow texture. The microstructure of epidote and titanite also presented with similar
cataclastic/granular flow textures.

Table 2. Experimental conditions and results for the deformation experiment on epidote blueschist.

Run # P (GPa) T (◦C)
Peak σd

(MPa)
Shear

Strain (γ)
Shear Strain

Rate (s−1)
LPO of Gln LPO of Ep

JH148 1.2 430 ± 10 700 ± 20 0.4 ± 0.02 1.5 × 10−5 Type-1 Weak fabric
JH98b 1.5 500 ± 10 710 ± 20 0.6 ± 0.03 3.4 × 10−5 Type-1 Weak fabric
JH88b 1.5 400 ± 10 800 ± 20 0.8 ± 0.03 4.4 × 10−5 Type-1 Weak fabric
JH112b 0.9 430 ± 10 720 ± 20 0.9 ± 0.03 4.2 × 10−5 Type-1 Weak fabric
JH94b 1.5 400 ± 10 900 ± 20 1.5 ± 0.06 6.0 × 10−5 Transitional Weak fabric
JH88a 1.5 400 ± 10 800 ± 20 2.1 ± 0.12 1.2 × 10−4 Type-2 Type-1
JH98a 1.5 500 ± 10 710 ± 20 2.4 ± 0.12 1.4 × 10−4 Type-2 Type-1
JH150 1.2 480 ± 10 680 ± 20 2.7 ± 0.15 1.2 × 10−4 Type-2 Type-1

JH112a 0.9 430 ± 10 720 ± 20 2.9 ± 0.20 1.4 × 10−4 Type-2 Type-1
JH94a 1.5 400 ± 10 900 ± 20 4.5 ± 0.38 1.8 × 10−4 Type-2 Type-2

σd: differential stress, Gln: glaucophane, and Ep: epidote.
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Figure 3. BSE images of deformed samples after simple shear experiments. (a,b) sample deformed
with low shear strain (JH88b, γ = 0.8, P = 1.5 GPa, and T = 400 ◦C); (c,d) sample deformed with
intermediate shear strain (JH94b, γ = 1.5, P = 1.5 GPa, and T = 400 ◦C); (e,f) sample deformed with high
shear strain (JH94a, γ = 4.5, P = 1.5 GPa, and T = 400 ◦C). Long yellow arrows indicate the left-lateral
(sinistral) shear sense, and red arrows indicate the Ni strain marker. All samples in the images show
the left-lateral (sinistral) shear sense. Gln: glaucophane, Ep: epidote, Ttn: titanite, Ab: albite, Chl:
chlorite, Grt: garnet, and Ap: apatite; P: pressure; T = temperature.

In contrast, small grains, originally less than 5 μm in size prior to the experiment, appeared to flow
exhibiting a thin ductile banded shape (Figure 4). In this region, the ductile shear band representing
the C-C’ structure and the cataclastic flow textures coexist (Figure 4a). The brittle microfault, indicated
by a small offset of the thin banded titanite in the glaucophane, and the ductile elongated shear band
of small glaucophane minerals was also observed to coexist (Figure 4b).
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Figure 4. BSE images of sample deformed with high shear strain (JH94a, γ = 4.5). (a) Ductile shear
band showing C-C’ structure with cataclastic flow texture; (b) brittle microfault indicated by the titanite
offset and ductile elongated shear band of small glaucophane. All images show the left-lateral (sinistral)
shear sense. Gln: glaucophane, Ep: epidote, Ttn: titanite, and Ab: albite.

3.2. Lattice Preferred Orientations of Glaucophane and Epidote

Figure 5 illustrates the LPOs of glaucophane and epidote. The starting material was set up in
the same orientation for all experiments. The initial fabric of glaucophane in the starting material is
shown in Figure 5a. It exhibited a weak girdle distribution of the crystallographic [100] axes and the
(110) and (010) poles, subnormally aligned with the direction becoming a shear direction, and the [001]
axes aligned obliquely to that direction. Based on the pole figures of glaucophane deformed after
the experiments (Figure 5b–k), the LPO of glaucophane had altered with increasing shear strain (γ).
In samples deformed under low shear strain (γ ≤ 1), the (010) poles of glaucophane had subnormally
aligned with the shear plane and the [001] axes were in subparallel alignment with the shear direction;
this is defined here as type-1 LPO for glaucophane (Figure 5b–e). With increasing shear strain between
1 < γ ≤ 2, the [100] axes, and (010) poles were in subparallel alignment with the shear plane and
subnormal to the shear direction, appearing to be a transitional fabric (Figure 5f). In samples deformed
under high shear strain (γ > 2), the [100] axes were in subnormally aligned with the shear plane and
the [001] axes were in subparallel alignment with the shear direction; this is defined here as type-2
LPO for glaucophane (Figure 5g–k).

The initial fabric of epidote in the starting material showed that the crystallographic [100] axes were
subnormally aligned in the direction becoming a shear direction forming a girdle shape, and the (010)
poles were in subparallel alignment with that direction (Figure 5a). After deformation experiments,
the LPO of epidote had also altered with increasing shear strain (γ). The LPOs of epidote in deformed
samples that had undergone low shear strain (γ< 2) exhibited a weak nonsystematic fabric (Figure 5b–f).
However, in samples deformed under a shear strain between 2 < γ < 4, the [100] axes of epidote were
subnormally aligned with the shear plane, and the (010) poles were in subparallel alignment with the
shear direction; this is defined here as type-1 LPO for epidote (Figure 5g–j). In the sample deformed
under a high shear strain of γ = 4.5, the (010) poles of epidote were subnormally aligned with the shear
plane, and the [001] axes were in subparallel alignment with the shear direction; this is defined here as
type-2 LPO for epidote (Figure 5k).
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Figure 5. Pole figures of glaucophane and epidote in (a) starting material and (b–k) deformed samples
showing LPO presented in the lower hemisphere using an equal-area projection. A half-scatter width
of 30◦ was used. The X- and Z-directions correspond to the shear direction and the direction normal to
the shear plane in the experiment, respectively. White line in pole figure: shear plane; black arrows:
shear direction; and N: the number of grains.

3.3. Observations of Intracrystalline Deformation Microstructures in Deformed Glaucophane

EBSD mapping in single glaucophane was undertaken for samples deformed under different
shear strains (Figure 6), to observe the intracrystalline deformation microstructures of glaucophane.
In glaucophane deformed under a low shear strain of γ = 0.8 at a pressure of 1.5 GPa and a temperature
of 400 ◦C (JH88b), the GROD angle map showed that the local misorientation had gradually increased
toward the edge of the grain (Figure 6b). In contrast, the KAM map indicated that intracrystalline
misorientations were present on the inside and edge of the grain (black arrows in Figure 6c).
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Figure 6. BSE image, grain reference orientation deviation (GROD) angle map (mis2mean),
and kernel angle misorientation (KAM) map showing the intracrystalline deformation microstructure
of glaucophane deformed under a shear strain of (a–c) γ = 0.8 (in JH88b, P = 1.5 GPa, and T = 400 ◦C),
(d–f) γ = 0.6 (in JH98b, P = 1.5 GPa, and T = 500 ◦C), and (g–i) γ = 4.5 (in JH94a, P = 1.5 GPa,
and T = 400 ◦C). Black arrows in the BSE images indicate the left-lateral (sinistral) shear sense. Black and
green arrows in the KAM map indicate the local plastic strain (i.e., dislocation density or rotation of
the lattice) and the tilted crystal orientation by brittle fracture, respectively. Step size of mapping:
(b,c) 0.15 μm, (e,f) 0.2 μm, and (h,i) 0.1 μm.

In glaucophane deformed under a low shear strain of γ = 0.6 at a pressure of 1.5 GPa and
high temperature of 500 ◦C (JH98b), the GROD angle map illustrated that the high misorientation
focused on the fracture in the grain (Figure 6e). However, the KAM map presented well-preserved
misorientation lines, irrelevant to the fractures (Figure 6f). For glaucophane deformed under a high
shear strain of γ = 4.5 at a pressure of 1.5 GPa and temperature of 400 ◦C (JH94a), regardless of the
cataclastically comminuted grain, the KAM map showed that several misorientation lines were present
in the remaining relatively large grains (Figure 6i).
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3.4. Observations of Dislocation Microstructures in Deformed Glaucophane and Epidote Using TEM

Weak-beam dark field (WBDF) and bright-field (BF) images were captured using TEM to
observe dislocation microstructures in glaucophane and epidote following the experiments; these are
shown in Figures 7 and 8. In glaucophane deformed under a low shear strain (γ ≤ 1; γ = 0.6,
in JH98b), WBDF images showed the presence of several dislocation structures. Stacking faults aligned
perpendicular to the shear direction (yellow arrow) were observed, in addition to a dislocation loop
with a curve toward the shear direction for diffraction vector of g = 101 (Figure 7a). Straight dislocations
aligned perpendicular or oblique to the shear direction were also observed for g = 101 (Figure 7b).
In the glaucophane deformed under a high shear strain (γ > 2; γ = 4.5, in JH94a), WBDF images of
relatively large grains showed the presence of several distorted lattice structures (moiré fringe textures)
and straight dislocations aligned obliquely to the shear direction (yellow arrow; Figure 7c,d).

 
Figure 7. Weak-beam dark field (WBDF) images of glaucophane experimentally deformed with (a,b)
low shear strain (γ = 0.6) at P = 1.5 GPa, and T = 500 ◦C (JH98b) and with (c,d) high shear strain
(γ = 4.5) at P = 1.5 GPa, and T = 400 ◦C (JH94a). Yellow arrows indicate shear direction in the images.
P: pressure; and T: temperature.
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Figure 8. (a,b) Weak-beam dark field (WBDF) images of epidote experimentally deformed under a
shear strain of γ = 2.4 at P = 1.5 GPa and T = 500 ◦C (JH98a); (c,d) bright-field (BF) images of epidote
experimentally deformed under a high shear strain of γ = 4.5 at P = 1.5 GPa and T = 400 ◦C (JH94a).
Yellow arrows indicate the shear direction in the images. P: pressure; and T: temperature.

In epidote deformed under a shear strain between 2 < γ < 4 (γ = 2.4, JH98a), WBDF images
illustrated the presence of several twin boundaries as well as subgrain boundaries aligned parallel or
perpendicular to the shear direction (yellow arrow; Figure 8a,b). The BF image of epidote deformed
under a high shear strain of γ = 4.5 (JH94a) showed the presence of many distorted lattice structures
with brittle failures, similar in texture to glaucophane deformed with a high shear strain (Figure 8c).
In addition, a relatively large grain of epidote conserving deformation twins aligned oblique to the shear
direction (yellow arrow) was surrounded by grains that were of tens of nanometers size (Figure 8d).

4. Discussion

4.1. LPO Formation and Deformation Mechanisms of Glaucophane

Although the starting material did not show a clear foliation and lineation in the hand specimen,
there was an initial fabric, as shown in Figure 5a. However, the initial LPO of minerals in the starting
material was obviously altered with increasing shear strain (Figure 5b–k). Type-1 LPOs for glaucophane
in samples deformed under a low shear strain (γ ≤ 1) exhibited (010) poles subnormally aligned with
the shear plane and the [001] axes in subparallel alignment with the shear direction (Figure 5b–e);
this is rarely observed in natural blueschist. A recent study reported this type-1 LPO for glaucophane
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in weakly deformed (folded) blueschist-facies rock [33]. Previous TEM/HREM study also reported a
dislocation slip system of (010)[001] in glaucophane from a blueschist-facies micaschist at a pressure
< 1.0 GPa and temperature between 350 and 450 ◦C [21]. They suggested that the dislocation glide
(or slip) may operate at relatively low temperatures as the Na occupying the M4 site is able to jump
into the neighboring empty A-site in glaucophane [21]. As the easiest slip systems in chain–silicate
structures tend to avoid breaking the Si-O bond [41,42], they concluded that the dislocation glide needs
to operate between the Si-O tetrahedral chains; this means the (010) in glaucophane (Figure 9a,b) [21].
This suggestion coincides with the observed dislocation in a single crystal of glaucophane deformed
under a low shear strain (γ = 0.6) in this study (Figure 7a,b). Various dislocations observed with
different diffraction vectors indicate that differing dislocation slip systems were activated by shear
deformation. Although this glaucophane was deformed at a relatively high pressure and temperature
(i.e., 1.5 GPa and 500 ◦C, JH98b), the KAM map for glaucophane deformed at a pressure of 1.5 GPa and
temperature of 400 ◦C showed that intracrystalline deformation (i.e., dislocation glide), also occurs at
relatively lower temperature (Figure 6c). The glaucophane shape slightly elongated oblique to the
shear direction is considered a result of the rigid body rotation in a weak plagioclase matrix (Figure 3b).
Thus, these results suggest that glaucophane was deformed by the simultaneous rotation of a relatively
rigid body with intracrystalline dislocation glide (or slip) forming a strong type-1 LPO under a pressure
between 0.9 and 1.5 GPa and a temperature between 400 and 500 ◦C. This result is consistent with the
suggestion from a previous study that rigid body rotation and dynamic recrystallization by dislocation
creep are the deformation mechanisms for glaucophane [20]. The glaucophane that had deformed
under a shear strain between 1 < γ ≤ 2, was elongated showing cataclastic and mosaic fragmented
texture. This microstructure may indicate that the predominant deformation of glaucophane had
converted to brittle behavior as cataclastic flow and rigid body rotation, exhibiting a transitional LPO
with a decrease in the fabric strength of glaucophane (Figure 5f).

For deformed samples under a high shear strain (γ > 2), type-2 LPOs of glaucophane exhibited
the [100] axes subnormally aligned with the shear plane and the [001] axes in subparallel alignment
the shear direction (Figure 5g–k), which have been reported in many natural blueschists [15–18,28–32].
This type-2 LPO of glaucophane is also similar to the type-1 LPO of hornblende [43,44]. A previous
TEM/HREM study reported major dislocation glides for (100)[001] and {110}[001] in glaucophane from
an eclogitic micaschist (at 1.5–1.8 GPa and 550–600 ◦C). These are sufficiently active independent slip
systems that ensure its ductile behavior during progressive deformation [21]. Other previous studies
on natural blueschist have also suggested that dislocation creep was a dominant mechanism in the
formation of type-2 glaucophane LPO [17,18]. Based on the TEM investigation in this study, many
dislocations and distorted lattice structures were present in a single crystal of glaucophane deformed
under a high shear strain (γ = 4.5) under a pressure of 1.5 GPa and temperature of 400 ◦C (JH94a;
Figure 7c,d). The KAM map of the deformed grain illustrated many intracrystalline misorientations,
irrelevant to the fracture, indicating the activation of dislocations (Figure 6i). High shear strain energy
is likely to form a (100) slip plane by breaking the octahedral Mg-O bond, weak M4-site (occupied by
Na), and A-site (empty space; Figure 9a,c). As such, these results suggest that the magnitude of shear
strain may be a major cause for changes to dominant slip systems and the formation of different LPOs
of glaucophane in the blueschist-facies metamorphic condition. In addition, elongated aggregates of
small-size grains with cataclastic/granular flow texture for glaucophane deformed under a strain of
γ > 2 (Figure 3e,f), suggest that the type-2 LPO formation may be influenced by simultaneous cataclastic
flow deformation of glaucophane. However, originally small grains of glaucophane (~5 μm) prior to
deformation, appear to flow exhibiting a ductile thin banded shape (Figure 4). These microstructures
imply that high shear strain has a different influence on relatively large grains (≥30 μm) and very
fine-grains of glaucophane, causing cataclastic flow deformation and a crystal plastic deformation via
dynamic recrystallization [45], respectively. As a result, the rheological contrast between component
minerals, shear strain, and grain size may be important factors influencing the deformation mechanisms
of glaucophane.
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Figure 9. (a) Simplified glaucophane crystal structure projected onto the (001) plane. Black dashed
and red dot-dashed lines indicate the tracks of the easiest slip system planes at low and high shear
strain, respectively. Blue tetrahedron: Si-O structure, yellow octahedron: Mg-O structure (M1 site), red
circle: Al (M2 site), green circle: H, blue circle: Na (M4 site), and white circle: empty space (A-site).
The Mg-O octahedron in the M3 site has been omitted; (b,c) schematic of the glaucophane crystal form
and different dominant slip systems in glaucophane. The transparent truncate sheet and black arrows
indicate a dominant slip plane and a dominant slip direction, respectively.

4.2. LPO Formation and Deformation Mechanisms of Epidote

Our experimental results showed that epidote in samples deformed under a low shear strain of
γ ≤ 2 exhibited mostly weak and nonsystematic LPOs (Figure 5b–f). This may be due to insufficient
strain developing an intracrystalline deformation in epidote as a rigid material. A previous study also
reported similar results, revealing that low shear strain (γ = 2) was insufficient to produce a strong
preferred orientation of experimentally deformed epidote mineral as a relatively rigid particle in a
deformed plagioclase matrix at a pressure of 1.5 GPa and a temperature of 750 ◦C [27]. In contrast,
the type-1 LPO of epidote in samples deformed under a shear strain between 2 < γ < 4 (Figure 5g–j)
and type-2 LPO of epidote deformed under a shear strain of γ = 4.5 (Figure 5k) were different from
previously reported LPOs [16,17,28–30,33,35]. However, a previous TEM and HREM investigation
reported stacking faults on (100) and lamellar twins on (100) as the easiest shearing planes of epidote
mineral (clinozoisite and zoisite) [34]. Other studies have also observed deformation twin lamellae on
(100) of clinozoisite in eclogite [24,25]. This plane was consistent with a relatively weak bond for the
A-site (occupied by Ca) and M3-site (occupied by Al-Fe3+; Figure 10a,b) [46]. On TEM observations of
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the epidote crystal deformed under a shear strain between 2 < γ < 4 (γ = 2.4, JH98a), several aligned
dislocations, subgrain boundaries, and deformation twins were present (Figure 8a,b). This suggests
that dislocation glide or slip may play a major role in the formation of type-1 LPO for epidote.
This result is consistent with deformation processes of epidote group minerals as suggested by Franz
and Liebscher [26]; these are either dislocation glide or sliding on the cleavage by fracturing in naturally
deformed rocks. On the contrary, another previous study suggested a rigid body rotation as an LPO
formation mechanism for epidote group minerals in metabasite rocks through two potential processes.
Firstly, where zoisite minerals are deformed by shearing parallel to the (100) cleavage planes and
rotated to align with the (100) plane subparallel to foliation. Secondly, where they are deformed by
stretching in the [010] axes, resulting in boudinaged crystals in subparallel alignment with lineation,
and the (100) plane is simultaneously aligned, subparallel to foliation [23]. As the epidote is a relatively
rigid mineral in this blueschist sample, a rigid body rotation may also be a major process for the
development of type-1 LPO.

 
Figure 10. (a) Simplified epidote crystal structure. Red dashed rectangular indicate the tracks of the
easiest (100) slip plane. Blue tetrahedron: Si-O structure, yellow octahedron: Al-O structure (M1 and
M2 site), orange octahedron: Al-Fe3+ substitution-O (M3 site), blue circle: H, and green circle: Ca (A1
and A2 site); (b,c) schematic of the epidote crystal form with different behavior by slip. The transparent
truncate sheet and black arrows in (b) indicate a dominant slip plane and a dominant slip direction,
respectively. Black arrows in (c) indicate a direction of rigid body rotation by shear strain.
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The type-2 LPO of epidote has not yet been reported. A previous experimental study has suggested
that epidote minerals are deformed by granular flow and diffusion-assisted grain boundary sliding at
relatively high shear strain (γ = 4.5 and 7.5), thereby developing shear band textures at a pressure of
1.5 GPa and temperature of 750 ◦C [27]. Based on the TEM investigation in this study, relatively large
grains of epidote conserving deformation twins surrounded by nanocrystalline grains were observed in
the sample deformed under a shear strain of γ > 4 (γ = 4.5, JH94a; Figure 8c,d). These microstructures
indicate that cataclastic/granular flow with rigid body rotation may play an important role in the
formation of type-2 LPO of epidote (Figure 10c). In contrast, a previous study on naturally bent and
kinked epidote crystal suggested that all {100}, {010}, {001} planes play a major role in the deformation
of epidote group minerals, either as dislocation slip planes or as cleavage planes [26]. Thus, type-1 and
type-2 LPOs of epidote were likely to have been developed by dislocation creep and cataclastic flow
with rigid body rotation due to rheological contrasts with other minerals. Further studies on the slip
system of epidote are required at various pressure and temperature conditions to better understand
the epidote LPOs/slip systems transition.

4.3. Implications for Deformation Mechanisms of Epidote Blueschist in a Warm Subduction Zone

The EBSD analysis and TEM investigation of experimental specimens revealed that glaucophane
and epidote, major constituent minerals of epidote blueschist, had deformed simultaneously through
brittle and ductile behavior at a pressure between 0.9 and 1.5 GPa and a temperature between 400
and 500 ◦C. These results indicate that epidote blueschist is likely to undergo deformation in the
brittle–ductile regime. The nonlocalized cataclastic flow in the deformed sample may be attributed to
the deformation microstructures in the semi-brittle regime following the brittle–ductile transition [47,48].
Thus, a brittle–ductile transition of glaucophane is likely to occur under a pressure of 1.0–1.5 GPa at
400–500 ◦C in epidote blueschist. This result is relatively consistent with previous suggestions that
glaucophane may be deformed under a ductile regime (i.e., dislocation creep), in natural epidote
blueschist at the pressures of ~0.5–2.0 GPa [16,17,35]. A previous experimental study on lawsonite
blueschist also suggested that the brittle–ductile transition of glaucophane is likely to occur at a
pressure of ~2 GPa and temperatures between 400 and 500 ◦C [49]. One may argue that the cataclastic
deformation microstructure in this study was produced by the deformation of the sample at a fast strain
rate. However, there are also examples showing cataclastic deformation microstructures in natural
blueschists and blueschist-facies metamorphic rocks that were deformed at low strain rates [50,51].
In addition, experimental results have suggested that while the microstructure of epidote is similar
to glaucophane, the shear strain required to change the LPO of epidote appears to be larger than
glaucophane (Figure 11). This is likely a result of the strength contrast between glaucophane and
epidote, as deformation is concentrated and strain is localized on relatively weaker minerals [52].
As a result, epidote blueschist that exists in a warm subduction zone may be deformed under the
coexistence of brittle and ductile regimes due to the rheological contrast between constituent minerals
under stable pressure and temperature conditions.
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Figure 11. Schematic of the development of LPOs of glaucophane and epidote with increasing shear
strain. Gln: glaucophane; and Ep: epidote.

4.4. Implications for Seismic Anisotropy of Subducting Slab in a Subduction Zone

The seismic anisotropy of shear waves in the forearc region of the subduction zone has been
mainly observed by SKS waves propagating through the anisotropic mediums and throughout the area
subperpendicular to the Earth’s surface [53]. As SKS anisotropic data are measured by path integration,
the source for the splitting of S-waves has been regarded as multiple anisotropic layers. Among these
layers, the mantle wedge and subslab mantle have been considered as the main anisotropic mediums
because of the large volume proportions in the lithosphere [54]. Specifically, the B-type LPO of olivine in
the mantle wedge has been suggested as a cause for the change from the trench-normal to trench-parallel
polarization direction of the fast shear wave in the forearc region [55,56]. However, subducting oceanic
crust is also a potential anisotropic layer where many elastically anisotropic minerals are stable [3,12].
Therefore, recent studies have suggested that type-2 LPO of glaucophane may affect the trench-parallel
seismic anisotropy of the forearc region, where the subducting slab has a high dip angle [15–18]. This is
because the propagation velocity of the fast S-wave (Vs1) through the b- and c-axes of the glaucophane
is much faster than that through an a-axis in glaucophane. In contrast, the type-1 LPO of glaucophane
may contribute to the trench-normal polarization direction regardless of the subducting angle because
the b- and c-axes are continuously aligned parallel to the shear direction in the subducting slab with
different dip angles. The type-1 and type-2 LPOs of epidote in this study have not yet been reported
in natural samples. However, if epidote with type-1 LPO exists in the subducting slab, this LPO
may also influence the trench-normal seismic anisotropy regardless of whether the subducting angle
due to the Vs1 through the a- and b-axes of the epidote is much faster than that through the c-axis.
In contrast, if epidote with type-2 LPO exists in the subducting slab, this LPO may contribute to the
trench-parallel seismic anisotropy where the subducting slab has a low dip angle. However, further
research is needed to determine whether these LPO types of epidote could exist in natural blueschist.
Consequently, different types of LPOs for glaucophane and epidote may contribute to the different
seismic anisotropies of the forearc region in the subduction zone: type-1 LPOs of glaucophane and
epidote can contribute to the trench-normal seismic anisotropy in the subducting slab, and type-2 LPOs
of glaucophane and epidote may affect the trench-parallel seismic anisotropy of the forearc region,
where the subducting slab has a high dip angle and a low dip angle, respectively.
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5. Conclusions

We conducted deformation experiments of epidote blueschist in simple shear using the
modified Griggs apparatus to understand deformation microstructures, the development of LPOs,
and deformation mechanisms of glaucophane and epidote over a warm subducting slab. After the
experiments, two different types of glaucophane and epidote LPOs were developed by different
mechanisms depending on the magnitude of shear strain and grain size. TEM observations and EBSD
mapping of glaucophane suggest that the LPO of glaucophane was developed by dislocation creep
under a shear strain of 0.4 ≤ γ ≤ 4.5. At a shear strain of γ > 2, cataclastic/granular flow microstructures
were observed in large grains. At a high shear strain of γ = 4.5, thin ductile shear bands were observed
in the small grains. Our experimental results suggest that the brittle–ductile transition of glaucophane
likely occurs at epidote blueschist-facies metamorphic conditions. On the other hand, intracrystalline
microstructures in epidote such as subgrain boundaries and twins revealed by TEM observations
suggest that the LPO of epidote was developed by dislocation creep under a shear strain of 2 < γ < 4.
However, the development of the LPO of epidote under a high shear strain (γ > 4) is considered to be
influenced by cataclastic flow with rigid body rotation because epidote is more rigid than other minerals
in the matrix. Therefore, our data suggest that the magnitude of shear strain, grain size, and rheological
contrast between component minerals are important factors influencing the deformation mechanisms
and development of LPOs of glaucophane and epidote. However, there is a need for further studies on
the fabric transition of epidote under various pressure and temperature conditions.
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Abstract: Knowledge of the formation and evolution of cratonic subcontinental lithospheric mantle
is critical to our understanding of the processes responsible for continental development. Here,
we report the deformation microstructures and lattice preferred orientations (LPOs) of olivine and
pyroxenes alongside petrological data from spinel peridotite xenoliths beneath the Baekdusan volcano.
We have used these datasets to constrain the evolution of deformation fabrics related to petrogenesis
from the Baekdusan peridotites. Based on petrographic features and deformation microstructures,
we have identified two textural categories for these peridotites: coarse- and fine-granular harzburgites
(CG and FG Hzb). We found that mineral composition, equilibrium temperature, olivine LPO, stress,
and extraction depth vary considerably with the texture. We suggest that the A-type olivine LPO in the
CG Hzb may be related to the preexisting Archean cratonic mantle fabric (i.e., old frozen LPO) formed
under high-temperature, low-stress, and dry conditions. Conversely, we suggest that the D-type
olivine LPOs in the FG Hzb samples likely originated from later localized deformation events under
low-temperature, high-stress, and dry conditions after a high degree of partial melting. Moreover,
we consider the Baekdusan peridotite xenoliths to have been derived from a compositionally and
texturally heterogeneous vertical mantle section beneath the Baekdusan volcano.

Keywords: spinel peridotite xenoliths; deformation microstructures; lattice preferred orientation;
petrogenesis; mantle heterogeneity; Baekdusan volcano

1. Introduction

Cratons are the oldest and thickest domains of the Earth’s lithosphere [1,2] and are commonly
associated with subcontinental lithospheric mantle (SCLM), which is characterized by a cold lithospheric
mantle root extending to depths >250 km [3]. Knowledge of the formation and evolution of SCLM is
critical to our understanding of the processes responsible for continental development [4]. Cratonic
SCLM typically comprises of highly refractory residues produced by high degrees of partial melting [5–8].
This refractory mantle is unlikely to melt again subsequently unless heated by a hot mantle plume [2]
because the cratonic lithosphere is relatively cold and rigid. However, some cratons, such as the
North China Craton (NCC), did not remain stable following their formation; this kind of craton is
characterized by extensive ductile deformation of deep crustal rocks and an abundance of crust-derived
felsic magmatism [2].

Fragments of deep cratonic lithosphere, such as peridotite xenoliths, can be brought to the surface
by basaltic magmas. These xenoliths can provide valuable insights into deformation processes in
the upper mantle [9,10]; thus, enhancing our understanding of physical and chemical characteristics
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and deformation conditions in the upper mantle [11–13]. Previous experimental studies considering
deformation fabrics have focused on the lattice-preferred orientations (LPOs) of olivine at high pressures
and temperatures and have demonstrated that the LPOs of olivine can be controlled significantly
by water and stress [14–16], temperature [17], and pressure [18–20]. The Baekdusan (also called
as Changbaishan in China) volcano is a prominent active volcano located on the border between
China and North Korea. To date, few petrological and geochemical studies have been undertaken to
investigate peridotite xenoliths hosted in basaltic rocks associated with this volcano [21,22]. Accordingly,
the physicochemical heterogeneity of cratonic mantle in this region, and its relationship to local
deformation fabrics and petrological characteristics (i.e., modal and chemical compositions), remains
poorly constrained. Moreover, the detailed microstructures of the deformed peridotites beneath
Baekdusan have not yet been reported in the literature. To address these gaps in knowledge, we have
studied spinel peridotite xenoliths beneath the Baekdusan volcano. Here, we report our results and
discuss their significance for constraining the evolution of deformation fabrics produced in olivine and
pyroxenes in relation to petrogenesis in the cratonic mantle.

2. Geological Background and Sampling

The Chinese portion of the Sino-Korean craton is known as the NCC and is one of the oldest
cratonic blocks globally [2]; it contains Eoarchean rocks with ages up to 3.8 Ga [25,26]. Previously,
the NCC has been divided into eastern and western blocks and the intervening Trans-North China
Orogen based on its age, lithological assemblages, and tectonic evolution [27]. The Archean basement
of the eastern NCC is composed primarily of the following: tonalite–trondhjemite–granodiorite (TTG)
gneisses (2.6–2.5 Ga); mafic to ultramafic igneous rocks and syntectonic granites (~2.5 Ga); and a
variety of supracrustal rocks [27,28]. The NCC remained stable from its amalgamation (~1.85 Ga)
until the initiation of massive circum-craton Phanerozoic subduction and collisional orogenies [3].
However, the eastern part of the NCC experienced widespread tectonothermal reactivation during the
Phanerozoic subduction, as revealed by the presence of voluminous Late Mesozoic mafic and felsic
igneous rocks and extensive Tertiary alkali basaltic volcanism [29–31].

The Baekdusan volcanic field is located along the northeastern margin of the NCC (Figure 1).
Moreover, it is located far away from the Japanese subduction zone (ca. 900 km) (Figure 1), indicating
that volcanism here is of intraplate origin [32]. However, recent seismotomographic studies have
suggested the presence of a stagnant slab in the mantle transition zone and the possible presence of a
hydrous mantle upwelling beneath Baekdusan [33–35]; this may have produced subduction-induced
hydrous mantle upwelling. The Baekdusan volcano consists of an early-stage basaltic plateau,
a middle-stage trachytic cone, and a late-stage explosive comenditic ignimbrite [36,37]. Previous
studies have shown that the main early shield-forming eruptions and cone construction occurred
~22.6 to 1.5 Ma and between ~1.0 Ma and 20 ka, respectively, followed by Quaternary volcanic events
including the Millennium eruption [36,38]. We collected peridotite xenoliths hosted in massive basaltic
rocks from the northern part (42◦12′30.98′′ N, 128◦11′41.70′′ E) of the Baekdusan volcano.
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Figure 1. Simplified geologic map of the Baekdusan area showing the distribution of Cenozoic
intraplate basalts in northeastern China and Korea (modified from [21,23,24]) and the sampled location
at Baekdusan.

3. Methods

3.1. Mineral Chemistry

The major element compositions of target minerals (olivine, orthopyroxene, clinopyroxene,
and spinel) were determined using a field emission electron probe microanalyzer (FE-EPMA; JEOL
JXA-8530F) at the Korea Polar Research Institute. The accelerating voltage, beam current, beam
diameter, and counting time were 15 kV, 10 nA, 3 μm, and 20 s, respectively. The detection limits (3σ)
in wt% are as follows: 0.01 for CaO and K2O, 0.02 for MgO and Na2O, 0.03 for SiO2, TiO2, Al2O3,
and Cr2O3, and 0.04 for FeO and MnO. Three to four grains were measured for each mineral and we
represent here averages. There was no clear distinction in element concentrations between the cores
and rims of the constituent minerals. Based on the obtained mineral compositions, we calculated
equilibrium temperatures using the two-pyroxene thermometer by Brey and Köhler [39].

3.2. Measurement of LPO

For petrographic and microstructural observations, the foliation and lineation of rock samples
were determined by observing the compositional layering and alignment of olivine, pyroxenes,
and spinel grains. Rock sections were cut parallel to the XZ plane of the XYZ structural reference
frame (where XY represents the macroscopic foliation and the X direction represents the direction of
the stretching lineation), and thin sections were produced for electron backscatter diffraction (EBSD)
analysis according to previously published methods [40,41]. The LPOs of the minerals were measured
using an automated EBSD system and a symmetry detector (Oxford Instruments, Abingdon, UK)
attached to a field emission scanning electron microscope (FE-SEM; JEOL JSM-7100F) at the School of
Earth and Environmental Sciences at Seoul National University. The working parameters for the EBSD
analysis included accelerating voltage, working distance, and stage tilt of 15.0 kV, 25.0 mm, and 70◦
from the horizontal, respectively. Kikuchi diffraction patterns were obtained automatically using the
Aztec software (Oxford Instruments HKL) with a sampling step size of 25 μm; this is significantly
smaller than the average grain size of the constituent minerals. The HKL CHANNEL 5 software was
used to process the EBSD data as described in previous studies [40,41]. To avoid oversampling of large
grains and to permit comparison of fabrics between samples, pole figures were constructed from one
point per grain [40,41]. Contoured pole figures for each mineral were plotted using lower-hemisphere
equal-area stereographic projection. Fabric strength of the LPOs was quantified using the M-index [42].
The LPOs of clinopyroxenes obtained here were compared with the conventional LPO of clinopyroxene,
where the [001] axes are commonly aligned subparallel to the lineation and the (010) planes are aligned
subparallel to the foliation in naturally deformed rocks [43,44].
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4. Results

4.1. Petrographic Features and Deformation Microstructures

We found the spinel harzburgite xenoliths from Baekdusan to consist of olivine (63–75 vol.%),
orthopyroxene (21–34 vol.%), clinopyroxene (up to 5 vol.%), and minor spinel (up to 0.6 vol.%), based on
the area fraction of each mineral in the EBSD maps (Table 1). Generally, we found all peridotite
xenoliths to exhibit weak foliation. We identified two main textural categories of peridotites based on
petrographic features (including grain size): coarse-granular and fine-granular (Table 1).

Table 1. Summarized results of the studied peridotite xenoliths from Baekdusan.

Sample Rock Texture Modal Composition 1 (%) T 2 GS 3 Stress 4 Olivine LPO

Ol Opx Cpx Sp (◦C) (μm) (MPa) LPO M 5

BD-19 Hzb CG 71.0 23.4 5.0 0.6 992 864 ± 86 9 A-type 0.24
BD-17 Hzb FG 62.0 33.7 4.0 0.3 855 384 ± 52 16 D-type 0.23
BD-21 Hzb FG 74.8 21.0 4.0 0.3 845 452 ± 45 14 D-type 0.22

Hzb (harzburgite), CG and FG (coarse- and fine-granular), Ol (olivine), Opx (orthopyroxene), Cpx (clinopyroxene),
and Sp (spinel). 1 Based on the area fraction of each mineral in the EBSD maps. 2 Equilibrium temperature was
calculated by the two-pyroxene thermometer [39] at 15 kbar, st. dev. ±16 ◦C. 3 Grain-size (GS) of olivine was
estimated by EBSD mapping analysis. 4 Stress was estimated using recrystallized grain size piezometer [45], st. dev.
±1 MPa. 5 M-index (M): the misorientation index which shows the fabric strength of olivine [42].

The coarse-granular peridotite (BD-19) is characterized by large grains (2–8 mm) with abundant
120◦ triple junctions at grain boundaries (Figure 2a,b). It represents roughly a protogranular texture.
The mean grain size of olivine grains in this peridotite is approximately 860 μm (Table 1) and olivine
grains in the sample typically exhibit subgrains and undulose extinction (Figure 3b).

Figure 2. Optical photomicrographs of large-scale thin sections in plane-polarized light (a,c) and
cross-polarized light (b,d) illustrating the typical microstructures from the Baekdusan peridotite
xenoliths. (a,b) Coarse-granular peridotite (BD-19). (c,d) Fine-granular peridotite (BD-17). Ol (olivine),
Opx (orthopyroxene), Cpx (clinopyroxene), and Sp (spinel).

The fine-granular peridotites (BD-17 and BD-21) are characterized by relatively small grains
(1–3 mm) with equigranular textures (Figure 2c,d). We commonly observed 120◦ triple junctions at
grain boundaries in these samples, indicating a well-equilibrated microstructure. The mean grain sizes
of olivine crystals in BD-17 and BD-21 were approximately 380 μm and 450 μm (Table 1), respectively.
We found subgrains and undulose extinctions to be more common in these olivine grains than in the
coarse-granular sample (Figure 3d,f).
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Figure 3. Optical photomicrographs of small-scale thin sections in plane-polarized light (a,c,e)
and cross-polarized light (b,d,f) illustrating the typical microstructures from the Baekdusan
peridotite xenoliths. (a,b) Coarse-granular peridotite (BD-19). (c,d) Fine-granular peridotite (BD-17).
(e,f) Fine-granular peridotite (BD-21). Ol (olivine), Opx (orthopyroxene). Yellow arrows denote
subgrain boundaries and/or undulose extinction in olivine.

Both the coarse- and fine-granular peridotites typically display straight and gently curved
grain boundary morphologies (Figures 2 and 3). Orthopyroxenes typically exhibit clinopyroxene
exsolution lamellae, whereas clinopyroxenes have orthopyroxene lamellae or exsolved spinel blobs.
Clinopyroxene is present only as small lobate forms in the matrix (Figure 2a,c), often with spongy
rims. Spinels are present as small and anhedral grains forming intergrowths with orthopyroxene or as
interstitial grains with amoeboid shapes (Figure 2a,c).

4.2. Mineral Compositions and Equilibrium Temperatures

The mineral compositions of spinel peridotite xenoliths from Baekdusan are presented in Table 2.
We found the olivine Fo contents to be similar in the coarse- and fine-granular peridotites (90.7–91.1)
and found no clear distinction in element concentrations between the cores and rims of the olivine
crystals. The orthopyroxenes are enstatite-rich, with Mg# [=100Mg/(Mg + Fe)] of 90.6 and 91.1–91.4 in
the coarse- and fine-granular peridotites, respectively. The Al2O3 contents of orthopyroxenes in the
coarse-granular peridotite (3.92 wt%) are slightly higher than those in the fine-granular peridotites
(2.63–2.65 wt%). Similarly, we found the Cr2O3 contents of orthopyroxenes to be 0.60 wt% and 0.47 wt%
in the coarse- and fine-granular peridotites, respectively. The Cr# [=100Cr/(Cr +Al)] of orthopyroxenes
is 9.2 and 10.6–10.8 in the coarse-and fine-granular peridotites, respectively. For clinopyroxenes,
we found Mg# to be 91.3 and 93.5–93.7 in the coarse- and fine-granular peridotites, respectively.
The Al2O3 contents of clinopyroxenes in the coarse-granular peridotite (4.09 wt%) are also slightly
higher than those in the fine-granular peridotites (2.71–2.72 wt%). The Mg# and Cr# of pyroxenes
in the fine-granular peridotites are higher than those in the coarse-granular peridotite (Table 2 and
Figure 4). For spinels, we found a clear distinction in Al2O3 and Cr2O3 contents between coarse- and
fine-granular peridotites. In particular, we found spinels in fine-granular peridotites to be characterized
by much higher Cr# (37.6–38.3) and lower Mg# (66.4–66.5) than those in the coarse-granular peridotite,
for which we found Cr# and Mg# to be 24.1 and 73.3, respectively. Spinel Mg# exhibits a negative
correlation with spinel Cr# (Figure 4a), whereas spinel Cr# exhibits a positive correlation with olivine
Fo content (Figure 4b). Based on the spinel Cr# versus Mg# relationship and the relationship between
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olivine Fo# and spinel Cr#, the Baekdusan peridotites plot between abyssal and suprasubduction
zone (SSZ) peridotites (Figure 4). This is broadly consistent with a previous geochemical study [21],
in which the olivine and spinel compositions of Baekdusan harzburgites extended toward more fertile
(SSZ) compositions.

Table 2. Compositions of minerals of studied peridotite xenoliths from Baekdusan.

Sample BD-19 BD-17 BD-21

Rock Harzburgite Harzburgite Harzburgite

Texture Coarse-Granular Fine-Granular Fine-Granular

Mineral Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp

SiO2
(wt%) 41.26 55.09 52.60 - 41.20 56.65 53.69 - 40.75 56.11 53.53 -

TiO2 - 0.04 0.09 0.10 - 0.04 0.11 0.06 - - 0.08 0.09
Al2O3 - 3.92 4.09 46.56 - 2.63 2.71 35.53 - 2.65 2.72 35.90
Cr2O3 - 0.60 0.81 21.98 - 0.47 0.82 32.91 - 0.47 0.87 32.22
FeO* 8.73 6.08 2.88 12.13 9.02 5.87 2.13 14.48 8.99 5.69 2.03 14.69
MnO 0.10 0.21 0.12 0.21 0.09 0.16 0.06 0.22 0.15 0.11 0.03 0.18
MgO 50.09 32.86 16.99 18.67 49.66 33.92 17.21 16.12 49.11 33.77 16.98 16.26
CaO 0.04 0.91 21.67 - 0.04 0.56 23.07 - 0.05 0.55 23.18 -

Na2O - 0.05 0.55 - - - 0.47 - - - 0.39 -
K2O - - - - - - - - - - - -
Total 100.26 99.75 99.82 99.69 100.08 100.34 100.26 99.33 99.10 99.36 99.80 99.34

Si 1.002 1.909 1.911 0.000 1.004 1.944 1.941 0.000 1.003 1.943 1.944 0.000
Ti 0.000 0.001 0.003 0.002 0.000 0.001 0.003 0.001 0.001 0.000 0.002 0.002
Al 0.000 0.160 0.175 1.496 0.000 0.106 0.115 1.211 0.000 0.108 0.116 1.222
Cr 0.000 0.016 0.023 0.474 0.000 0.013 0.023 0.753 0.000 0.013 0.025 0.736
Fe 0.177 0.176 0.088 0.277 0.184 0.169 0.064 0.350 0.185 0.165 0.062 0.355
Mn 0.002 0.006 0.004 0.005 0.002 0.005 0.002 0.005 0.003 0.003 0.001 0.004
Mg 1.814 1.698 0.920 0.759 1.804 1.736 0.927 0.695 1.802 1.743 0.919 0.700
Ca 0.001 0.034 0.843 0.000 0.001 0.021 0.894 0.000 0.001 0.020 0.902 0.000
Na 0.000 0.003 0.039 0.001 0.000 0.002 0.033 0.001 0.000 0.000 0.027 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Sum 2.997 4.003 4.007 3.014 2.996 3.996 4.003 3.017 2.996 3.996 3.998 3.019
Mg# 91.1 90.6 91.3 73.3 90.7 91.1 93.5 66.5 90.7 91.4 93.7 66.4
Cr# 9.2 11.7 24.1 10.8 16.8 38.3 10.6 17.6 37.6

Total Fe as FeO*; Mg# = 100Mg/(Mg + Fe); Cr# = 100Cr/(Cr + Al); - (below the detection limits); Ol (olivine); Opx
(orthopyroxene); Cpx (clinopyroxene); and Sp (spinel).

We estimated the equilibrium temperatures of the Baekdusan peridotites using the two-pyroxene
geothermometer by Brey and Köhler [39]; this is a well-known method for calculating the solubility of
the enstatite component in diopside, coexisting with orthopyroxene. We assumed a pressure of 15 kbar
for our temperature calculations because the Cr-spinel in the peridotite can be stable at pressures of
8–25 kbar [46,47]. A pressure change of ±10 kbar would result in estimated temperature variations of
only ±20 ◦C because the two-pyroxene geothermometer is relatively insensitive to pressure. Use of this
method yielded equilibrium temperatures of 992 ◦C and 845–855 ◦C for the coarse- and fine-granular
peridotites, respectively (Table 1). This range of equilibrium temperatures is consistent with the
results of a previous study that also adopted the two-pyroxene geothermometer of Brey and Köhler
(752–997 ◦C) [21].
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Figure 4. Plots of (a) spinel Cr# versus Mg# relationship and (b) olivine Fo# versus spinel Cr#
relationship. The olivine–spinel mantle array and melting trend (annotated by melting %) given
in (b) are from Arai [48]. Data sources: abyssal peridotites [49] and suprasubduction zone (SSZ)
peridotites [50–52]. FMM = fertile MORB mantle. Previous data from the Baekdusan peridotite
xenoliths [21] are also shown as squares for comparison. Coarse-granular (CG; red circles) and
fine-granular (FG; blue circles) harzburgite (Hzb) from the Baekdusan peridotites.

4.3. LPOs of Minerals

The LPO of olivine from the coarse-granular peridotite (BD-19) indicates maximum concentration
of the [100] axis subparallel to the lineation, with the [010] axis strongly aligned subnormal to the
foliation (Figure 5a). This is a characteristic of the A-type olivine LPO [14], indicating a dominant
slip system of (010)[100]. In contrast, the LPOs of olivine from the fine-granular peridotites (BD-17
and BD-21) are characterized by a strong alignment of the [100] axis subparallel to the lineation and a
weak girdle pattern for both the [010] and [001] axes subnormal to the lineation (Figure 5b,c). This is
a characteristic of the D-type olivine LPO and indicates the activation of multiple slip systems of
{0kl}[100]. The fabric strength of olivine (i.e., the M-index) in the Baekdusan peridotites ranges between
0.22 and 0.24 (Table 1 and Figure 5).

Generally, the fabrics of orthopyroxenes (Figure 6a–c) are much weaker than those of olivine
in our samples (Figure 5). The LPOs of orthopyroxenes from both the coarse- and fine-granular
peridotites exhibit alignment of the [100] axis subnormal to the foliation, whereas the [001] axis is
aligned subparallel to the lineation (Figure 6a–c). This is a characteristic of the type-AC LPO of
orthopyroxene [53]. The LPOs of clinopyroxenes are illustrated in Figure 6d–f, in which the fabrics of
clinopyroxenes are relatively weak. The LPOs of clinopyroxene typically indicate alignment of the
[010] axis subnormal to the foliation (Figure 6d,e) and alignment of the [001] axis subparallel to the
lineation (Figure 6d–f). This is considered a conventional characteristic of the LPO of clinopyroxene in
naturally deformed rocks [43,44]. The fabric strengths (i.e., M-index) of orthopyroxenes (0.04–0.07)
and clinopyroxenes (0.04–0.05) are weaker than those of olivine in our samples (Figures 5 and 6).
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Figure 5. Pole figures showing the lattice preferred orientations (LPOs) of olivine from coarse-granular
(CG) and fine-granular (FG) harzburgite (Hzb) from the Baekdusan peridotites. (a) The LPO of olivine
in coarse-granular peridotite (BD-19). (b,c) The LPOs of olivine in fine-granular peridotites (BD-17,
BD-21). The east–west direction corresponds to the stretching lineation (X), and the north–south
direction (Z) is normal to the foliation. Color-coding represents the density of data points. Equal-area
lower-hemisphere projection was used with a half scattering width of 20◦. N indicates the number of
grains measured. Olivine fabric (LPO) strength is denoted by M (M-index) [42].

Figure 6. Pole figures showing the lattice preferred orientations (LPOs) of (a–c) orthopyroxene and
(d–f) clinopyroxene from coarse-granular (CG) and fine-granular (FG) harzburgite (Hzb) from the
Baekdusan peridotites. The east–west direction corresponds to the stretching lineation (X) and the
north–south direction (Z) is normal to the foliation. Color-coding represents the density of data points.
Equal-area lower-hemisphere projection was used with a half scattering width of 20◦. N indicates the
number of grains measured. Pyroxene fabric (LPO) strength is denoted by M (M-index) [42].

5. Discussion

5.1. The Genesis of Olivine Fabrics in the Upper Mantle

Olivine fabrics (LPOs) developed under lithospheric conditions are well preserved in both coarse-
and fine-granular peridotites from the Baekdusan volcano (Figure 5). Our peridotite samples exhibit
intracrystalline deformation microstructures such as subgrain boundaries and undulose extinctions
in olivine (Figure 3). Together, these deformation microstructures and LPO patterns imply that the
Baekdusan peridotites were deformed by a dislocation creep regime.

We found the olivine LPO patterns to vary depending on the sample texture. For the coarse-granular
peridotite, the olivine LPO exhibited alignment of the [100] axes subparallel to the lineation and a
strong alignment of the [010] axis subnormal to the foliation (Figure 5a); this is a characteristic of the
A-type olivine LPO. Previously, the A-type olivine LPOs have been observed under conditions of high
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temperature, low water content, and low stress, both in experimental studies investigating the plastic
deformation of olivine [14,54–57] and in naturally deformed peridotites [12,58–61]. Application of the
two-pyroxene geothermometer to the coarse-granular peridotite from the Baekdusan volcano produced
a high estimate of equilibrium temperature (approximately 990 ◦C) (Table 1), and the stress of this
sample was estimated to be low (9 MPa, Table 1). Therefore, we consider the A-type LPO of olivine in
the coarse-granular peridotite to have been preserved from the original olivine fabric formed under
high-temperature (approximately 1000 ◦C), low-stress, and dry conditions.

The olivine LPOs for our fine-granular peridotites exhibit a strong alignment of the [100] axes
subparallel to the lineation and a weak girdle pattern for both the [010] and [001] axes subnormal to the
lineation (Figure 5b,c). This is a characteristic of the D-type olivine LPO. Previously, the D-type olivine
LPOs have been observed primarily at low temperature and high stress regions in lithospheric shear
zones [61–66]. Previous experimental studies, natural observations, and numerical modeling suggest
that the D-type olivine LPOs may be formed by the following: (i) activation of multiple {0kl}[100]
slip systems under higher stress conditions than those forming the A-type olivine LPOs [16,55,67];
(ii) activation of only the (010)[100] slip system under transtensional deformation regimes [68];
(iii) activation of dominant (010)[100] and (001)[100] slip systems under high-temperature and low-stress
conditions, with strain compatibility constraints relaxed by grain-to-grain interactions (numerical
simulations) [69]; or (iv) dislocation-accommodated grain boundary sliding (DisGBS) [56,63] under
moderate transient strain conditions [70]. The equilibrium temperature we have obtained for the
fine-granular peridotites from the Baekdusan volcano is lower (845–855 ◦C) than that obtained for the
coarse-granular peridotite (Table 1). Moreover, the stress estimates obtained using a recrystallized grain
size piezometer [45] indicate that stress in the fine-granular peridotites is relatively high (14–16 MPa)
compared to that in the coarse-granular peridotite (9 MPa) (Table 1). If the D-type LPO of olivine
was formed by the transtensional deformation regime as in case (ii), the LPOs of orthopyroxene and
clinopyroxene would exhibit similar characteristics, i.e., the girdle distribution observed for the [010]
and [001] axes, because the LPOs of pyroxenes and olivine typically form against the same structural
background [71,72]. Furthermore, the mechanisms required for the formation of D-type olivine fabrics
in cases (iii) to (iv) are typically related to high temperatures (1200 ◦C), and thus cases from (ii) to (iv)
must be rejected. Consequently, we consider the D-type LPO of olivine in the fine-granular peridotites
from the Baekdusan volcano to have been formed under lower temperature (approximately 850 ◦C),
slightly higher stress, and dry conditions at shallower depth, comparing to the A-type LPO of olivine.

5.2. Petrogenesis and Evolution of Deformation Fabrics of the Baekdusan Peridotites

The lack of a reliable geobarometer for the spinel peridotite stability field makes it very difficult
to estimate extraction depths (or equilibrium pressure) for the spinel peridotite xenoliths. However,
the extraction depths (or equilibrium pressure) of xenoliths can often be estimated by plotting their
equilibrium temperatures on a geotherm derived from surface heat flow data, because heat flow is a
key parameter used to constrain lithospheric thermal structures [73]. Thus, we estimated the extraction
depths (or equilibrium pressures) of the Baekdusan peridotite xenoliths (Figure 7) by plotting their
equilibrium temperatures (TTwo-Pyx; two-pyroxene geothermometer; Table 1) on the geotherm of
the Bohai Bay Basin in the NCC [74]; this is one of the few available datasets in the vicinity of the
Baekdusan volcano. For the coarse-granular (TTwo-Pyx: 992 ◦C) and fine-granular (TTwo-Pyx: 845–855 ◦C)
peridotites, we obtained extraction depth ranges of approximately 50–55 km and 40–45 km, respectively
(Figure 7). These results are consistent with the depth ranges obtained for the Moho (30–35 km) and
lithosphere–asthenosphere boundary (50–70 km) in a previous geophysical study [75] and with the
spinel–garnet phase transformation boundary [76] as shown in Figure 7. Such consistent variation in
equilibrium temperature with the sample texture may indicate that the Baekdusan peridotite xenoliths
were derived from a compositionally and texturally heterogeneous vertical mantle section beneath
the Baekdusan volcano. However, additional petrochemical and microstructural data relating to the
Baekdusan peridotite xenoliths will be required to validate this hypothesis.
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Figure 7. A summary figure showing the relationship between olivine fabrics and deformation
conditions in the Baekdusan peridotites. The equilibrium temperatures are projected onto the geotherm
(solid line) of the Bohai Bay Basin in the NCC [74]. The spinel (Sp)–garnet (Grt) phase transformation
(green dashed line) is from O’Reilly and Griffin [76]. The crust–mantle boundary (Moho) depth
(30–35 km; black dashed lines) and lithosphere–asthenosphere boundary (LAB) depth (50–70 km)
beneath the Baekdusan volcano are from Kim et al. [75]. The equilibrium temperature range indicated
by previous data from the Baekdusan peridotite xenoliths is also shown [21]. Coarse-granular (CG)
and fine-granular (FG) harzburgite (Hzb). Representative A-type and D-type LPOs of olivine from
BD-19 and BD-17, respectively.

In general, the relationship between the olivine Fo content (Mg#) and spinel Cr# of peridotites
is an excellent indicator of the extent of melt extraction from mantle rocks [48,49,77]. Both the
olivine Fo content and spinel Cr# increase with increasing degree of partial melting in the peridotite
samples studied here (Figure 4b). The major element mineral chemistry (Table 2) and olivine–spinel
compositional relationships (Figure 4b) obtained here indicate that the Baekdusan peridotites (i.e.,
harzburgites) are residues that have experienced partial melting (ca. < 10% and < 20% for the
coarse-granular and fine-granular harzburgites, respectively). This result is broadly consistent with
the degree of partial melting (ca. ≤ 25%) estimated in a previous geochemical study [21]. Based
on petrographic and microstructural observations, we found intracrystalline deformation features
such as subgrains, undulose extinctions, and strong olivine LPOs in the fine-granular harzburgites,
although these have experienced a high degree of partial melting (ca. < 20%). This explains the
relatively weak fabric strength (M-index) observed for the LPOs of clinopyroxene and orthopyroxene
compared to olivine (Figures 5 and 6). If a high degree of partial melting had occurred in the
fine-granular harzburgites after the main deformation events, the recorded intracrystalline deformation
microstructures observed in the present study would have been destroyed by annealing (recovery)
processes (e.g., grain growth) under relatively high-temperature conditions during the partial melting
process. In contrast, the A-type olivine LPO has been preserved in the coarse-granular peridotite
owing to the relatively small degree of partial melting (ca. < 10%). In summary, we infer that a high
degree of partial melting occurred in the fine-granular harzburgites before the main deformation event;
this resulted in intracrystalline deformation microstructures, forming the D-type olivine LPO under
low-temperature, high-stress, and dry conditions (Figure 7). The A-type olivine LPO observed in
the coarse-granular peridotite may be related to the preexisting Archean cratonic mantle fabric (i.e.,
old frozen LPO) that formed under high-temperature and low-stress conditions in a deeper section
(50–55 km), whereas the D-type olivine LPO in the fine-granular peridotites likely originated from later
localized deformation events under low-temperature and high-stress conditions in a shallower section
(40–45 km) after a high degree of partial melting. However, a more precise interpretation of the tectonic
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history of our study area will require more data regarding the microstructures and geochemistry of
these lithologies.

6. Conclusions

We report, for the first time, the deformation microstructures and lattice preferred orientations
(LPOs) of minerals alongside petrological data from spinel peridotite xenoliths beneath the Baekdusan
volcano. Based on petrographic features and deformation microstructures, we have identified two
categories of peridotites: coarse- and fine-granular harzburgites. The olivine LPO in the coarse-granular
peridotite exhibits a maximum concentration of [100] axes subparallel to the lineation, whereas the [010]
axes are aligned strongly subnormal to the foliation (A-type olivine LPO). In contrast, the olivine LPOs
in the fine-granular peridotites exhibit a strong alignment of the [100] axes subparallel to the lineation
and a weak girdle pattern for both the [010] and [001] axes subnormal to the lineation (D-type olivine
LPO). We found that mineral composition, equilibrium temperature, stress, and extraction depth vary
considerably with the sample texture. Based on these differences, we infer that the A-type olivine LPO
of the coarse-granular peridotite reflects the preexisting Archean cratonic mantle fabric (i.e., old frozen
LPO) formed under high-temperature (approximately 990 ◦C), low-stress, and dry conditions in a deep
section (50–55 km). Conversely, we infer that the D-type olivine LPO of the fine-granular peridotites
likely originated from a later localized deformation event under low-temperature (approximately
850 ◦C), high-stress, and dry conditions in a shallow section (40–45 km) after a high degree of partial
melting (ca. < 20%). We propose that the Baekdusan peridotite xenoliths were derived from a
compositionally and texturally heterogeneous vertical mantle section beneath the Baekdusan volcano.
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Abstract: We investigated the microstructures of five ice core samples from the Styx Glacier, northern
Victoria Land, Antarctica. Evidence of dynamic recrystallization was found in all samples: those
at 50 m mainly by polygonization, and those at 170 m, largely by grain boundary migration.
Crystallographic preferred orientations of all analyzed samples (view from the surface) typically
showed a single cluster of c-axes normal to the surface. A girdle intersecting the single cluster
occurs at 140–170 m with a tight cluster of a-axes normal to the girdle. We interpret the change of
crystallographic preferred orientations (CPOs) at <140 m as relating to a combination of vertical
compression, and shear on a horizontal plane, and the girdle CPOs at depths >140 m, as the result of
horizontal extension. Based on the data obtained from the ground penetrating radar, the underlying
bedrock topography of a nunatak could have generated the extensional stress regime in the study
area. The results imply changeable stress regimes that may occur during burial as a result of external
kinematic controls, such as an appearance of a small peak in the bedrock.

Keywords: Ice; microstructure; crystallographic preferred orientation (CPO); Styx Glacier; electron
backscatter diffraction (EBSD)

1. Introduction

Understanding the rheological behavior of Antarctic ice is essential for predictions of sea-level
change in the future. Ice in the polar regions flow continuously from the continents to the oceans
driven by gravity. The flow of ice is usually controlled by two processes: frictional sliding on the
bedrock, which often occurs where the base is at pressure melting or pre-melting conditions [1–8], and
the internal plastic deformation of the polycrystalline ice [9–15].

The plastic deformation of Antarctic ice results in the development of crystallographic preferred
orientations (CPOs), which may induce a strong mechanical anisotropy that can enhance or impede
the flow of ice and can be used to study the kinematics of flow [16]. The CPOs of ice vary with the
kinematics (e.g., compression or shear), stress, temperature, and strain [10,17–19]. In nature, usually
three types of ice c-axes fabrics form: single cluster, double clusters, and a girdle. Single and double
clusters of ice c-axes can form due to simple shear [20]. Single cluster can also form due to uniaxial
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compression (e.g., [21]). Girdles have been interpreted as due to uniaxial extension [22]. The ice CPOs
are often reorganized by kinematic changes, such as the progressive development of folds, shear zones,
and an increased depth of burial (confining pressure) [21–25]; however, studies related to the CPO
evolution are limited, especially for natural ice.

Single-maxima clusters are observed in uniaxial compression laboratory experiments only at low
temperatures and/or fast strain rates [17,26]. The vast majority of laboratory experiments give an open
cone (small circle) CPO in uniaxial compression. Laboratory experiments have shown that a transition
from an open cone to a single cluster of c-axes [26–28] with increasing stress, decreasing temperature, and
increasing strain. This has been interpreted as an increase in pyramidal slip systems by Piazolo et al. [27]
and to a change in balance between lattice rotation and grain boundary migration recrystallization by
Qi et al. [28]. A series of simple shear experiments have reported a transition of double cluster to single
clustered c-axes with increasing strain, and have documented different patterns of evolution with strain
dependent upon deformation temperature [29–31]. The transition in the CPOs of natural ice is often
ascribed to environmental variables, such as the concentration of air bubbles, layers of volcanic tephra,
snow accumulation rates, and the structures of bedrock [32–34]. Although recent experimental studies
have reported stress and temperature as prevailing factors that lead to the formation CPOs of ice [28,29],
microstructural evolution of natural ice, which occurs at lower strain rates, and proceeds to higher strain
than experiments, probably involves further complexities that are not adequately understood.

In this study, we report a microstructural evolution of ice in cores drilled from the Styx Glacier
in northern Victoria Land, Antarctica, which is a renowned site for snow accumulation. The slow
ice flow allows for a high probability of the development of diverse stress regimes. We describe the
deformation behavior of the ice with increasing depth based on calculations of physical properties and
careful investigations of CPOs using electron backscatter diffraction (EBSD) in a scanning electron
microscope. We also compare the deformation features of the sample to conventional ice flow models,
which is followed by a discussion of glaciological implications.

2. Materials and Methods

2.1. Geological Outline and Sample Descriptions

The Styx Glacier in northern Victoria Land lies along the western margin of the Ross Sea (Figure 1)
and is a renowned site for snow accumulation that is minimally influenced by katabatic winds. Hence,
several ice cores have been retrieved from the Styx Glacier in recent decades [35–38]. The Styx Glacier
consists of a flat surface with a relief of <100 m over a total area of >100 km2. The velocity of its
ice surface is ca. 2.3 m yr−1 [39], which was measured from multiple satellite (Sentinel-1) synthetic
aperture radar interferometry data (InSAR) (Figure 2). As a part of the Korean Antarctic Research
Program based at the Jang Bogo Station, a drilling program led by the Korea Polar Research Institute,
was conducted at the Styx Glacier to obtain an ice core that developed during the past 2 kyr [40]. An
ice core with a total depth of 210.5 m was collected from the Styx Glacier at 73◦51.10′ S, 163◦41.22′ E,
at an elevation of 1623 m, during the 2014–2015 austral summer season. The ice base at the sample
site was determined to be at 550 m depth by a ground-penetrating radar (GPR) investigation [41].
Bedrock signals in the GPR data confirmed the existence of a nunatak, located ~4 km southeast (SE) of
the sample site. The presence of the nunatak is consistent with the reduction in ice flow velocity and
divergent change of the ice flow direction, observed from the satellite data (Figures 2 and 3), as ice
flows past the site in the south-southeast (SSE) direction.

Due to low densities at <40 m and rich in cracks at >180 m depth, samples of the ice core were
selected from depths of about 50, 80, 110, 140, and 170 m, labeled as SG_50, _80, _110, _140, and
_170, respectively [40]. The samples were stored at ca. –25 ◦C for preserving the fabric (e.g., [42]).
Characteristics of the cores are summarized in Table 1. The ages were estimated to be 0.26 to 1.83 kyr,
based on a combined approach of an empirical firn densification model [43] and the CH4 gas age with
the correction for the difference between the gas and ice ages of ~0.3 kyr [44]; densities ranged from
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780 to 920 kg/m3 (Figure 4a,b). The borehole temperature, measured 2 y after the drilling, was –31.7 ◦C
at a depth of 15 m and −28.3 ◦C at the base of the hole (210 m). A model calculation reported a mean
annual temperature of −32.5 ◦C, and a basal temperature of −20.5 ◦C at 550 m [44]. Snow accumulation
rate is reported as 203 kg m−2 yr−1 [38].

Vertical longitudinal strain rates can be estimated by assuming that finite longitudinal strain is
accommodated by density increase from the surface. The strain rate separating the sample and the
surface is calculated by dividing the natural log of the change in ice density (Δ ρice) by the age of the
sample, with shortening being positive. The age is derived from the depth-age scale [44] (Table 1).
Initial density of 350 kg/m3 was assumed at the surface. Finite longitudinal strain increases to 0.97 at
170 m depth. Longitudinal strain rate decreases from 10−10 s−1 at shallow depths to 2 × 10−11 s−1 at 170
m depth (Figure 4c). An upper bound horizontal shear strain rate is estimated by assuming a linear
decrease in velocity from the surface to the base of the ice: a horizontal shear strain rate of ~10−10 has
been calculated by dividing the ice flow velocity, 2.3 m year−1, by thickness, 550 m (Table 1). A lower
bound shear strain rate estimate was made by assuming the driving force for horizontal shear strain
is at a maximum at the base of the glacier (550 m) and reduces linearly to zero at the surface. Shear
strain rate at any depth is proportional to depth to the power of n, where n is the stress exponent in the
flow law. Using this relationship and the fact that the average of shear strain rates for all depths must
correspond to the average shear strain rate averaged across the entire ice thickness (2.3 m yr−1/550 m)
allows the shear strain rate and shear strain at any given depth to be calculated. A similar approach
can be used to account for the warmer temperatures at the base of the glacier using Q = 60 kJmol−1.
Using an n value of 3 (appropriate for low strains), lower bound horizontal shear strain rate increases
from 10−13 at 50 m to 7 × 10−12 at 170 m depth (Table 1).

 

Figure 1. Maps of the drilling site, modified from Han et al. [40]. (a) The Styx Glacier in northern Victoria
Land lies along the western margin of the Ross Sea. The sample locations of Udisti [45], Stenni et al. [38]
and Kwak et al. [36] in (b) are marked for comparison. (c) The site where samples were collected,
showing the various tents during the 2014–2015 summer expedition. GPR: ground-penetrating radar;
AMOS: automatic meteorological observation system. (d) Investigation lines for ground penetrating
radar (GPR). Details of the measurements and results will be presented in Figure 3.
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Figure 2. Ice surface velocity and flow direction (red arrows) around the drilling site, derived from
satellite radar interferometry data [39]. The background is Sentinel-1 synthetic aperture radar image
acquired on 17 June 2017.

 

Figure 3. Ground-penetrating radar (GPR) data plotted using the program Surfer. The GPR data
were acquired using a MALÅ Rough Terrain Antenna (RTA) system. The control unit linked to
global positioning system (GPS) receiver measured signals with 25 MHz center frequency, 4.4 m
transmitter-receiver separation, 1 trace s−1 record, 13,000 ns time window, and 8 stacks. The raw data
were post-processed by background removal, gain, and Kirchhoffmigration using the program Reflexw.
The radio wave velocity was employed as 0.20 m ns−1 for snow (0–20 m depth), 0.19 m ns−1 for firn
(20–50 m depth), and 0.17 m ns−1 for ice (>50 m depth) [46].
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Figure 4. Plots of (a) ice age, (b) density, and (c) longitudinal strain rate as a factor of increasing depth.
(a) The ice age of the core was derived from Yang et al. [44]. (b) Density is computed from the measured
weight of the core divided by volume. (c) Longitudinal strain rate is calculated from density divided
by time. Upper and lower bound horizontal strain rates are presented as a grey line.

2.2. Analytical Methods

The microstructural features of rocks are usually observed in sections cut perpendicular to the
foliation and parallel to the lineation (e.g., [47]). The foliation (bedding) of ice, in this setting, can be
considered as the plane parallel to the surface, which forms due to the annual snow accumulation and
densification during burial. Lineation cannot usually be observed owing to the transparency of ice.
Azimuthal orientations are not normally preserved in rotary coring and for this study we cut an arbitrary
vertical (normal to foliation) observation plane. The samples were cut by a ring blade (a circular saw) in a
cold room at −15 to −20 ◦C, and mounted on a copper ingot at ~5 ◦C, thus, producing a bond between the
sample and the ingot by melting and re-freezing a thin layer. As soon as a bond was formed, the ingot
and the sample were cooled rapidly. To strengthen the bond, water droplets at 0 ◦C were added into the
holes at the back of the ingot which froze onto the bottom of the sample. We used a microtome to cut the
samples to thickness of ~1 cm in a freezer at −15 to −20 ◦C. The final polishing was achieved by using
sandpaper (1500 mesh) attached to a polishing plate sit 1–2 cm above liquid nitrogen at the base of a
polystyrene box, so that the plate was about −20 to −30 ◦C (for further details, see [48]).

To study the microstructures of ice, high-quality crystallographic orientation maps were acquired
by indexing the Kikuchi bands (diffraction patterns) using an Oxford Instruments EBSD camera on a
Zeiss Sigma variable-pressure, field-emission, scanning electron microscope (FE–SEM), housed at the
University of Otago, Dunedin, New Zealand. Each polished sample (ca. 30 × 45 mm) was transferred
through a nitrogen-filled glove box into the SEM to minimize condensation. After the sample was
inserted to the cold stage in the SEM chamber at ≤−80 ◦C, the chamber was evacuated to a high vacuum
and the sample was cooled to ≤−100 ◦C. A sublimation process was then carried out by bringing the
chamber pressure to the atmospheric pressure and warming the sample to approximately −80 ◦C to
remove frost and flatten the surface of the sample, and then the chamber was evacuated again to a high
vacuum and the sample was cooled again to less than −100 ◦C. The orientation maps were generated
with an accelerating voltage of 30 kV, a working distance of ~20 mm, a beam current of ~10 nA, and
a step size of 30–50 μm with ~10 Pa nitrogen gas pressure to prevent charging (for further details
of the process, see [48]). The raw data thus obtained, were processed using the software Channel 5
and the MATLAB-based toolbox MTEX [49]. Contoured pole figures of [0001], <11–20> and <10–10>
were generated from all indexed pixels using MTEX. The J- and M-indices were determined [50–52] as
measure of fabric strength using MTEX. Eigenvalues for calculating shape factor, K, were computed
using the MTEX [53].

3. Results

All results from our microstructural analyses are summarized in Table 2. As illustrated in Figure 4,
the age and density of the ice increases, and the longitudinal strain rate decreases with increasing
depth. In this section, we describe the microstructures, CPOs, and related data.
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The high-quality EBSD maps, figures for misorientation between each pixel and the mean
orientation of the parent grain (mis2mean), and the grain-size distributions are displayed in Figure 5a–c,
respectively, for intracrystalline and intercrystalline deformation features. Analyzed sections have
different arbitrary azimuthal orientations as azimuthal information was lost in coring. Sample SG_50
contains a large number of air bubbles. The ice crystals in this sample are characterized by relatively
small and uniform grain size, equigranular shapes, and straight grain boundaries (Figure 5a,b). Samples
from greater depths have; a lower fraction of bubbles, larger grain size, larger variations in grain
size, and more angular and irregular grain boundaries. The figures for mis2mean indicate that a few
areas with high misorientations are distributed along the grain boundaries, particularly near the triple
junctions (Figure 5b). Mean grain size increases with depth and the peak distribution ranged between
1000–2000 μm (Figure 5c). Grain size at the peak frequency of the distribution is about 1.5 mm at 50 m
and decreases to ~1 mm at 80 and 110 m.

 

Figure 5. High-quality electron backscatter diffraction (EBSD) data showing (a) orientation (Euler
angle), (b) mis2mean maps, and (c) grain sizes of the analyzed samples from the Styx Glacier. The
locations of samples in the drilled core are shown to the left of (a). White areas in (a) and (b) present
the existence of air bubbles. Color indices for (a) and (b) are located in the lower right of each. The
maps in (b) show grain boundaries (>10◦) as black lines. The MATLAB toolbox MTEX is employed for
all figures.

The crystallographic orientations are shown in a reference frame where the vertical is in the center
of the stereonets and the data are rotated around the vertical axis so that the a-axis maxima lie in
the east–west (E–W) direction. This approach facilitated a better comparison of data from different
depths, but the reader is reminded that the azimuthal orientation is arbitrary (the direction of the a-axis
maxima is unknown). The c-axes become more concentrated with increasing depths (Figure 6a). The
CPOs are characterized by a vertical cluster of c-axes with weak secondary maxima at ≤110 m. The
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strong cluster of c-axes lies within a broad vertical girdle at depths ≥140 m (Figure 6b). The girdle is
partial at 140 m and almost complete at 170 m. The vertical girdle of c-axes lies perpendicular to the
a-axis maxima. The a-axes and poles to m-planes lie sub-horizontally. Weaker a-axis sub-maxima lie at
±60 degrees to the main maximum (normal to c-axis girdle). Maxima in the poles to m-planes lie at
±30 degrees and at 90 degrees to the a-axis maxima: those at ±30 degrees are strongest.

 

Figure 6. Rotated crystallographic preferred orientations of the ice samples using (a) 2000 random
points and (b) full pixels data. The small cylinder at the top right shows the orientation of the plotted
pole figures. The crystallographic data are plotted using the MATLAB-based toolbox MTEX as poles
on upper-hemisphere equal-area projections with contours in multiples of uniform distribution. P =
Number of pixels; J = J-index; M =M-index; N = Number of grains.

The J- and M-indices, mean grain size and the shape factor, K, of each sample are displayed in
Figure 7. Fabric indices (J = 1.46–2.11 and M = 0.04–0.09) are weak at depths ≤110 m, remarkably high
at the depth of 140 m (J = 5.08 and M = 0.30), and decrease again at 170 m (J = 4.25 and M = 0.23)
(Figure 7a and Table 2). Mean grain size and standard deviation increase slightly, corresponding to
increasing density, with increasing depth (Figure 7b and Table 2). The shape factor, K, computed from
eigenvalues of the c-axis distribution [53] provides quantitative identification of c-axes being more
clustered at 50–110 m depth and more girdle-like at 140–170 m.
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Figure 7. Plots of (a) J-index, (b) mean grain size, and (c) shape factor, K, as a factor of increasing depth.
The range presented as black arrows and a blue arrow and in (b) denote the standard deviation and
peak grain size, respectively. The shape factor is calculated from eigenvalues [53].

Rotation axes (misorientation axes) of low-angle boundaries (2◦–10◦) in our samples were analyzed
in inverse pole figures (Figure 8). The rotation axes of ice were found to be generally distributed along
the basal plane, and/or parallel to c-axes. Strong intensity parallel to the c-axes is activated strongly at
140 m, and more weakly at 50 and 170 m, while intensity along the basal plane is clear in most samples,
except the sample from 140 m.

 

Figure 8. Rotation axes of the analyzed samples computed using the program Channel 5. The term
“Max” denotes the maximum of mean uniform density. These are upper hemisphere plots, contoured
with a half width of 10◦.

4. Discussion

4.1. Stress Regimes and CPO Development

Deformation features can be identified from intracrystalline microstructures, such as the CPOs
(e.g., [54–57]). (Table 1). In terms of density, sample SG_50 is classified as firn–ice transition, and
the other samples are defined as ice [58,59]. Deformation temperatures between −29.1 to −31.2 ◦C
estimated from the measurements of the bore hole, are colder than the vast majority of published
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deformation experiments for which CPO and microstructural data have been presented, but are at a
similar temperature to −30 ◦C experiments presented by [17,26,29].

The CPOs of natural ice could be attributed to both vertical shortening and horizontal shear. The
upper bounds of the estimated rate of horizontal shear is equivalent or greater than the calculated
rate of finite longitudinal shortening at 80–170 m (Table 1). Lower bound estimations of horizontal
shear strain at 140–170 m (>0.05) could induce a strong CPO [60]. The weak central cluster with or
without multiple maxima of c-axes and weak fabric strengths (Figures 6 and 7a) at depths of ≤110 m,
can be ascribed to low strains [20,60–63]. Higher longitudinal strain rate than horizontal shear strain
rate at 50 m suggests that the single cluster of c-axes is related with the vertical compression under
firn-ice transition condition (Figure 4c) [18]. The single cluster with multiple maxima of ice c-axes from
80–110 m can be attributed to a dominant activation of the horizontal shear, as estimated upper bound
horizontal strain rates are higher than estimated vertical strain rates in all samples below the 50 m
sample (Figure 4c). All samples have estimated shear strains that are significant, given that strong
CPOs are well developed by shear strains of ~0.2 [29]. Similar CPOs have been reported as products
of deformation due to recrystallization under a simple shear regime by numerical models [29,64].
Therefore, we infer that the CPOs formed at ≤110 m are influenced by both the finite longitudinal and
horizontal shear regimes.

In contrast, the c-axes of deeper samples (≥140 m) show a strong cluster with weak maxima
aligned vertically (a girdle) with an abrupt increase in fabric indices, followed by more girdle-like
(K < 1) shape factors, and longitudinal strain rates that are about one to two orders of magnitude
lower than the horizontal strain rates (Figure 4c, Figure 7a,c and Table 1). The girdle for c-axes is often
ascribed to the development of a horizontal extension, based on the orientation of the vertical girdle
that intersects the single cluster [19,22,23,65–67]. We suggest that horizontal extension may become
important, probably in addition to vertical compression and horizontal shear. The strong alignment
a-axis at 140–170 m depths may lend support for the horizontal extension origin of the girdle CPOs.
Slip on basal planes to facilitate extension would lead to the slip direction aligning with extension
direction. The lower J-index at 170 m rather than at 140 m, may be attributed to the ‘countervailing
effect’ of the stronger girdle against the presence of a strong cluster or a small number of analyzed
crystals at 140 m. The J- and M-indices are scalars and they become less useful for comparing CPO
strengths when CPO symmetry changes. The occurrence of tephra at depths of 97.01, 99.18, and 165.37
m indicates that the change in CPO may be irrelevant with impurities in the ice [40].

4.2. Recrystallization Processes and Slip Systems

The flow of ice can be influenced significantly by microstructural changes, particularly those
attributed to recrystallization by grain boundary migration (GBM) and/or by lattice rotation including
associated recovery, polygonization, and subgrain rotation (e.g., [28,29,68]). Recrystallization by GBM
is driven by reduction in the mean intragranular distortion of the polycrystals. GBM alone results in an
increase in grain size as no new orientation (nuclei) are created. Recrystallization by lattice rotations
is accompanied by a substantial reduction as defects and associated distortion become localized in
subgrain boundaries greating cells that may evolve to become new grains (nuclei) [22,69].

Sample SG_50, representing the firn–ice transition [58,59], shows straight grain boundaries, a
relatively uniform grain size, triple junctions of ~120◦, weak fabrics, and a very weak single cluster
of c-axes (Table 1, Figures 5 and 6), which is typically regarded as a product of polygonization in
shallower ice with compression [18]. Scarcity of small domains with a high misorientation suggests
that the numerous air bubbles, in or near grain boundaries, may play an important role in generating
fabrics at 50 m (Figure 5b). Between 80–110 m, the analyzed ice samples displayed a steady increase
in grain size and fabric strength, and a minor change in grain shape (Figure 5a,b and Figure 7b). At
depths between 110 m and 140 m, the ice samples exhibited an abrupt increase in fabric strength.
This change corresponds to a more diverse grain size distribution (high standard deviation), and
the appearance of lobate grain boundaries (Figure 5), thus indicating recrystallization involves GBM.
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Small domains with high misorientation, 120◦ triple junctions, and straight grain boundaries are
distributed at all depths, suggesting the formation of new grains and the occurrence of recovery
and subgrain rotation and recovery among the analyzed samples (Figure 5). The evidence suggests,
therefore, that recrystallization at depths ≥140 m is dominated by GBM accompanied by recovery and
subgrain rotation.

Analysis of low angle boundaries is often useful for delineating the dominant slip systems in ice
(e.g., [64,70]). The rotation axes of the analyzed samples, shown in Figure 8, can be classified into two
types: one parallel to the c-axes that is activated at the depths of 50, 140, and 170 m, and another along
the basal plane that has been highlighted at all depths except at 140 m. Assuming that only the basal
slip system is active, rotation axes parallel to the c-axis can be related to twist walls (screw dislocations)
of the basal slip system, while rotation axes along the basal plane can be related to tilt walls (edge
dislocations) of the basal slip system. Statistically significant data sets from experiments identify both
of these rotation axes [26,71] and subgrain boundary trace analyses, and weighted burgers vector
analyses [72] of these same samples (Sheng Fan, personal communication) indicate that the rotation
axes in basal plane are clearly related to basal plane dislocations. Other studies have constrained the
operation of non-basal dislocations in both experimental [73,74] and natural [70,75] ice and further
work is needed to determine the contribution of non-basal dislocations in these samples.

There is clearly a change in misorientation axes between 110 and 140 m, corresponding to the
change in CPO. Thus we infer that the changes in deformation kinematics that cause the change in
CPOs is probably also responsible for the change in misorientation axes. Whether this in turn relates to
a redistribution of slip from tilt walls to twist walls or a changing involvement of non-basal dislocations
needs further analysis.

In the finite longitudinal/horizontal shear stress regimes, the operation of the basal slip could
explain the formation of a single cluster with weak maxima of c-axes at depths ≤110 m and with a
girdle at 140–170 m. Under a compressional (and/or a simple shear) stress regime at 50–110 m, slip
occurs along the basal plane and the c-axes align around grains in high Schmid factor orientations at
the expense of grains in the low Schmid factor orientations (Figure 9a). Under an extension regime, at
140–170 m, slip occurs along the basal plane and the c-axes disperse to rotate to form a girdle, with fixed
a-axes along the tensile direction (Figure 9b). These processes can explain the formation of distinctive
CPOs under different stress regimes.

 

Figure 9. Schematic model to show formation of a single cluster with (a) weak maxima around the
cluster under a compressional (pure/simple shear) regime, and (b) the weak aligned maxima (a girdle)
under an extension regime.
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4.3. Origin of Extensional Stress Regime and Implications for Ice Sheet Dynamics

Antarctic ice forms by recurrent patterns of snow accumulation, densification, and transformation
through firn to ice [38,58,76–78]. The Styx Glacier is a renowned site of snow accumulation; hence, the
c-axes of ice crystals can be expected to be aligned perpendicular to the surface. The results from the
microstructural investigations in this study, however, demonstrate the CPO evolution with depth from
a single cluster of c-axes to a single cluster with a girdle. The ice in the study area flows and meets a
nunatak within ~4 km to the SE. The topography may generate an extensional stress regime that may
be responsible for the weak girdle of c-axes at depths ≥140 m (Figure 10a). Our GPR data suggest that
the bedrock becomes shallower from the sample location towards the nunatak (Figure 3). Additionally,
a small bedrock peak corresponds to the core site and may contribute to an extensional stress regime at
the sample location (Figure 10b,c).

 

Figure 10. Schematic views of (a) sample location with flow of ice, (b) a cross section of a–b (marked as
the orange line) in (a), and (c) a cross section (presented as the green line) of c–d in (a). The diverse
stress regimes at different depths may be the results of the low velocity of ice flow, and a nunatak
located ~4 km to the southease (SE) from the study area.

We have compared our results to conventional ice-flow models that regard ice as a viscoelastic
material. Conventional numerical models of ice flow [76,79] are characterized by a low velocity at the
base due to a high friction with the bedrock, and a logarithmic increase in speed toward the surface.
In the study area, the evolution of the CPO from a single cluster of c-axes to a single cluster with
a girdle, can be attributed to the kinematic control of the underlying bedrock. Although we have
concluded that the structure of the bedrock is the most likely cause for the generation of the CPO
evolution, other environmental factors, such as the concentration of air bubbles, gas or volcanic tephra
due to variations in annual snow accumulation, need to be tested [32–34]. Therefore, we suggest that
the microstructural analyses of various ice cores should be explored extensively by sampling from
kinematically distinct locations within ice sheets. This process is crucial for a thorough review of the
conventional ice flow models. Moreover, new techniques must be devised to facilitate preservation of
the azimuthal orientations of cored ice samples.
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5. Conclusions

We conducted a microstructural study of five natural ice samples taken at intervals of ~30 m from
depths of 50–170 m by a core drilled in the Styx Glacier, located in northern Victoria Land, Antarctica.
Our interpretations of the microstructures, based on high-quality EBSD maps combined with GPR, can
be summarized as follows:

1. With increasing depth, the analyzed samples show a systematic change from a weak single cluster
of c-axes at 50 m, to a single cluster with weak multi-maxima between 80–110 m, and to a single
cluster with a girdle between 140–170 m. An a-axis cluster occurs normal to the c-axis girdle. The
formation of the girdle that accompanied the strong single cluster is characterized by an abrupt
increase in fabric indices, and a decrease in the shape factor; thus, suggesting the extension began
to occur at the depth of <140 m.

2. Straight grain boundaries, relatively uniform grain size, triple junction of ~120◦, and a weak single
cluster of c-axes at 50 m (Figures 4 and 6) are typically regarded as products of polygonization
under compression, mainly due to bubble extraction. With an increased depth of burial, grain
size increased, fabric strengthened, and the irregularity increased in grain shape (Figures 5 and 6).
At the depth of 140 m, highly curved grain shapes, abrupt increase of fabric indices, and the
occurrence of a girdled c-axes (K < 1) suggest dynamic recrystallization dominated by GBM.

3. The ice generally flows at ca. 2.3 m yr−1 from the northwest (NW) to the SE, dominated under
the finite longitudinal and horizontal shear regimes. The presence of a nunatak located ~4 km
far from the sample location in the SE direction, and a low surface velocity of ice, allowed the
appearance of a girdle of c-axes between 140–170 m. The girdle was the result of an extensional
stress regime generated at that depths. These results suggest the occurrence of changeable stress
regimes as a response to diverse environments, such as an abrupt appearance of a small peak in
the bedrock.

Author Contributions: D.K., D.J.P., and Y.H. collaboratively designed the project and wrote the manuscript. D.K.,
D.J.P., and C.Q. conducted EBSD analysis, and H.H. and H.T.J. provided satellite and GPR data, respectively.
All authors contributed to correct the initial version of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by a KOPRI project PE20030.

Acknowledgments: This work was originally designed by D.K., Y.H., and Jin-Han Ree (Korea University).
Soon Do Hur and Sang-Bum Hong (KOPRI) provided the ice core samples collected during the 2014–2015
austral summer season. Chun-Ki Lee (KOPRI) contributed toward discussions about satellite data. Lisa Craw
(University of Tasmania), Kat Lilly, and Pat Langhorne (University of Otago) supported data collection. The
authors appreciate the fruitful and constructive reviews by three anonymous reviewers and the careful editorial
work by Haemyeong Jung.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fahnestock, M.; Abdalati, W.; Joughin, I.; Brozena, J.; Gogineni, P. High Geothermal Heat Flow, Basal Melt,
and the Origin of Rapid Ice Flow in Central Greenland. Science 2001, 294, 2338. [CrossRef] [PubMed]

2. MacGregor, J.A.; Fahnestock, M.A.; Catania, G.A.; Aschwanden, A.; Clow, G.D.; Colgan, W.T.; Gogineni, S.P.;
Morlighem, M.; Nowicki, S.M.J.; Paden, J.D.; et al. A synthesis of the basal thermal state of the Greenland Ice
Sheet. J. Geophys. Res. Earth Surf. 2016, 121, 1328–1350. [CrossRef] [PubMed]

3. Rignot, E.; Mouginot, J. Ice flow in Greenland for the International Polar Year 2008–2009. Geophys. Res. Lett.
2012, 39. [CrossRef]

4. Bell, R.E.; Tinto, K.; Das, I.; Wolovick, M.; Chu, W.; Creyts, T.T.; Frearson, N.; Abdi, A.; Paden, J.D. Deformation,
warming and softening of Greenland’s ice by refreezing meltwater. Nat. Geosci. 2014, 7, 497. [CrossRef]

5. Wolovick, M.J.; Creyts, T.T.; Buck, W.R.; Bell, R.E. Traveling slippery patches produce thickness-scale folds in
ice sheets. Geophys. Res. Lett. 2014, 41, 8895–8901. [CrossRef]

100



Minerals 2020, 10, 892

6. Hewitt, I.J. Seasonal changes in ice sheet motion due to melt water lubrication. Earth Planet. Sci. Lett. 2013,
371–372, 16–25. [CrossRef]

7. Stokes, C.R.; Clark, C.D.; Lian, O.B.; Tulaczyk, S. Ice stream sticky spots: A review of their identification and
influence beneath contemporary and palaeo-ice streams. Earth Sci. Rev. 2007, 81, 217–249. [CrossRef]

8. Sergienko, O.V.; Creyts, T.T.; Hindmarsh, R.C.A. Similarity of organized patterns in driving and basal stresses
of Antarctic and Greenland ice sheets beneath extensive areas of basal sliding. Geophys. Res. Lett. 2014, 41,
3925–3932. [CrossRef]

9. Glen, J.W. Experiments on the Deformation of Ice. J. Glaciol. 1952, 2, 111–114. [CrossRef]
10. Glen, J.W.; Perutz, M.F. The creep of polycrystalline ice. Proc. R. Soc. Lond. Ser. A Math. Phys. Sci. 1955, 228,

519–538. [CrossRef]
11. Durham, W.B.; Heard, H.C.; Kirby, S.H. Experimental deformation of polycrystalline H2O ice at high pressure

and low temperature: Preliminary results. J. Geophys. Res. 1983, 88. [CrossRef]
12. Weertman, J. Creep of deformation of ice. Annu. Rev. Earth Planet. Sci. 1983, 11, 215–240. [CrossRef]
13. Budd, W.F.; Jacka, T.H. A review of ice rheology for ice sheet modelling. Cold Reg. Sci. Technol. 1989, 16,

107–144. [CrossRef]
14. Treverrow, A.; Budd, W.F.; Jacka, T.H.; Warner, R.C. The tertiary creep of polycrystalline ice: Experimental

evidence for stress-dependent levels of strain-rate enhancement. J. Glaciol. 2012, 58, 301–314. [CrossRef]
15. Goldsby, D.L.; Kohlstedt, D.L. Superplastic deformation of ice: Experimental observations. J. Geophys. Res.

Solid Earth 2001, 106, 11017–11030. [CrossRef]
16. Alley, R.B.; Joughin, I. Modeling Ice-Sheet Flow. Science 2012, 336, 551. [CrossRef]
17. Craw, L.; Qi, C.; Prior, D.J.; Goldsby, D.L.; Kim, D. Mechanics and microstructure of deformed natural

anisotropic ice. J. Struct. Geol. 2018, 115, 152–166. [CrossRef]
18. Alley, R.B. Flow-law hypotheses for ice-sheet modeling. J. Glaciol. 1992, 38, 245–256. [CrossRef]
19. Faria, S.H.; Weikusat, I.; Azuma, N. The microstructure of polar ice. Part II: State of the art. J. Struct. Geol.

2014, 61, 21–49. [CrossRef]
20. Hudleston, P.J. Progressive Deformation and Development of Fabric Across Zones of Shear in Glacial

Ice. In Energetics of Geological Processes: Hans Ramberg on His 60th Birthday; Saxena, S.K., Bhattacharji, S.,
Annersten, H., Stephansson, O., Eds.; Springer: Berlin/Heidelberg, Germany, 1977; pp. 121–150. [CrossRef]

21. Thorsteinsson, T.; Kipfstuhl, J.; Miller, H. Textures and fabrics in the GRIP ice core. J. Geophys. Res. Ocean.
1997, 102, 26583–26599. [CrossRef]

22. Lipenkov, V.Y.; Barkov, N.I.; Duval, P.; Pimienta, P. Crystalline Texture of the 2083 m Ice Core at Vostok
Station, Antarctica. J. Glaciol. 1989, 35, 392–398. [CrossRef]

23. Wang, Y.; Thorsteinsson, T.; Kipfstuhl, J.; Miller, H.; Dahl-Jensen, D.; Shoji, H. A vertical girdle fabric in the
NorthGRIP deep ice core, North Greenland. Ann. Glaciol. 2002, 35, 515–520. [CrossRef]

24. Weikusat, I.; Kipfstuhl, S.; Faria, S.H.; Azuma, N.; Miyamoto, A. Subgrain boundaries and related
microstructural features in EDML (Antarctica) deep ice core. J. Glaciol. 2009, 55, 461–472. [CrossRef]

25. Hudleston, P.J. Structures and fabrics in glacial ice: A review. J. Struct. Geol. 2015, 81, 1–27. [CrossRef]
26. Fan, S.; Hager, T.; Prior, D.J.; Cross, A.J.; Goldsby, D.L.; Qi, C.; Negrini, M.; Wheeler, J. Temperature and

strain controls on ice deformation mechanisms: Insights from the microstructures of samples deformed to
progressively higher strains at −10, −20 and −30◦C. Cryosphere Discuss 2020, 2020, 1–43. [CrossRef]

27. Piazolo, S.; Wilson, C.J.L.; Luzin, V.; Brouzet, C.; Peternell, M. Dynamics of ice mass deformation: Linking
processes to rheology, texture, and microstructure. Geochem. Geophys. Geosyst. 2013, 14, 4185–4194. [CrossRef]

28. Qi, C.; Goldsby, D.L.; Prior, D.J. The down-stress transition from cluster to cone fabrics in experimentally
deformed ice. Earth Planet. Sci. Lett. 2017, 471, 136–147. [CrossRef]

29. Qi, C.; Prior, D.J.; Craw, L.; Fan, S.; Llorens, M.G.; Griera, A.; Negrini, M.; Bons, P.D.; Goldsby, D.L.
Crystallographic preferred orientations of ice deformed in direct-shear experiments at low temperatures.
Cryosphere 2019, 13, 351–371. [CrossRef]

30. Journaux, B.; Chauve, T.; Montagnat, M.; Tommasi, A.; Barou, F.; Mainprice, D.; Gest, L. Recrystallization
processes, microstructure and crystallographic preferred orientation evolution in polycrystalline ice during
high-temperature simple shear. Cryosphere 2019, 13, 1495–1511. [CrossRef]

31. Bouchez, J.L.; Lister, G.S.; Nicolas, A. Fabric asymmetry and shear sense in movement zones. Geol. Rundsch.
1983, 72, 401–419. [CrossRef]

101



Minerals 2020, 10, 892

32. Pälli, A.; Kohler, J.C.; Isaksson, E.; Moore, J.C.; Pinglot, J.F.; Pohjola, V.A.; Samuelsson, H. Spatial and
temporal variability of snow accumulation using ground-penetrating radar and ice cores on a Svalbard
glacier. J. Glaciol. 2002, 48, 417–424. [CrossRef]

33. Anschütz, H.; Eisen, O.; Oerter, H.; Steinhage, D.; Scheinert, M. Investigating small-scale variations of the
recent accumulation rate in coastal Dronning Maud Land, East Antarctica. Ann. Glaciol. 2007, 46, 14–21.
[CrossRef]

34. Bons, P.D.; Jansen, D.; Mundel, F.; Bauer, C.C.; Binder, T.; Eisen, O.; Jessell, M.W.; Llorens, M.-G.; Steinbach, F.;
Steinhage, D.; et al. Converging flow and anisotropy cause large-scale folding in Greenland’s ice sheet. Nat.
Commun. 2016, 7, 11427. [CrossRef] [PubMed]

35. Udisti, R.; Barbante, C.; Castellano, E.; Vermigli, S.; Traversi, R.; Capodaglio, G.; Piccardi, G. Chemical
characterisation of a volcanic event (about AD 1500) at Styx Glacier plateau, northern Victoria Land,
Antarctica. Ann. Glaciol. 1999, 29, 113–120. [CrossRef]

36. Kwak, H.; Kang, J.-H.; Hong, S.-B.; Lee, J.; Chang, C.; Hur, S.D.; Hong, S. A Study on High-Resolution
Seasonal Variations of Major Ionic Species in Recent Snow Near the Antarctic Jang Bogo Station. Ocean. Polar
Res. 2015, 37, 127–140. [CrossRef]

37. Van de Velde, K.; Vallelonga, P.; Candelone, J.P.; Rosman, K.J.R.; Gaspari, V.; Cozzi, G.; Barbante, C.; Udisti, R.;
Cescon, P.; Boutron, C.F. Pb isotope record over one century in snow from Victoria Land, Antarctica. Earth
Planet. Sci. Lett. 2005, 232, 95–108. [CrossRef]

38. Stenni, B.; Serra, F.; Frezzotti, M.; Maggi, V.; Traversi, R.; Becagli, S.; Udisti, R. Snow accumulation rates in
northern Victoria Land, Antarctica, by firn-core analysis. J. Glaciol 2000, 46, 541–552. [CrossRef]

39. Rignot, E.; Mouginot, J.; Scheuchl, B. MEaSUREs InSAR-Based Antarctica Ice Velocity Map, Version 2; NASA
National Snow and Ice Data Center Distributed Active Archive Center: Boulder, CO, USA, 2017. [CrossRef]

40. Han, Y.; Jun, S.J.; Miyahara, M.; Lee, H.-G.; Ahn, J.; Chung, J.W.; Hur, S.D.; Hong, S.B. Shallow ice-core
drilling on Styx glacier, northern Victoria Land, Antarctica in the 2014-2015 summer. J. Geol. Soc. Korea 2015,
51. [CrossRef]

41. Kim, S.-J. Investigation of Climate Change Mechanism by Observation and Simulation of Polar Climate for the Past
and Present (Rep. BSPE16010–146–12); Korea Polar Research Institute: Incheon, Korea, 2017.

42. Llorens, M.-G.; Griera, A.; Bons, P.D.; Roessiger, J.; Lebensohn, R.; Evans, L.; Weikusat, I. Dynamic
recrystallisation of ice aggregates during co-axial viscoplastic deformation: A numerical approach. J. Glaciol.
2016, 62, 359–377. [CrossRef]

43. Herron, M.M.; Langway, C.C. Firn Densification: An Empirical Model. J. Glaciol. 1980, 25, 373–385. [CrossRef]
44. Yang, J.-W.; Han, Y.; Orsi, A.J.; Kim, S.-J.; Han, H.; Ryu, Y.; Jang, Y.; Moon, J.; Choi, T.; Hur, S.D.; et al. Surface

Temperature in Twentieth Century at the Styx Glacier, Northern Victoria Land, Antarctica, From Borehole
Thermometry. Geophys. Res. Lett. 2018, 45, 9834–9842. [CrossRef]

45. Udisti, R. Multiparametric Approach for Chemical Dating of Snow Layers from Antarctica. Int. J. Environ.
Anal. Chem. 1996, 63, 225–244. [CrossRef]

46. Kovacs, A.; Gow, A.J.; Morey, R.M. The in-situ dielectric constant of polar firn revisited. Cold Reg. Sci. Technol.
1995, 23, 245–256. [CrossRef]

47. Kim, D.; Wallis, S.; Endo, S.; Ree, J.-H. Seismic properties of lawsonite eclogites from the southern Motagua
fault zone, Guatemala. Tectonophysics 2016, 677–678, 88–98. [CrossRef]

48. Prior, D.J.; Lilly, K.; Seidemann, M.; Vaughan, M.; Becroft, L.; Easingwood, R.; Diebold, S.; Obbard, R.;
Daghlian, C.; Baker, I.; et al. Making EBSD on water ice routine. J. Microsc. 2015, 259, 237–256. [CrossRef]

49. Mainprice, D.; Hielscher, R.; Schaeben, H. Calculating anisotropic physical properties from texture data
using the MTEX open-source package. Geol. Soc. Lond. Spec. Publ. 2011, 360, 175. [CrossRef]

50. Mainprice, D.; Silver, P.G. Interpretation of SKS-waves using samples from the subcontinental lithosphere.
Phys. Earth Planet. Inter. 1993, 78, 257–280. [CrossRef]

51. Bunge, H.J. Texture Analysis in Materials Science: Mathematical Methods; Butterworths: London, UK, 1982.
[CrossRef]

52. Skemer, P.; Katayama, I.; Jiang, Z.; Karato, S.-I. The misorientation index: Development of a new method for
calculating the strength of lattice-preferred orientation. Tectonophysics 2005, 411, 157–167. [CrossRef]

53. Vollmer, F.W. An application of eigenvalue methods to structural domain analysis. GSA Bull. 1990, 102,
786–791. [CrossRef]

54. Jung, H.; Karato, S. Water-induced fabric transitions in olivine. Science 2001, 293, 1460–1463. [CrossRef]

102



Minerals 2020, 10, 892

55. Obbard, R.; Baker, I.; Sieg, K. Using electron backscatter diffraction patterns to examine recrystallization in
polar ice sheets. J. Glaciol. 2006, 52, 546–557. [CrossRef]

56. Hansen, L.N.; Zhao, Y.-H.; Zimmerman, M.E.; Kohlstedt, D.L. Protracted fabric evolution in olivine:
Implications for the relationship among strain, crystallographic fabric, and seismic anisotropy. Earth Planet.
Sci. Lett. 2014, 387, 157–168. [CrossRef]

57. Kim, D.; Katayama, I.; Wallis, S.; Michibayashi, K.; Miyake, A.; Seto, Y.; Azuma, S. Deformation microstructures
of glaucophane and lawsonite in experimentally deformed blueschists: Implications for intermediate-depth
intraplate earthquakes. J. Geophys. Res. Solid Earth 2015, 120, 1229–1242. [CrossRef]

58. Kipfstuhl, S.; Faria, S.H.; Azuma, N.; Freitag, J.; Hamann, I.; Kaufmann, P.; Miller, H.; Weiler, K.; Wilhelms, F.
Evidence of dynamic recrystallization in polar firn. J. Geophys. Res. Solid Earth 2009, 114. [CrossRef]

59. Ligtenberg, S.R.M.; Helsen, M.M.; van den Broeke, M.R. An improved semi-empirical model for the
densification of Antarctic firn. Cryosphere 2011, 5, 809–819. [CrossRef]

60. Kamb, B. Experimental Recrystallization of Ice Under Stress. Flow Fract. Rocks 1972, 211–241. [CrossRef]
61. Gow, A.J.; Williamson, T. Rheological implications of the internal structure and crystal fabrics of the West

Antarctic ice sheet as revealed by deep core drilling at Byrd Station. GSA Bull. 1976, 87, 1665–1677. [CrossRef]
62. Kamb, W.B. Ice petrofabric observations from Blue Glacier, Washington, in relation to theory and experiment.

J. Geophys. Res. (1896–1977) 1959, 64, 1891–1909. [CrossRef]
63. Wilson, C.J.L.; Peternell, M. Ice deformed in compression and simple shear: Control of temperature and

initial fabric. J. Glaciol. 2012, 58, 11–22. [CrossRef]
64. Llorens, M.-G.; Griera, A.; Steinbach, F.; Bons, P.D.; Gomez-Rivas, E.; Jansen, D.; Roessiger, J.; Lebensohn, R.A.;

Weikusat, I. Dynamic recrystallization during deformation of polycrystalline ice: Insights from numerical
simulations. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2017, 375, 20150346. [CrossRef]

65. Gow, A.J.; Meese, D. Physical properties, crystalline textures and c-axis fabrics of the Siple Dome (Antarctica)
ice core. J. Glaciol. 2007, 53, 573–584. [CrossRef]

66. Obbard, R.; Baker, I. The microstructure of meteoric ice from Vostok, Antarctica. J. Glaciol. 2007, 53, 41–62.
[CrossRef]

67. Montagnat, M.; Azuma, N.; Dahl-Jensen, D.; Eichler, J.; Fujita, S.; Gillet-Chaulet, F.; Kipfstuhl, S.; Samyn, D.;
Svensson, A.; Weikusat, I. Fabric along the NEEM ice core, Greenland, and its comparison with GRIP and
NGRIP ice cores. Cryosphere 2014, 8, 1129–1138. [CrossRef]
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Abstract: The Val Malenco peridotite massif is one of the largest exposed ultramafic massifs in Alpine
orogen. To better constrain its tectonic history, we have performed a comprehensive petro-structural
and geochemical study. Our results show that the Val Malenco serpentinized peridotite recorded
both pre-Alpine extension and Alpine convergence events. The pre-Alpine extension is recorded by
microstructural and geochemical features preserved in clinopyroxene and olivine porphyroblasts,
including partial melting and refertilisation, high-temperature (900–1000 ◦C) deformation and
a cooling, and fluid-rock reaction. The following Alpine convergence in a supra-subduction
zone setting is documented by subduction-related prograde metamorphism features preserved in
the coarse-grained antigorite and olivine grains in the less-strained olivine-rich layers, and later
low-temperature (<350 ◦C) serpentinization in the fine-grained antigorite in the more strained
antigorite-rich layers. The strain shadow structure in the more strained antigorite-rich layer composed
of dissolving clinopyroxene porphyroblast and the precipitated oriented diopside and olivine suggest
dissolution and precipitation creep, while the consistency between the strain shadow structure and
alternating less- and more-strained serpentinized domains highlights the increasing role of strain
localization induced by the dissolution-precipitation creep with decreasing temperature during
exhumation in Alpine convergence events.

Keywords: Val Malenco; serpentinized peridotite; tectonic evolution; deformation; strain localization

1. Introduction

Recent years have seen a great number of studies on peridotite massifs [1–8], the peridotite
shear zone [9–11], and mantle xenoliths [12–16] aiming at exploring the evolution of the lithospheric
mantle and mantle wedge. These studies demonstrate intimate relationships between deformation,
syn-kinematic P-T conditions, mineralogy, and chemistry in the upper mantle. Compared with
shear zones and mantle xenoliths, the large size of the peridotite massif allows an integration of the
deformation structures into the mantle lithosphere [17], because microstructures are easily overprinted
in the shear zone during emplacement/exhumation, and information is limited for mantle xenoliths
given the heterogeneity of lithospheric mantle. In addition, benefiting from its enormous size,
multi-stage tectonic history can be constrained or recovered from the field tectonic relationship and
heterogeneous deformation in the massif.

Many integrated structural, petrological, and geochemical studies have greatly improved our
understanding of the evolutions of peridotite massifs and their represented upper mantle in the Alps
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(Lanzo massif [18,19], Finero Complex [20,21], Cima di Gagnone Massif [7,22]). These peridotite
massifs have preserved relics of an earlier tectono-metamorphic evolution related to Jurassic rifting,
continental breakup, and development within the Piemonte-Ligurian Ocean which represents part of
the Mesozoic Tethys now occurring as ophiolites in the Alps-Apennine orogenic system [23]. However,
the tectonic evolution of the Val Malenco ultramafic massif, the largest exposed ultramafic massif in
the Alps, is less clear, mainly because of extensive serpentinization in the ocean basin after Jurassic
rifting [24] and strong tectono-metamorphic overprinting resulted from the Alpine convergence [25].
Accordingly, previous studies focused on the petrology of the metamorphic events [25–28]. The tectonic
evolution of the Val Malenco ultramafic massif is mainly inferred from geochemical studies [29–31],
while direct microstructural studies on the peridotite are sparse [3].

Here, we present a comprehensive study on the Val Malenco serpentinized peridotite massif,
including microstructural, petrological, and geochemical analyses. The coupled analyses of deformation
and metamorphism/metasomatism enabled us to construct an integrated tectonic evolution history of
the Val Malenco massif with the emphasis on improving the understanding of deformation processes
at a supra-subduction zone setting.

2. Previous Understanding of Tectonic History of the Val Malenco Unit

The Val Malenco unit is part of the Central Alpine mountain belt which represents the oceanic
lithosphere of Piemonte-Ligurian Tethys, a small oceanic basin separating the Europe plate and the
Adria plate, and pieces of the paleo-Europe and paleo-Africa continental thinned margins during
the Mesozoic period [23]. It is overlain by the Margna nappe and underlain by the Suretta nappe,
which has a pre-Mesozoic basement and a Mesozoic cover, respectively, suggesting a Mesozoic
age for the Val Malenco Unit (Figure 1) [29,32]. The main part of the ultramafic peridotite was
uplifted from garnet-facies conditions and equilibrated at the spinel-facies conditions [27]. Afterward,
lower crustal rocks were welded into the Val Malenco ultramafic rocks (subcontinental mantle)
by gabbroic intrusions at ~270 Ma [29]. During the Jurassic rifting, ultramafic rocks were rapidly
uplifted by near-isothermal decompression and exposed in the Piemontese ocean basin near the
Adriatic margin, experienced extensive low-temperature serpentinization, and developed an Alpine
type ophiolite suite [30]. Accompanying the uplifting, melt/fluid infiltration and melt/fluid reaction
modified the ancient subcontinental mantle coeval with the incipient opening of oceanic basins [27,28].
During the Cretaceous convergence of Alpine metamorphism, the emplaced and serpentinized Val
Malenco unit was moderately subducted and experienced pervasive metamorphism which was
characterized by metamorphosed serpentinite containing a foliated titanian-clinohumite-bearing
magnetite-chlorite-diopside-olivine-antigorite mineral assemblage, indicating greenschist-facies
metamorphic conditions (460 ◦C and 0.6 GPa) in the mantle wedge [25,33]. Finally, the exhumation of
the massif occurred between 67–73 Ma (the Ar39-Ar40 ages of amphibole [30,31]) and 32 Ma (the age of
the Bergell tonalite intrusion [34]).
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Figure 1. A simplified geological map of the Malenco-Forno unit and sample locality (Franscia,
Swiss coordinate: 790.0/129.4). The geological map is modified after Hermann et al. [29]. F: France;
CH: Switzerland.

3. Methods

Three serpentinized lherzolite samples were collected from Franscia, Italy (Figure 1). Rock slabs
of each sample were cut based on the layering structure and the shape preferred orientations (SPO) of
antigorite or olivine before they were doubly polished into 30 μm thick thin sections. The thin sections
were treated with vibration polishing using 0.05 μm colloidal silica for more than 4 h before analyses.

Major-element analyses of minerals were performed at the Key Laboratory of Submarine
Geosciences, State Oceanic Administration, Hangzhou with a JEOL electron microprobe
(Superprobe JXA-8100) and at the China University of Geosciences (Wuhan) using a similar
JEOL electron microprobe (Superprobe JXA-8230). Both microprobes are equipped with four
wavelength-dispersive spectrometers. The analyses were carried out with a 15 kV accelerating
voltage, a 5 μm width beam with a 20 nA beam current, and a counting time of 30 s for peaks and 10 s
for backgrounds. All the analytical results were calibrated by natural olivine and diopside standards
from the SPI Supplies®.

In-situ trace element analyses were performed using laser ablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Geological Processes and
Mineral Resources (GPMR) of the China University of Geosciences in Wuhan. The ion signal intensities
were measured using an Agilent 7500a ICP-MS equipped with a 193 nm ArF excimer laser (GeoLas 2005).
Helium was used as the carrier gas, and argon was used as the make-up gas. Each analysis included
approximately 20–30 s of background acquisition (from a gas blank) and 50 s of data acquisition from
the sample. The element concentrations were calibrated against multiple reference materials (BCR-2G,
BIR-1G and BHVO-2G), and a summed metal oxide normalization was applied [35].

The crystallographic preferred orientations (CPOs) and orientation maps were acquired using a
Quanta 450 Field Emission Gun (FEG) -scanning electron microscope (SEM) equipped with an HKL
Nordlys electron backscattered diffraction (EBSD) detector housed at the GPMR. An accelerating
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voltage of 20 kV, a spot size of 6, and a working distance of 22 mm were used. The analytical conditions
for all measurements have been optimized under a low vacuum condition on non-coated samples
to obtain high-quality electron backscattered patterns. The maximum accepted angular deviation
for measurements was 1.2◦, with average values ranging from 0.73 to 0.88◦. Orientation maps were
obtained in automatic acquisition mode with a step size of 0.3–6 μm. The data were then noise-reduced
using a “wildspike” correction and a five-neighbor zero solution extrapolation to fill non-indexed
pixels based on neighboring pixels using the CHANNEL5s software (Version 4.3) (see Liu et al. [36] for
more details).

The active slip systems in plastic deformed crystals could be determined by analyzing grain
orientation data (Reference [37] and references therein). In general, two end-member boundaries
are commonly used to describe the relationship between dislocations and low-angle boundaries:
tilt boundaries and twist boundaries. A tilt boundary is composed of edge dislocations whose
crystallographic rotation axes are mutually perpendicular to slip directions and poles of the slip planes.
In this case, both the crystallographic rotation axes and the poles of slip planes lie in the tilt boundary.
In contrast, a twist boundary is formed by two or more sets of screw dislocations, whose rotation axes
and poles to slip planes are perpendicular to the boundary plane.

4. Petrography

The serpentinized peridotites are characterized by alternating olivine-rich layers and antigorite-rich
layers (Figure 2a). The antigorite-rich layers are composed of fine-grained antigorite (>90 vol.%, AtgF in
which the subscript F refers to fine-grained), olivine (5–10 vol.%) (OlF) and minor magnetite (Figure 2b).
The olivine-rich layers contain olivine (80–85 vol.%), clinopyroxene (5–10 vol.%), antigorite (5–10 vol.%),
and magnetite. Chlorite and titanium clinohumite (Ti-Chu) are also observed in the olivine-rich layers
(Figure 2a,c).

In the serpentinized peridotite, olivine can be classified into five types based on grain size
and occurrence: porphyroblast (OlP), coarse-grained (OlC), and small-grained (OlS) olivine in the
olivine-rich layers, fine-grained olivine (OlF) in the antigorite-rich layers, and olivine along cracks,
the cleavage plane, and grain boundaries (Olcpx) of clinopyroxene porphyroblasts (Figure 2b–f). The OlP

grains (0.2–1 mm in diameter), although rare, can be observed in both antigorite-rich and olivine-rich
layers. They often show undulatory extinction (Figure 2c). The OlC grains (~130 μm in diameter) have
straight grain boundaries and well-developed triple junctions (Figure 2d). They often intergrow with
coarse-grained antigorite, showing a lepidoblastic-granoblastic texture (Figure 2d). The OlS grains
(~60 μm in diameter) have curved grain boundaries. Clinopyroxene and olivine porphyroblasts can be
observed in small-grained areas (Figure 2e). However, both OlC and OlS grains are free of undulatory
extinction (Figure 2d,e).

Two occurrences of clinopyroxene are observed: porphyroblast (CpxP) and diopside neoblast
(Di). The porphyroblasts, mainly occurring in the serpentine matrix or small-grained area, often show
a dusty core of abundant minute magnetite exsolution lamellae and obvious undulatory extinction
(Figure 2g,h). The Olcpx grains usually surround the CpxP grains as well as filling up the fractures
(Figure 2f,h). Diopside neoblasts in the olivine-rich layers or together with the CpxP grains are
tabular-shaped euhedral grains free of intracrystalline deformation features. They show clear chemical
zonation (Figure 2i) with grain sizes of 10 to 100 μm (on average 30–40 μm).

Coarse-grained antigorite (AtgC) intergrows with the OlC in the olivine-rich layers. They also
have euhedral tabular grain shape and chemical zonation (Figure 2d). In the antigorite-rich layers,
fine-grained antigorite (AtgF) (grain size < 50 μm) shows strong SPOs (Figure 2b).
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Figure 2. Microstructures of serpentinized peridotite. (a) Serpentinized peridotite composed of
alternating antigorite-rich layers and olivine-rich layers. The white box is enlarged at the upper
right corner to show the occurrence of clinohumite. (b) An antigorite-rich layer showing elongated
fine-grained olivine (OlF) and antigorite (AtgF). (c) An olivine porphyroblast (OlP) showing clear
undulatory extinction (white arrowheads) and fractures. (d) the lepidoblastic-granoblastic texture in
an olivine-rich layer, composed of coarse-grained olivine (OlC) and antigorite (AtgC). (e) Small-grained
olivine (OlS) with sinuous grain boundaries. (f) Fine-grained olivine surrounding a clinopyroxene
porphyroblast and within its fractures (Olcpx). (g) A clinopyroxene porphyroblast with cloudy core
and narrow clean rim. (h) The same clinopyroxene porphyroblast as in (g) showing undulatory
extinction and surrounding fine-grained olivine and diopside. (i) Lenticular diopside aggregate in
an olivine-rich layer showing an embayment structure (white arrowhead) and growth zonations
(red arrowheads). Crossed polarized light images (a–f,h); polarized light image (g); back-scattered
electron image (i). Atg: antigorite; Chl: chlorite; Cpx: clinopyroxene; Di: diopside; Mag: Magnetite; Ol:
olivine; Ti-Chu: Ti-clinohumite.

5. Deformation Microstructures

5.1. Low-Angle Boundaries and Misorientation Axes of Porphyroblasts

Because the number of porphyroblasts is too few to measure a meaningful CPO, we used
crystallographic orientations of low-angle boundaries and misorientation axes within grains to
constrain dislocation slip systems activated in olivine and clinopyroxene porphyroblasts.

The clinopyroxene porphyroblasts display continuous crystallographic orientation gradients and
low-angle boundaries (misorientation angles between 2◦ and 10◦) (Figure 3a). The rotation of the
crystalline lattice could be as large as 20◦ over a distance of 400 μm. A misorientation profile across
a clinopyroxene porphyroblast shows continuous orientation rotation (Figure 3b). The geometry
relationship between the trace of low-angle boundaries and cluster of rotation axes suggests that
the slip systems responsible for the formation of low-angle boundaries are the (010)[001] and the
(100)[001] (Figure 3c), according to the method described in Reddy et al. [37]. The analyses of many
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clinopyroxene porphyroblasts suggest that the (010)[100] slip system is dominant. Similarly, the olivine
porphyroblasts also display continuous crystallographic orientation gradients and well-defined
low-angle boundaries (Figure 3d). The low-angle boundaries are commonly subparallel with 15–30 μm
spacing. Strong intracrystalline deformation is indicated by orientation distortion of about 20 degrees
within the grain (Figure 3e). The misorientation profile across the low-angle boundaries from rim
to center shows a progressive change in crystallographic orientation (Figure 3e). The inferred slip
systems are the (010)[100], the (021)[100], the (041)[100] and the (001)[100] (Figure 3f). The dominant
slip system is the (010)[001] in olivine porphyroblasts.

 

Figure 3. Orientation analyses of clinopyroxene (a–c) and olivine (d–f) porphyroblasts. (a,d) Orientation
maps are colored for disorientation angle from a reference point (the white point). Boundaries above 1◦
are shown. (b,e) Misorientation profiles along the AA’ lines in (a,d) respectively, suggesting a continuous
intracrystalline deformation. (c,f) Slip system analyses based on the method from Reddy et al. [37].
Subsets of disorientation axes data are from the dotted areas (#1,2) in (a) and (#1–4) in (d). The pole
figures are lower-hemisphere equal-area projections in (c,f). The boundary trace orientation (shown as
thick black lines outside the primitive circle), the inferred boundary wall (red lines), and slip plane
(dotted lines) have been added assuming a tilt boundary geometry.

5.2. Topotaxial Orientation Analysis

The clinopyroxene porphyroblasts have abundant minute lamellae of magnetite. There is a
clear topotaxial relationship between clinopyroxene porphyroblast and magnetite lamellae (Figure 4),
which is characterized by (100)Cpx//(111)Mag, (010)Cpx//[110]Mag, [001]Cpx//[112]Mag, [101]Cpx//[112]Mag,
(101)Cpx//(111)Mag. It is noteworthy that the dispersion of the crystallographic axis of magnetite is
consistent with the crystallographic axis dispersion of host clinopyroxene, implying that the exsolution
took place after intracrystalline deformation.

110



Minerals 2020, 10, 962

 

Figure 4. Crystallographic orientations of clinopyroxene porphyroblast and exsolved magnetite.
The orientations of magnetite (circled) are consistent with the orientation of the clinopyroxene host.
All orientations are presented in the upper hemisphere using a stereographic projection.

5.3. Pressure Shadow Structure

The pressure shadow structures of clinopyroxene porphyroblasts are presented in Figure 2g,h
and Figure 5. Figure 5a is a clinopyroxene porphyroblast cut through by olivine veins (Figure 5a).
The contact boundary between the olivine vein and the porphyroblast is sinuous. Growth zonation can
be observed on both sides of the veins (Figure 5b). The chemical composition profile across the growth
zonation displays abrupt variation in major element contents, characterized by the increase of Ca
content and the decrease of Al, Cr, Na, and Fe contents (Figure 5e). Fine-grained diopside aggregates
are distributed at the lower left and upper right corners of the porphyroblast, while fine-grained
olivine aggregates occur at the lower right and upper left corners (Figure 5a). The diopside grains in
fine-grained aggregate have brighter cores of higher Ca contents, while the olivine grains in fine-grained
aggregate have grayer cores of higher Mg# (~92) (Figure 5c,d).

The orientation map shows that the clinopyroxene porphyroblast is split by olivine veins into
three domains containing low-angle boundaries (Figure 6a). Strong intracrystalline deformation
is well preserved in clinopyroxene porphyroblast, while the fine-grained diopsides are almost
free of intracrystalline deformation, as indicated by the mis2mean misorientation map (Figure 6b).
The pole figures of fine-grained diopside aggregate show pronounced CPOs with the [001] and the
[100] axes of clinopyroxene clustering at low angles to the lineation and to the foliation normal,
respectively (Figure 6c). The orientations of fine-grained diopside are very different from the
crystallographic orientation of the clinopyroxene porphyroblast. The orientations of the [100]cpx and
[001] clusters indicate a left lateral shear strain around the clinopyroxene porphyroblast.
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Figure 5. The pressure shadow structure showed by BSE images (a–d) and the major element profile
(e). (a) An overview of the pressure shadow structure composed of clinopyroxene porphyroblast,
diopside, and olivine. Note the abundance of diopside at the lower-left and upper-right corners,
while olivine mainly exists at the lower-right and upper-left corners. The clinopyroxene porphyroblast
is dismembered by olivine veins. Red rectangles #1–3 are enlarged and shown in (b–d). (b) The sinuous
contact boundary between the olivine vein and clinopyroxene porphyroblast. The growth zonation is
delineated by white dotted curves. The red dots represent the EMPA analytical sites. The corresponding
major element profile is shown in (e) (see Table S2 for chemical composition data). (c) The enlarged
olivine growth zonation shows olivine grains with a dark core (Mg# = ~92) (red arrowheads) and
bright rim (Mg# = ~86) (see Table S1 for chemical composition data). (d) The enlarged diopside growth
zonation shows diopside grains with a bright core and dark rim (red arrowheads) (see Table S2 for
chemical composition data). (e) The major element profile along the red dotted line in (b), displaying a
sharp change in composition.
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Figure 6. Orientation maps of the clinopyroxene porphyrobalst in Figure 5. (a) A Euler map of
clinopyroxene overlaid on a band contrast map. (b) A mis2mean map of clinopyroxene overlaid on a
band contrast map. (c) The orientation of the clinopyroxene porphyroblast and pole figures of diopside
grains from zone #1 and #2 (a). The pole figures are plotted with one point per grain and are presented
in the lower hemisphere by using an equal-area projection. A half-width of 20◦ and a cluster size of 5
are used. The white solid lines in the pole figures delineate the orientations of the [100]cpx clusters.

6. Major and Trace Element Geochemistry in Minerals

6.1. Olivine

Different types of olivine have similar major element compositions (Mg# = 86.2–86.8) (Table 1).
The CaO contents are <0.01 wt.% to 0.19 wt.% in OlS and OlCpx and negligible in OlP, OlC and OlF,
respectively. Compared with normal mantle olivine (Mg# = 89–92, NiO = 0.2–0.35 wt.%) [38], olivine in
the Val Malenco serpentinized peridotite has lower Mg# and higher NiO contents (0.277–0.46 wt.%)
(Figure 7a).
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Figure 7. Major and trace element compositions of olivine, clinopyroxene, and antigorite in Val Malenco
serpentinized peridotite. (a) Mg# (Mg/(Mg+Fe)) vs. NiO (%) in olivine from Val Malenco (this study).
The parallelogram represents the values of NiO variation with Mg# for mantle olivine [11]. (b) REE
in clinopyroxene compared to those in clinopyroxene (dark grey zone) of spinel peridotites from the
Alps and Apennines [28]. (c) Fluid mobile elements (FMEs) in clinopyroxene. (d) FMEs in antigorite.
The FMEs in hydrothermal fluids in the ocean [39] are shown by grey stars. FMEs in antigorite from
the subduction channel at relatively high temperatures (350–400 ◦C) (light grey zone) and the mantle
wedge at low temperatures (300–350 ◦C) (dark grey zone) [40] are also shown. (e) B and Li contents of
clinopyroxene and antigorite. The B vs. Li contents of antigorite are enlarged at the upper-right corner,
showing coarse-grained antigorite is enriched in Li (Li/B > 0.025). The grey lines represent the ratios of
Li/B. (f) Cu and Co contents of clinopyroxene and antigorite. All the composition data are included in
Tables S1–S4.

6.2. Clinopyroxene

The major element compositions of clinopyroxene in the Val Malenco serpentinized peridotite are
given in Table 1. The cores of clinopyroxene porphyroblasts (Mg#=92.8–94.0) have a diopside composition,
containing 2.06–3.37 wt.% Al2O3, 0.82–0.92 wt.% Cr2O3, 0.06–0.12 wt.% TiO2 and 0.23–0.46 wt.%
Na2O. The diopside neoblasts have higher Mg# (93.3–97.0) and lower TiO2 (<0.01–0.07 wt.%),
Al2O3 (<0.01–2.3 wt.%), Cr2O3 (<0.01–0.59 wt.%), and Na2O (<0.01–0.37 wt.%) contents.

The rare earth element (REE) compositions of clinopyroxene in the Val Malenco serpentinized
peridotite are characterized by depleted light rare earth elements (LREE) (Figure 7b). The REE
contents are much lower than those of clinopyroxenes in the primary lithospheric mantle [28].
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The clinopyroxenes show similar patterns of fluid mobile elements (FME), characterized by the
enrichment of Sb, B, Cs, and Li relative to the primitive mantle (Figure 7c). Compared to diopside
neoblasts, clinopyroxene porphyroblasts have higher Li contents and Li/B ratios (Figure 7e), and higher
Co and Cu contents (Figure 7f).

6.3. Antigorite

The cores of AtgC in the olivine-rich layers have lower Mg# (94) and higher Al2O3 contents
(2.41–2.46 wt.%), compared with the rim and AtgF in the antigorite-rich layers (Table 1). The antigorite
is enriched in FMEs of As, Sb, and B relative to the primitive mantle (Figure 7d). Compared with AtgF,
AtgC have generally higher Li content and Li/B ratio (Figure 7e), and higher Cu and Co contents.

7. Discussion

7.1. Thermo-Structural Evolution of the Val Malenco Peridotite

7.1.1. Partial Melting and Refertilization

Previous studies suggest that the protolith of the typical Alpine metamorphic, foliated antigorite-
olivine-diopside-chlorite-magnetite±Ti-clinohumite ultramafic peridotite, belongs to spinel lherzolite [25],
representing the subcontinental mantle [27,28]. Differing from primary clinopyroxene in fresh
lherzolite [27,28], the clinopyroxene porphyroblasts in serpentinized peridotite show higher Mg#
(92–95) and Cr2O3 (0.6–1.1 wt.%) contents, “N-MORB” REE patterns of flat MREE-HREEs, and depleted
LREEs (Figure 7b) [4,41]. Thus, the clinopyroxene porphyroblasts represent relict refractory minerals after
the partial melting and metasomatism of mantle rocks during Jurassic rifting. The olivine porphyroblasts
have low Mg# (86,87) and high NiO (~0.25–0.47 wt.%) contents (Figure 7a), which are distinct from the
residue origin of partial melting that was deemed to form olivine grains with higher Mg# (>90) [1,11].
Refertilization is a common process in orogenic lherzolite [4,42] and has been suggested to occur in the
Val Malenco ultramafic peridotite during rifting and opening of the Piemonte-Ligurian Ocean during
the Jurassic era [27]. Hence, the olivine porphyroblasts are refertilized olivine. The protolith of the Val
Malenco serpentinized peridotite may have formed via partial melting of the subcontinental mantle,
followed by a refertilization reaction between a refractory harzburgite and ascending basaltic melts [27,29].
The original textures have been erased by later recrystallization and serpentinization (see below).

7.1.2. High-Temperature Deformation and Followed Cooling

Both clinopyroxene and olivine prophyroblasts show obvious intracrystalline deformation and
well-organized subparallel low-angle boundaries (Figure 3, Figure A1). Based on the methods described
in Reddy et al. [37], the inferred dislocation slip systems are (100)[001], (010)[100] and (010)[001] in
clinopyroxene porphyroblasts, and [100]{0kl}, [100](010), [100](001), [001](010), [001](100) in olivine
porphyroblasts, respectively (Figure 3). These observations provide solid evidence for the development
of multiple independent slip systems in grains deformed in the dislocation creep regime [43].

The temperature dependence of the dislocation slip system has been suggested based on TEM
observations of experimentally deformed diopside and natural samples [44,45]. At 800–900 ◦C,
the (100)[001] slip system is the easiest glide system, while the (010)[100], (110)[001] and {110}1/2<110>
slip systems can also be activated but require a much larger resolved shear stress [44]. Above 1000 ◦C,
the dominant slip systems are {110}1/2<110>, {110}[001], and (100)[001], corresponding to an
increasing critical resolved stress [45]. The observation of the (010)[100] slip system in clinopyroxene
porphyroblasts indicates that the clinopyroxene porphyroblasts were deformed by dislocation creep at
temperatures lower than 1000 ◦C

Recent experimental work on olivine deformation has suggested that the deformation of olivine is
accommodated by the Peierls mechanism at temperatures <900 ◦C, and by the power-law dislocation
creep at temperatures >900 ◦C, respectively [46,47]. The activation of multiple slip planes, i.e., the {0kl},
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is favored at a temperature of ~1000 ◦C [48,49]. The [100] and [001] dislocations are found to be
dominant at temperatures above 1200 ◦C and below 1000 ◦C, respectively [50–52]. A transition from
[100]-dominated dislocations at ~1100 ◦C to [001]-dominated dislocations at ~900 ◦C was reported in
Durinck et al. [53]. Therefore, the inferred [100]{0kl} and [001](010), [001](100) slip systems in olivine
porphyroblasts (Figure 3f) indicate a deformation event accommodated by dislocation creep that
occurred at 900–1000 ◦C.

Oriented needles/rods of oxides/silicates in silicate minerals from ultrahigh-pressure (UHP)
rocks are indicative of an exsolution or precipitation origin related to cooling [54–56]. Based on
the optimization theory of phase boundary, i.e., the temperature of formation is determined by an
optimal lattice fit at elevated temperatures estimated from thermal expansion data for the two lattices,
the temperature of the magnetite exsolution can be estimated from the angle between different exsolution
arrays [56], or crystallographic relationship between magnetite and clinopyroxene [55]. The topotaxial
relationship between clinopyroxene porphyroblast and magnetite lamellae, i.e., (100)Cpx//(111)Mag,
(010)Cpx//[110]Mag, [001]Cpx//[112]Mag, [101]Cpx//[112]Mag and (101)Cpx//(111)Mag (Figure 4), is the same
as those reported in Feinberg et al. [55], indicating an exsolution temperature of ~860 ◦C [54,55].

7.1.3. Subduction Prograde Metamorphism

The trace of peridotite serpentinization in the Piemontese oceanic basin was fairly overprinted
by the Alpine convergence, during which the Val Malenco ultramafic massif was moderately
subducted. The OH-Ti-clinohumite in the olivine-rich layers (Figure 2a) formed by the consumption of
serpentine [57] is a product of subduction-related prograde metamorphism. A lepidoblastic-granoblastic
texture, well preserved in the olivine-rich layers, is characterized by the intergrowth of euhedral
antigorite and olivine (Figure 2d), well-developed triple junctions, free of intracrystalline plastic
deformation [36,58] and low dislocation density (1.7 × 1010 m−2) (Figure A1) (see Appendix A.1).
Meanwhile, the antigorite-inclusion-rich coarse-grained olivine implies that olivine has grown by
consuming antigorite (Figure A2) (see Appendices A.2 and A.3). These observations suggest that the
lepidoblastic-granoblastic texture is an equilibrium texture [23,25]. The peak metamorphic/equilibrium
conditions estimated from Al content of antigorite [36] and mineral assemblages [26] are 450 ◦C and
0.6 GPa.

The FMEs of the coarse-grained antigorite also provide evidence for subduction prograde
metamorphism. The As, Sb, and B are 10 to 100 times more enriched in coarse-grained antigorite
compared to those of the primitive mantle and hydrothermal fluids in oceans (Figure 7d). On one
hand, the signature of over-enrichment of As, Sb, and B could be inherited from oceanic serpentinite.
Compared with clinopyroxene porphyroblasts, antigorite is depleted in Li and Sr, and has comparable
Sb and Pb contents. Hence, the enrichment of As and B cannot be inherited from antigorite,
especially taking into account the heavy loss of B during the transition from chrysotile/lizardite to
antigorite [59,60]. On the other hand, the over-enrichment of As and Sb is found to be the characteristic
of high-grade subducted serpentinites [40,61]. Previous works [40,61,62] on FME mobility have
demonstrated that the mobility of some elements, such as As, Sb, B, Cs, is associated with low-grade
metamorphism (350–400 ◦C) of metasedimentary rocks which are characterized by high As and Sb
concentrations during subduction [63]. Therefore, the enrichment of As, Sb, and B in coarse-grained
antigorite could result from the circulation of the sediment-derived fluids during subduction prograde
metamorphism at temperatures around 350–400 ◦C.

7.1.4. Later Serpentinization

In contrast to the lepidoblastic-granoblastic texture preserved in the olivine-rich layer, both AtgF

and OlF in the antigorite-rich layers developed strong SPO (Figure 2b) and CPOs [36,58], suggesting a
syn-kinematic serpentinization process. The temperatures for the later-stage serpentinization are
estimated at 300–370 ◦C by Al content in the AtgF and the absence of lizardite [36].
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Compared with AtgC in the olivine-rich layers, AtgF in the antigorite-rich layers are depleted in
almost all the FMEs, while the concentrations of B, Pb, and Ba are comparable. As discussed above,
because As and Sb in AtgC are mainly derived from sediment-derived fluid released at temperatures
>350 ◦C [40,62], the depletion of As and Sb in AtgF implies that the serpentinization temperature of
AtgF in the antigorite-rich layers is lower than 350 ◦C. The B/Li ratio is also an indicator of temperature
for hydrous metasomatism because boron is released into fluid much faster at lower temperatures,
but lithium can remain in the rocks at higher temperatures [64,65]. The higher B/Li ratios in AtgF than in
AtgC also agree with a decreasing serpentinization temperature (Figure 7e). A sharp decrease of Cu and
Co concentrations in vent fluids has been reported as temperature drops below 350 ◦C [66]. Therefore,
the much lower Cu and Co concentrations in AtgF (Figure 7f) could be explained by their greatly
reduced solubility in fluid due to the decrease of serpentinization temperature below 350 ◦C [66,67].

Clinopyroxene porphyroblasts and diopside neoblasts show similar distributions of REE
characterized by a slight enrichment of HREEs and depletion of LREEs, while diopside neoblasts have
lower REE concentrations (Figure 7b). The high B/Li ratios of diopside neoblast are comparable to those
of the metamorphic olivine and antigorite but differ from those of the clinopyroxene porphyroblasts
with low B/Li ratios (Figure 7e), suggesting a similar metamorphic origin for diopside neoblasts
and AtgF at lower temperatures during exhumation [64,65]. The low B/Li ratios in clinopyroxene
porphyroblasts are coherent with high-temperature hydrous metasomatism during emplacement.

7.2. Deformation during the Exhumation along Subduction Zone Interface

7.2.1. Dissolution and Precipitation Creep

The consistency between strain shadow structure and antigorite foliation (Figure 2g,h) and the
parallelism of the foliation displayed by alternating antigorite-rich and olivine-rich layers (Figure 2a)
indicates a syn-kinematic serpentinization process. Clinopyroxene shows a systematic difference in
composition between the diopside neoblasts and clinopyroxene porphyroblasts (Table 1, Figure 5e),
indicating an adjustment of the composition to new equilibrium conditions during the development of
strain shadow structure. The sinuous boundary between the recrystallized diopside and clinopyroxene
porphyroblast (Figure 5b) and the growth of both olivine and diopside in the wing of clinopyroxene
porphyroblast (Figure 5c,d) indicate a dissolution and precipitation process [68]. Thus, A syn-kinematic
dissolution and precipitation process can be applied to describe the dissolution of clinopyroxene
porphyroblast and precipitation of diopside and olivine during serpentinization [69,70].

Clinopyroxene porphyroblasts, acting as rigid objects, could cause local perturbations of the
stress field and flow pattern during the syn-kinematic low-temperature serpentinization process [71].
Increasing dissolution may occur adjacent to the porphyroblast on the sides of the shortening site
(upper right and lower left corners of the porphyroblast in Figure 5a). Meanwhile, new olivine and
diopside may nucleate and grow on the sides of the extensional site (the upper-left and lower-right
corners of the porphyroblast in Figure 5a). The dissolution of clinopyroxene porphyroblast and
local stress-controlled transportation of cations (Ca, Mg, Fe) have been observed at mm to cm scales
during the process of serpentinization [69,72]. Local physicochemical gradients can cause precipitation
of diopside and olivine. However, the local equilibrium is transient and will evolve during the
deformation in a dynamic environment [73], which is evidenced by the growth zonation of both olivine
and diopside (Figure 5c,d).

7.2.2. Role of Strain Localization during Exhumation

In contrast to the well-developed SPOs and CPOs for both AtgF and OlF in the antigorite-rich
layers and diopside neoblasts in strain shadow structures, both AtgC and OlC in the olivine-rich layers
preserve an equilibrium lepidoblastic-granoblastic texture (Figure 2d). The OlC displays nearly random
fabrics [36,58]. This evidence implies most of the strain was accommodated by the antigorite-rich
layers with little in the olivine-rich layers.
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It has been suggested that the deformation of olivine in the antigorite-rich layers is accomplished by
dissolution creep during serpentinization in our previous study [36]. The pressure-shadow structures
indicate also a dissolution and precipitation process (Figures 5 and 6). The viscosity of rocks/minerals
deformed by the dissolution-precipitation creep is generally assumed to be lower than the viscosity
deformed by dislocation creep, especially at lower temperatures (Reference [74] and references therein).
Recent studies have also shown that strain localization can be induced by the dissolution-precipitation
creep in ultramafic rocks, especially in the presence of fluid at low temperatures [8,73]. Combined with
the temperature decrease from the olivine-rich layers to the antigorite-rich layers, we propose that
the differences in microstructure and CPOs of antigorite and olivine from the olivine-rich to the
antigorite-rich layers reveal a progressive strain localization coeval with the serpentinization and
cooling. Feedback between deformation and permeability probably has resulted in focused fluid flow
and the collateral of more effective deformation, thus favoring strain localization and mylonization in
the antigorite-rich layers.

Field observations show that dense high-pressure rocks in the subduction zone commonly coexist
with a light-weighted and soft antigorite mylonite matrix, suggesting that the buoyant and weak
antigorite in the subduction channel can assist with the exhumation of high-pressure rocks [75].
Although the low viscosity of antigorite deformed in the dislocation creep regime is thought to
be the main cause [76], antigorite deformed by the dissolution creep is also reported in natural
samples [77]. Based on the new results, we suggest that syn-kinematic serpentinization through
dissolution-precipitation creep could be an effective mechanism to produce strain localization and
exhumation of high-pressure rocks along a subduction interface.

8. Conclusions

The Val Malenco serpentinized peridotite provides constraints to the tectonic evolution and
deformation of the mantle wedge corner. Our results show that the serpentinized peridotite has
recorded a multi-stage thermo-structural history (Figure 8):

 
Figure 8. The pressure–temperature paths for the Val Malenco mantle based on previous studies [23,29]
and this study. The pre-oceanic exhumation path of the Val Malenco mantle is shown by the grey
dotted curve, while the Alpine subduction cycle is shown by the solid curve. The red shaded zones
represent different thermo-mechanical stages.
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(1) Partial melting, refertilization, and associated high-temperature deformation took place
during the Pre-Alpine extension. The clinopyroxene porphyroblasts have high Mg# (92–95) and
Cr2O3 (0.6–1.1 wt.%) contents, relatively low REE contents, depleted LREE, and a flat MREE-HREE
pattern. The olivine porphyroblasts show low Mg# (86–87) and high NiO content (0.3–0.46 wt.%).
These geochemical features imply that the partial melting of the subcontinental mantle and following
refertilization occurred locally, possibly related to the rifting and opening of the Piemonte-Ligurian
Ocean during the Jurassic era. Both clinopyroxene and olivine porphyroblasts developed nearly
parallel low-angle boundaries. The (100)[001], (010)[100] and (010)[001] slip systems are responsible
for the development of clinopyroxene low-angle boundaries, while the [100]{0kl}, [100](010), [100](001),
[001](010), [001](100) slip systems account for the development of olivine low-angle boundaries.
All these slip systems are indicative of a high-temperature (900–1000 ◦C) dislocation creep in olivine
and clinopyroxene porphyroblasts during the early stage of rifting.

(2) The following Alpine convergence in a supra-subduction zone setting is documented by
subduction prograde metamorphism and low-temperature serpentinization. The subduction prograde
metamorphism is represented by the lepidoblastic-granoblastic structure. The enrichment of As,
Sb, and B in coarse-grained antigorite could result from the circulation of the sediment-derived
fluids during subduction at temperatures of 350–400 ◦C. The later serpentinization is responsible
for the formation of the antigorite-rich layers with pronounced SPOs and CPOs in antigorite and
olivine, revealing a subsequent syn-kinematic serpentinization process. Compared with coarse-grained
antigorite, fine-grained antigorite is more depleted in highly fluid mobile elements (e.g., Sb and As),
and has a higher B/Li ratio and lower Cu and Co concentrations, suggesting a lower serpentinization
temperature (<350 ◦C).

The deformation of the mantle wedge at low temperatures (300–350 ◦C) is manifested
by the concurrent development of antigorite-rich layers and pressure shadow structures.
Dissolution-precipitation creep was responsible for the development of pressure shadow structures
and antigorite-rich layers. Most of the strain is accommodated by the antigorite-rich layers with
strongly aligned antigorite, while little is imposed in the olivine-rich layers with the well-preserved
lepidoblastic-granoblastic structure. We suggest that the dissolution-precipitation creep accompanying
serpentinization may result in strain localization and exhumation of high-pressure rocks along the
subduction interface.
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Appendix A

Appendix A.1. Dislocation Structure

Dislocation microstructures after oxygen decoration of the sample are shown in Figure A1.
The dislocations, which are shown as white dots and lines, are distributed heterogeneously among
different olivine grains. Low angle boundaries defined by arrays of dislocations are only observed in OlP
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(Figure A1a,b). The dislocation density is low (5.6 × 1010 m−2) between low angle boundaries as most
of the free dislocations tend to accumulate into the low angle boundaries (Figure A1b). The dislocation
density of OlC is also low (1.7 × 1010 m−2). Most of the OlC are free of dislocations (Figure A1c). The OlS

grains have higher heterogeneously distributed dislocation density (1.7 × 1012 m−2) (Figure A1d).
Free dislocations are found in OlCpx with low dislocation density (1 × 1010 m−2) (Figure A1e). As for
OlF in the antigorite-rich layers, some grains are dislocation free, while others have dislocation densities
up to 2.2 × 1011 m−2 (Figure A1f).

Figure A1. Back-scattered electron (BSE) images showing the dislocation microstructure of different
types of olivine after oxygen decoration at 900 ◦C for 1 h. The dislocations are shown as white dots
and lines. (a) Overview of an olivine porphyroblast and small-grained olivine. Red rectangles #1 and
#2 are enlarged and shown in (b,d), respectively. (b) An enlarged view of olivine porphyroblast in
(a), showing most dislocations are concentrated into low-angle boundaries. The dislocation density
is low between boundaries. (c) The dislocation structure of coarse-grained olivine, showing that the
cores of olivine grains are almost dislocation free. (d) An enlarged view of small-grained olivine in
(a), showing heterogeneous dislocation distribution. (e) The dislocation structure of olivine along
clinopyroxene porphyrobalst fractures. (f) The dislocation structure of fine-grained olivine in the
antigorite-rich layers.

Appendix A.2. FTIR Measurements

The water contents and representative FTIR spectra for each mineral are shown in Figure A2.
All the spectra are normalized to a thickness of 1 mm. Nearly half of the olivine grains show no
detectable OH absorption bands in the 3000–4000 cm−1 range, while the others show IR absorption
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peaks at wavenumbers ranging from 3668 cm−1 to 3691 cm−1 (Figure A2a), which can be attributed to
micro-inclusions of serpentine and/or talc in olivine [78].

Figure A2. The unpolarized FTIR spectra of coarse-grained olivine and clinopyroxene porphyroblast.
(a) The coarse-grained olivine. The observed IR absorption peaks correspond to antigorite IR
absorption peaks, as shown in (b,c). (b) Clinopyroxene porphyroblast (black) and antigorite (red).
The clinopyroxene spectra are characterized by absorption peaks at 3681, 3642, 3575 and 3457 cm−1,
which are all correlated to the absorption peaks of antigorite spectra. (c,d) Atigorte and clinopyroxene
porphyroblast spectra analyzed by PeakFit.

Because fractures are well-developed in clinopyroxene porphyroblasts and filled up by antigorite,
the PeakFit technique was used to remove the influence of overlapped antigorite IR absorption
bands. Both clinopyroxene porphyroblasts and antigorite in the antigorite-rich layers were analyzed
(Figure A2b). Peak positions, integrated absorbances, band maxima, and the area-weighted average
of band positions were determined by applying a Gaussian distribution function to all component
bands [79] (Figure A2c,d). Water contents were calculated by subtracting the integrated absorbances
area of antigorite from clinopyroxene at 3457 cm−1. The results represent the minimum water contents
in clinopyroxene. The water contents of clinopyroxene porphyroblasts vary between 340 and 600 ppm.

The IR absorption spectra of antigorite were collected for comparison. Antigorite shows
characteristic IR absorption bands at 3692, 3651, 3565 and 3464 cm−1 (Figure A2b).

Appendix A.3. Discussion

The subduction prograde metamorphism is also recorded by the inclusions in coarse-grained
olivine. The water contents in these olivines can be categorized into two groups: “wet” grains with
antigorite inclusions and dry grains (Figure A2a). The antigorite inclusion could be formed through OH
migrating or replacement of the high-pressure hydrous phase inclusion during decompression [79,80],
serpentinization along the cracks at low temperature and pressure, and olivine growth at the expense
of antigorite. The observed hydrous IR peaks around 3673~3689 cm−1 (corresponding to serpentine)
suggest that deep origin could not be the case because some other IR peaks should also be present [80,81].
Although brittle fractures are common in porphyroblasts, they are rare in coarse-grained olivine

122



Minerals 2020, 10, 962

(Figure 2d). Thus, the “wet” olivine grains indicate olivine growth via the consumption of antigorite.
The dry coarse-grained olivine may imply that the hydrogen solubility in olivine is negligible at low
temperatures, as shown by the hydrogen solubility dependence on temperature [79,82].
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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.
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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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Figure 12. Whole rock seismic anisotropies depending on modal compositions and fabric strengths
of phyllosilicates. The order of samples follows the increasing volume proportion of muscovite.
(a) anisotropy of P-wave (AVp) and maximum anisotropy of S-wave (max. AVs) for each sample.
(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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Abstract: Various rock phases, including those in subducting slabs, impact seismic anisotropy in
subduction zones. The seismic velocity and anisotropy of rocks are strongly affected by the lattice-
preferred orientation (LPO) of minerals; this was measured in retrograded eclogites from Xitieshan,
northwest China, to understand the seismic velocity, anisotropy, and seismic reflectance of the
upper part of the subducting slab. For omphacite, an S-type LPO was observed in three samples.
For amphibole, the <001> axes were aligned subparallel to the lineation, and the (010) poles were
aligned subnormal to foliation. The LPOs of amphibole and omphacite were similar in most samples.
The misorientation angle between amphibole and neighboring omphacite was small, and a lack of
intracrystalline deformation features was observed in the amphibole. This indicates that the LPO of
amphibole was formed by the topotactic growth of amphibole during retrogression of eclogites. The
P-wave anisotropy of amphibole in retrograded eclogites was large (approximately 3.7–7.3%). The
seismic properties of retrograded eclogites and amphibole were similar, indicating that the seismic
properties of retrograded eclogites are strongly affected by the amphibole LPO. The contact boundary
between serpentinized peridotites and retrograded eclogites showed a high reflection coefficient,
indicating that a reflected seismic wave can be easily detected at this boundary.

Keywords: retrograded eclogite; amphibole; topotactic growth; reflection coefficient; omphacite;
subduction zone; lattice-preferred orientation; Xitieshan eclogite; seismic anisotropy

1. Introduction

Subduction zones are known to have varying seismic velocity structures and
anisotropies caused by subducting slabs [1–4]. Seismic velocity and anisotropy are strongly
affected by the lattice-preferred orientation (LPO) of elastically anisotropic minerals [5–24].
When a slab is subducted under high-pressure and high-temperature conditions, the major
rock phase of the upper subducting slab transforms into eclogite, which consists mainly
of omphacite and garnet [8,25–28]. Garnet has a relatively high seismic velocity, and om-
phacite has a strong seismic anisotropy [5,6,23,29]. Eclogites that are formed at the deep
part of the subducting slab are known to have a faster seismic velocity—similar to that of
the upper mantle (VP ~ 8.0 km/s)—than the surrounding rocks, and they have a strong
seismic anisotropy, thus affecting various seismic velocities and anisotropies in subduction
zones [30,31].

In addition, when eclogite appears near the surface due to slab break-off in the sub-
duction zone, the eclogite is retrograded to form amphibole under low-pressure and low-
temperature conditions [22,32]. Amphibole exists in subducting slabs under lower-pressure
and lower-temperature conditions than eclogite stability conditions, and in the middle to
lower crust [33], whereas the LPO development of amphibole is known to produce a strong
seismic anisotropy [18,34–36]. Therefore, deformed retrograded eclogites may represent
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seismic velocity and anisotropy in relatively shallow subducting slabs [5,6,20,31,37–49].
Measuring the LPOs of omphacite, amphibole, and garnet in retrograded eclogites can
therefore be useful in understanding the seismic velocity and anisotropy of subducting
slabs in subduction zones.

In addition, owing to the various seismic velocity structures of subduction zones,
seismic waves tend to be reflected at the boundary of rock phases with varying seismic
velocities. In particular, the upper parts of subducting slabs have a fast seismic velocity [6],
which can cause a difference in seismic velocity from surrounding rocks and may reflect
seismic waves due to this difference in seismic velocity [6,50–53]. In previous studies, the
reflection coefficient (RC) was suggested to quantify the degree of seismic wave reflec-
tion [6,50,51]. Calculating the RC of the boundaries between retrograded eclogites and
surrounding rocks, using their P-wave velocities, and comparing the degree of retrogres-
sion of eclogites and RC of these boundaries may explain the degree of reflection of seismic
waves at these boundaries.

Garnet is a seismically nearly isotropic mineral with a cubic shape that develops
little LPO [54]. The LPOs of other minerals in retrograded eclogites—amphibole and
omphacite—have been studied in both naturally and experimentally deformed rocks. Four
types of LPOs of amphibole have been reported: type I, type II, type III, and type IV [18,36].
A previous experimental study on amphibolite, which was conducted at a pressure of 1
GPa and temperatures of 480–700 ◦C [18], reported that the type I amphibole LPO was
formed under relatively low-stress and low-temperature conditions and is characterized
as the <100> axes aligned subnormal to foliation and <001> axes aligned subparallel
to lineation. The type II amphibole LPO was formed under relatively high-stress and
moderate-temperature deformation conditions and is characterized as <100> axes aligned
subnormal to foliation and (010) poles aligned subparallel to lineation. The type III am-
phibole LPO was formed under relatively low-stress and high-temperature deformation
conditions and is characterized as <100> axes aligned subnormal to foliation, with both
<001> axes and (010) poles forming a girdle shape subparallel to foliation [18]. A recent
experimental study reported that the type IV amphibole LPO can be formed owing to high
strain [36] and is characterized as <001> axes aligned subparallel to lineation, with both
<100> axes and (110) poles forming a girdle shape subnormal to the shear direction [36].
Previously, the LPOs of amphibole, similar to the type IV amphibole LPO, have been
reported in naturally deformed rocks, which were observed in metabasites from south-
western Spain and northwest Scotland, retrogressed Limo harzburgites from northwestern
Spain, and amphibolites from Spain [44,55–58]. On the other hand, an amphibole LPO
has also been reported in which the (010) poles are aligned subnormal to foliation and the
<001> axes are aligned subparallel to lineation [44,59,60].

Three types of omphacite LPOs have been reported: L-, S-, and LS-type omphacite
LPOs [61]. The S-type omphacite LPO is characterized as the <001> axis of omphacite
forming a girdle parallel to foliation and the (010) pole of omphacite aligned subnormal
to foliation. The L-type omphacite LPO is characterized as the <001> axis of omphacite
aligned subparallel to lineation and the (010) pole of omphacite forming a girdle subnormal
to lineation. The LS-type omphacite LPO is characterized as the <001> axis of omphacite
aligned subparallel to lineation and the (010) pole of omphacite aligned subnormal to
foliation, indicating a (010) <001> slip system [20,61].

The seismic reflection coefficient (RC) was previously calculated only for the boundary
between fresh eclogite and neighboring rocks [6,50]. In this study, the omphacite and
amphibole LPOs in the retrograded eclogites from Xitieshan, northwest China, which rep-
resent various degrees of retrogression (35–90%), were measured. The Xitieshan eclogites
are useful for studying the relationship between the degree of retrogression and seismic
velocity, anisotropy, and reflectance. The seismic velocity and anisotropy of retrograded
eclogites were calculated using the LPOs of minerals, and the effect of the amphibole LPO
on the seismic velocity and anisotropy of retrograded eclogites was also investigated. RC
was calculated using the P-wave velocity, and RC was examined to understand the seismic
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wave reflectance of the boundaries between the retrograded eclogites and neighboring
rocks. The results of the present study provide a valuable opportunity to understand the
seismic velocity, anisotropy, and reflectance of retrograded eclogites and to identify the
boundary between the subducting slab and mantle wedge in various subduction zones.

2. Geological Settings

Xitieshan is located in the central part of the North Qaidam ultra-high-pressure (UHP)
metamorphic belt, which is located at the northeastern margin of the Tibetan Plateau in
northwestern China (Figures 1 and 2). The North Qaidam UHP metamorphic belt is a
typical Alpine-type continental collision/subduction zone, containing the characteristic
continental rock association of granitic and pelitic gneiss with intercalated eclogite and
peridotite [33,34,62–64]. From the southeastern part, four individual UHP terranes were
observed: the Dulan eclogite-bearing terrane, the Xitieshan eclogite-bearing terrane, the
Lulingshan garnet peridotite-bearing terrane, and the Yuka eclogite-bearing terrane. Co-
esite and diamonds were found as inclusions in zircon and garnet in all four terranes,
proving that these four terranes had been under UHP metamorphic conditions, similar to
other continental UHP metamorphic terranes in China [64].

Figure 1. (a) Schematic geological map showing the North Qaidam ultra-high-pressure (UHP)
metamorphic belt, northwestern China. (b) Study area and geological map of Xitieshan area. Green
rectangle area in (a) was magnified (modified after Zhang et al. [65]).
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Figure 2. Photographs of the Xitieshan outcrop. (a) Large view of the Xitieshan Mountain con-
taining retrograded eclogites and (b) magnified view of the rectangle in (a) showing a body of
retrograded eclogite.

The eclogites in the Xitieshan terrane can be divided into two groups: bimineralic
eclogite and phengite-bearing eclogite. Bimineralic eclogite is the major component of the
Xitishan terrane, whereas phengite-bearing eclogite concentrations are minor and can only
be seen in the Huangyanggou area. Most eclogites in the Xitishan terrane were retrograded
into garnet amphibolite or amphibolite. The original eclogite can be found in the center of
the large bodies.

The Xitieshan eclogites experienced two stages of retrogression. According to previous
studies [66,67], the peak pressure and temperature conditions of metamorphism of the
Xitieshan eclogite were P = 2.71–3.17 GPa and T = 751–791 ◦C. In the first stage (isothermal
decompression), the proportion of omphacite and garnet in the sample decreased, while
the proportion of amphibole and plagioclase increased at a temperature of T ~ 750 ◦C
when pressure decreased from P ~ 2.3 GPa to P ~ 1.5 GPa. In the second stage (symplectite
formation), symplectite of diopside, plagioclase, and edenite appeared under the condition
of P = 8–12 kbar and T = 660–720 ◦C [67].

In addition to the Xitieshan area, geochronology data reported that there were two
major different ages measured using zircon: 750–800 Ma and 877 ± 8 Ma were calculated
in the cores of the zircon, and 440–460 Ma and 433 ± 3 Ma were calculated at the rim of
the zircon. Based on the ages calculated in the core of the zircon, some of the Xitieshan
terrane eclogites were produced in Neoproterozoic protoliths much before the Paleozoic
subduction or collision event occurred in the North Qaidam UHP metamorphism. Eclogite
metamorphism occurred in the age calculated at the rim of zircon [67–71].
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3. Methods

3.1. Measurement of Lattice-Preferred Orientation (LPO) of Minerals

Foliation of a rock was defined by compositional layering of amphibole and garnet,
and lineation was determined by the shape-preferred orientation of minerals on foliation,
using the projection function method [72]. Thin sections were made in the XZ plane to
measure the LPO, the X axis was set parallel to lineation, and the Z axis was set normal
to foliation.

The LPOs of the samples were measured using electron back-scattered diffraction
(EBSD) using a JEOL-JSM-7100 field emission scanning electron microscope (FE-SEM)
with AZTEC and HKL Channel 5 software (5.12.74.0) installed at the School of Earth and
Environmental Sciences (SEES), Seoul National University (SNU). Detailed settings of the
EBSD mapping are provided in Table 1. An accelerating voltage of 20 kV and a working
distance of 20 mm with a tilting angle of 70◦ were the main settings of the FE-SEM with
EBSD. The samples were observed using automatic mapping mode, with a step size of 23 to
35 μm, depending on the grain size of most of the samples. To eliminate the oversampling
of large grains, pole figures were constructed from one point per grain [73]. The omphacite
LPOs, which were in direct contact with amphibole single crystals, were measured using
a smaller step size (1 μm). The misorientation index (M-index) [74] was calculated to
estimate the fabric strength of the sample using the uncorrelated grain pairs obtained
from the orientation data. The M-index ranged from 0 (random) to 1 (single grain). The
misorientation angle was measured using HKL Channel 5 software (Tango).

Table 1. Modal composition, aspect ratio, settings of electron back-scattered diffraction (EBSD) mapping, and estimated
equilibrium temperature of samples.

Sample

Modal Composition (%) Aspect Ratio of Minerals EBSD Mapping
Temperature

a (◦C)Amp Omp Plag Grt Qtz Others XY XZ YZ
Step Size

(μm)
Hit Rate

(%)

885 33.0 14.0 8.8 33.3 10.1 Mi 1.0 1.129 1.317 1.199 25 91.2 727 ± 40
881 51.9 19.6 10.7 16.2 1.4 Il 0.2 1.222 1.424 1.154 25 95.4 746 ± 50
880 53.4 13.2 25.2 2.0 5.6 Il 0.7 1.273 1.340 1.176 35 96.1 759 ± 50

882 * 91.5 1.3 * 3.3 3.6 0.1 Il 0.2 1.138 1.489 1.403 23 84.4 780 ± 30

Amp: amphibole; Omp: omphacite; Plag: plagioclase; Grt: garnet; Qtz: quartz; Mi: mica; Il: ilmenite. EBSD: electron back-scattered
diffraction. a Equilibrium temperature using geothermometry (Ravna and Terry [75]; Ravna [76]). * Sample 882 is the most retrograded
eclogite, and the composition of omphacite was changed to diopside. X: lineation, Z: normal to foliation, and Y: normal to X and Z.

3.2. Calculation of Seismic Velocity and Anisotropy

Seismic velocity and anisotropy were calculated using the orientation data of the
minerals and the single-crystal elastic constants of amphibole [77] and omphacite [29] in
sample 885, 880, and 881; diopside [78] in sample 882; garnet [54]; and plagioclase [79]
using the Fortran program [80]. The whole-rock seismic velocity and anisotropy were
calculated by combining the calculated results of individual minerals, including amphibole,
garnet, and omphacite in samples 885, 880, and 881; diopside in sample 882; and all minor
minerals, quartz [81], ilmenite [82], and mica [83], with weighted values for the number
of grains.

AVP indicates the anisotropy of the P-wave velocity in all propagation directions,
calculated using Equation (1). AVS indicates the anisotropy of split fast and slow S-wave
velocity in the same propagation direction, calculated using Equation (2) [80].

AVP = (VPmax − VPmin)/[(VPmax + VPmin)/2], (1)

AVS = (VSfast − VSslow)/[(VSfast + VSslow)/2] (2)
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3.3. Calculation of Reflection Coefficient

The reflection coefficient (RC) was calculated for a seismic wave propagating perpen-
dicular to the boundary between two rock types or layers. This concept is simple and
allows the calculation of RC as follows:

RC = [VP(//Z)1ρ1 − VP(//Z)2ρ2]/[VP(//Z)1ρ1 + VP(//Z)2ρ2], (3)

where VP(//Z)1ρ1 and VP(//Z)2ρ2 indicate the P-wave velocity propagating normal to the
foliation in rocks/layers 1 and 2, respectively [6,50,51].

Reflection coefficients were calculated assuming a boundary between the studied
samples and rocks expected to be stable near existing eclogite zones, such as amphibole
peridotite [84], chlorite peridotite [85], lawsonite blueschist [8,86], epidote blueschist [87],
garnet peridotite [87–89], peridotite complexes (lherzolite, harzburgite, dunite) [90–92],
lawsonite eclogite [17], olivine complexes [93], spinel peridotite [94], serpentinite [95,96],
serpentinized peridotite [92,97], felsic and mafic blueschist [98], dunite [99], and glauco-
phane schist (containing epidote or phengite) [100].

3.4. Micro-Raman Spectroscopy

A micro-Raman spectrometer located at the Tectonophysics Laboratory in SEES, SNU,
was used to identify minerals clearly. This spectrometer was equipped with a 532 nm laser
(10 mW power) and an optical microscope with a 50× objective lens. It had a resolution of
0.01 cm−1 over the wavenumber range of 50 to 3550 cm−1, with a beam size of 0.67 μm.
The spectrum was overlapped 32 times to reduce noise.

3.5. Analysis of Chemical Composition and Temperature Estimation

The chemical composition of the minerals in the samples was measured using a
JEOL JXA-8530F Plus electron hyper probe installed at the Center for Research facility at
Gyeongsang National University and at the National Center for Inter-University Research
Facilities at Seoul National University, South Korea, using an acceleration voltage of 15 kV,
a beam current of 10 nA, and a beam size of 5 μm in diameter. The amphibole phase was
classified using the Excel spreadsheet provided by Locock [101] based on the classification
of Hawthorne et al. [102].

The equilibrium temperature of the samples was estimated by thermometry of
garnet–clinopyroxene Fe–Mg exchange [75,76], and the measured oxide mass percent-
ages of garnet, clinopyroxene, amphibole, and minor minerals were used to calculate the
equilibrium temperature.

4. Results

4.1. Sample Description and Microstructures

All samples were identified as retrograded eclogites, and the degree of retrogression of
the samples varied depending on the sample. The samples had a high proportion of amphi-
bole and plagioclase, and half of the clinopyroxene grains exhibited a symplectite structure
of omphacite, diopside, and plagioclase, indicating that our samples were retrograded.
The modal composition of rocks and the aspect ratio of minerals are shown in Table 1,
and photomicrographs of the samples are shown in Figure 3. Sample 885 was a relatively
fresh eclogite, whereas sample 882 was the most retrograded eclogite. Samples 881 and
880 showed an intermediate degree of retrogression, between that of samples 885 and 882.
The phase of the minerals in sample 885 (the relatively fresh eclogite) was identified using
micro-Raman spectroscopy. Clinopyroxene was identified as omphacite, with Raman peaks
at 142, 338, 674, and 1016 cm−1, whereas garnet in the same sample showed Raman peaks
at 356 and 911 cm−1. An unknown mineral found in the relatively fresh eclogite showing
Raman peaks at 175, 300, and 1099 cm−1 was identified as zircon (Figure 4).
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Figure 3. Photomicrograph of a thin section in the XZ plane of samples. (a) Sample 885, showing relatively fresh eclogite;
(b) sample 881, showing retrograded eclogite illustrating a lack of intracrystalline deformation in amphibole; (c) sample
880, showing retrograded eclogite; (d) sample 882, the most severely retrograded eclogite showing elongated amphiboles
and a well-developed foliation; (e) thin-section image of sample 882 in cross-polarized light (top) and EBSD phase map
(bottom) (color codes: greenish blue, amphibole; blue, garnet; light blue, plagioclase; red, clinopyroxene; black, non-indexed
points); and (f) thin-section image of sample 885 in cross-polarized light (top) and EBSD phase map (bottom) (color codes:
light blue, amphibole; yellow, garnet; red, omphacite; purple, quartz; green, plagioclase; black, non-indexed points). Omp:
omphacite; Amp: amphibole; Grt: garnet; Cpx: clinopyroxene.
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Figure 4. Micro-Raman spectra of (a) omphacite, (b) garnet, and (c) zircon in sample 885.

Amphibole and omphacite in the samples showed well-developed foliation (Figure 3b–f),
but garnet showed less elongated grains than other minerals, indicating that garnet grains are
less affected by deformation (Figure 3a,b,f). All mineral grains, except garnet, showed curved
or angular-shaped grain boundaries, whereas garnet grains showed straight grain bound-
aries. Most of the amphibole grains showed cleavage in grains, with elongated grain shapes
(Figure 3b,d). However, amphibole grains showed a lack of intracrystalline deformation
features, such as undulose extinction or subgrains (Figure 3b,d).

4.2. Chemical Composition and Equilibrium Temperature

The chemical compositions of the minerals in the samples are listed in Table 2. Mus-
covite was found in two samples, 882 and 885, whereas the other samples, 880 and 881,
did not contain muscovite. By analyzing the amphibole phase by chemical composition,
amphibole in all the samples was found to be magnesiohornblende.
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Table 2. Representative chemical composition (oxide mass, %) of minerals in samples.

Element
Sample 885 Sample 880

Amp Omp Grt Mus Ru Ilme Plg Qtz Amp Omp Grt Plg Qtz

SiO2 46.08 54.65 39.99 46.23 0.04 0 56.63 99.16 45.09 54.59 40.47 44.68 100.79
TiO2 0.46 0.16 0.06 0 99.7 54.94 0.02 0 0.42 0.16 0.02 0 0.01

Al2O3 12.44 7.02 22.24 37.04 0 0.03 27.83 0.01 12.29 7.05 22.73 35.85 0
Cr2O3 0.15 0.02 0.13 0.05 0.41 0.05 0 0.03 0.15 0 0 0 0.01
FeO 10.5 5.32 17.29 0.44 0.21 44.12 0.22 0.2 11.58 5.28 16.55 0.05 0
MgO 13.51 10.93 9.08 0.3 0 0.1 0 0 12.69 10.97 10.66 0.02 0
CaO 11.74 18.38 10.69 0.03 0.13 0 9.64 0 12.27 18.34 9.67 19.23 0

Na2O 1.96 3.73 0 0.17 0.01 0 6.11 0.01 1.84 3.82 0 0.78 0
K2O 0.01 0 0 10.85 0 0 0 0 0.02 0 0 0 0
MnO 0.08 0.06 0.28 0 0.02 1.44 0.02 0 0.17 0.08 0.38 0.02 0.01
NiO 0.07 0 0 0.03 0 0.03 0 0.03 0.05 0 0 0.02 0
Total 97 100.27 99.76 95.14 100.52 100.72 100.45 99.43 96.55 100.29 100.48 100.65 100.82

Element
Sample 881 Sample 882

Amp Omp Grt Ru Ilme Plg Qtz Amp Cpx Grt Mus Ilme

SiO2 49.29 53.96 40.56 0 0.04 43.55 99.32 48.27 51.48 40.41 48.99 0
TiO2 0.24 0.18 0 99.35 54.31 0 0.01 0.3 0.14 0.01 0.02 54.59

Al2O3 9.77 7.87 23.2 0.08 0.01 36.65 0 10.15 5.29 23.16 30.24 0.05
Cr2O3 0.13 0.13 0.23 0.5 0.06 0 0.02 0.07 0.73 0.12 0.47 0.03
FeO 6.92 2.53 16.51 0.52 43.03 0.05 0.02 8.68 4.98 16.57 1.33 40.98
MgO 16.89 12.3 10.49 0.01 1.83 0 0.02 15.56 12.59 11.35 2.49 0.13
CaO 12.1 19.94 9.55 0.09 0 19.75 0.01 11.86 23.62 8.23 0.01 0.06

Na2O 1.49 2.97 0 0.08 0.04 0.33 0 1.27 0.72 0.02 0.07 0
K2O 0 0 0.01 0.01 0 0.01 0 0.01 0 0 11.32 0
MnO 0.11 0.03 0.3 0.03 0.59 0 0 0.1 0.16 0.32 0.02 4.96
NiO 0.05 0.13 0 0.02 0 0 0 0.03 0.04 0.03 0.02 0
Total 96.98 100.04 100.85 100.7 99.91 100.34 99.4 96.31 99.74 100.21 94.98 100.79

Amp: amphibole; Omp: omphacite; Cpx: clinopyroxene; Grt: garnet; Mus: muscovite; Ru: rutile; Ilme: ilmenite; Plg: plagioclase; Qtz: quartz.

Based on the chemical composition of the analyzed minerals and the calculation of the
temperature conditions of the samples using geothermometry [75,76], the samples were
found to be equilibrated at a temperature of ~750 ◦C. The equilibrium temperatures of
samples are presented in Table 1.

4.3. Lattice-Preferred Orientations of Minerals

The amphibole LPOs are shown in Figure 5, and the strengths of the LPOs of the
samples are described in Table 3. For amphibole in retrograded eclogites with relatively
little retrogression (samples 880, 881, and 885), the <001> axes of amphibole were strongly
aligned subparallel to lineation (L), with a weak girdle distribution subparallel to foliation
(S). The amphibole (010) poles were strongly aligned subnormal to foliation, and the
amphibole (110) poles formed a girdle distribution subnormal to lineation. The most
retrograded eclogite (sample 882) showed that the amphibole <001> axes were strongly
aligned subparallel to lineation, with a girdle distribution subparallel to foliation (S), but
both amphibole (010) and (110) poles were weakly aligned subnormal to foliation (Figure 5).

The omphacite LPOs are shown in the lower part of Figure 5, and the strengths of
the LPOs of the samples are listed in Table 3. Omphacites in samples 880, 881, and 885
showed that the <001> axes were strongly aligned subparallel to lineation, with a girdle
distribution subparallel to foliation, and the (010) poles were strongly aligned subnormal to
foliation. This omphacite alignment is known as the S-type omphacite LPO [61]. The most
retrograded sample 882 contained little clinopyroxene, and the number of clinopyroxene
grains in the pole figure was too small (<150 grains) to say LPO [74]. The pole figure did
not provide a reliable indication.

The garnet and plagioclase LPOs are shown in Figure 6. They showed a weak LPO,
which was considerably dispersed compared to the amphibole and omphacite LPO. The
garnet LPO was almost random, independent of the degree of retrogression. In the case of
the plagioclase LPO, two samples (885 and 880) showed (010) poles aligned subparallel
to lineation.
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Figure 5. Amphibole and omphacite pole figures (PFs). PFs are presented in the lower hemisphere
using an equal area projection. S indicates foliation, and L indicates lineation. Fabric strength of
the mineral is shown as the M-index (M). A half scatter width of 20◦ was used. The color coding
(different for each sample) refers to the density of data points, and contours are shown in multiples
of uniform distribution. n: number of grains. * Diopside for sample 882.
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Table 3. Fabric strength of samples.

Sample
Fabric Strength a

Amp Omp Grt Plag

885 0.08 0.121 0.018 0.049
881 0.105 0.083 0.016 0.043
880 0.08 0.065 0.045 0.048
882 0.067 - 0.022 0.06

Amp: amphibole; Omp: omphacite; Grt: garnet; Plag: plagioclase. a Fabric strength was calculated as the M-index
(Skemer et al. [74]).

Figure 6. Pole figures (PFs) of garnet and plagioclase. PFs are presented in the lower hemisphere
using an equal area projection. S indicates foliation, and L indicates lineation. Fabric strength of the
mineral is shown as the M-index (M). A half scatter width of 20◦ was used. The color coding refers
(different for each sample) to the density of data points (n), and contours are shown in multiples of
uniform distribution. n: number of grains.
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4.4. Misorientation between Amphibole and Omphacite

The misorientation angles between omphacite and amphibole in direct contact with
omphacite were measured and are shown in Figure 7. The misorientation angles were
significantly low—lower than 3◦ in both boundaries between omphacite grains, and am-
phibole in direct contact with omphacite (Figure 7a–c, <0.5◦) and the boundary between
omphacite and amphibole, which were trapped and surrounded by omphacite (Figure 7d–f,
<2◦). The symplectites in Figure 7 consist of omphacite, amphibole, diopside, and plagio-
clase, which were confirmed by measuring the chemical compositions of minerals using the
electron probe micro analyzer installed at the National Center for Inter-University Research
Facilities at Seoul National University, South Korea.

Figure 7. (a) and (d) Back-scattered electron image of amphibole and directly contacting omphacite
symplectite in sample 885; (b) and (e) EBSD phase map of the area located in the red rectangle in
(a) and (d); and (c) and (f) misorientation angle distribution spectra along A–A′ in (b) and B–B′ in
(e). Vertical dashed lines indicate the phase boundary between amphibole and omphacite. Omp:
omphacite; Amp: amphibole; Di: diopside; Plg: plagioclase.

4.5. Seismic Velocity and Anisotropy

The seismic velocities and anisotropies of the samples are summarized in Table 4.
The seismic velocity and anisotropy of the samples are shown in the stereonet for the
single-mineral amphibole, omphacite, and garnet and for the whole rock consisting of all
minerals, including minor minerals such as plagioclase and ilmenite (Figures 8–10). In
the case of amphibole, P-wave velocity (VP) was in the range of 6.59 to 7.09 km/s, and
P-wave anisotropy (AVP) was in the range of 3.7% to 7.3%, whereas the maximum S-wave
anisotropy (max. AVS) was in the range of 2.72% to 3.61%. In the case of omphacite, the VP
of omphacite was in the range of 8.31 to 8.54 km/s, which is faster than that of amphibole.
However, the AVP of omphacite was in the range of 2.1% to 2.6% and the maximum AVS
was in the range of 1.23% to 1.56%, which is smaller than that of amphibole. In the case of
garnet, VP was the fastest among the minerals, ranging from 9.31 to 9.34 km/s. However,
garnet AVP and maximum AVS were the smallest compared to other minerals, ranging
from 0.1% to 0.3% and 0.16% to 0.55%, respectively (Table 4, Figure 9).
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Table 4. Seismic velocity and anisotropy of minerals in samples.

Sample

Amphibole Omphacite/Diopside *

VP
(km/s)

VS
(km/s) AVP (%)

Max. AVS
(%)

VP
(km/s)

VS
(km/s) AVP (%)

Max. AVS
(%)

885 6.71–6.97 3.66–3.79 3.7 3.28 8.31–8.53 4.85–4.92 2.6 1.41
881 6.67–7.02 3.64–3.79 5.2 3.61 8.36–8.54 4.84–4.92 2.1 1.56
880 6.71–6.97 3.60–3.77 3.8 3.21 8.36–8.53 4.84–4.91 2.1 1.23
882 6.59–7.09 3.65–3.76 7.3 2.72 7.99–8.13 4.66–4.75 1.7 1.68

Sample

Garnet Whole Rock

VP
(km/s)

VS
(km/s) AVP (%)

Max. AVS
(%)

VP
(km/s)

VS
(km/s) AVP (%)

Max. AVS
(%)

885 9.32–9.33 5.49–5.50 0.1 0.16 7.57–7.66 4.36–4.44 1.2 1.57
881 9.31–9.33 5.48–5.50 0.2 0.31 7.36–7.55 4.12–4.21 2.6 1.87
880 9.31–9.34 5.47–5.51 0.3 0.55 6.90–7.05 3.84–3.90 2.1 1.40
882 9.31–9.33 5.48–5.51 0.2 0.35 6.70–7.16 3.73–3.83 6.6 2.46

VP: P-wave velocity; VS: S-wave velocity; AVP: anisotropy of P-wave velocity; max. AVS: maximum anisotropy of S-wave velocity.
* Diopside for sample 882.

Figure 8. Seismic velocity and anisotropy of amphibole and omphacite. P-wave velocity (VP) and
seismic anisotropy of S-wave (AVS) are shown. VS1 polarization indicates the polarization direction
of the fast shear wave (VS1). S and L represent foliation and lineation, respectively. * Diopside for
sample 882.
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Figure 9. Seismic velocity and anisotropy of garnet and plagioclase. P-wave velocity (VP) and seismic
anisotropy of S-wave (AVS) are shown. VS1 polarization indicates the polarization direction of the
fast shear wave (VS1). S and L represent foliation and lineation, respectively.
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Figure 10. Seismic velocity and anisotropy of whole-rock P-wave velocity (VP) and seismic anisotropy
of S-wave (AVS) are shown. VS1 polarization indicates the polarization direction of the fast shear
wave (VS1). S and L represent foliation and lineation, respectively.

The seismic velocity and anisotropy of whole rock showed a value between the seismic
velocity and anisotropy of omphacite and amphibole. The VP of whole rock was in the
range of 6.70 to 7.66 km/s, AVP was in the range of 1.2% to 6.6%, and the maximum AVS of
whole rock was in the range of 1.40% to 2.46%. The seismic velocity and anisotropy profile
of whole rock (Figure 10, color-coded and contour lines in pole figures) were much more
similar to those of amphibole than those of other minerals (Figures 8 and 9).

4.6. Reflection Coefficient of Samples

The reflection coefficient (RC) of the boundaries between the studied retrograded
eclogites and other rocks in subduction zones is shown in Table 5. The RC of the boundary
between serpentinites and the most retrograded eclogite (sample 882) was in the range
of 0.024 to 0.147. The RC of the boundary between blueschists and the most retrograded
eclogite was in the range of 0.011 to 0.05. In addition, the RC of the boundary between
dunite and the most retrograded eclogite was in the range of 0.060 to 0.092. Finally, the
RC of the boundary between peridotites and the most retrograded eclogite was in the
range of 0.067 (for amphibole peridotite) to 0.129 (for garnet peridotite). Furthermore, the
maximum RC (RC = 0.204) was observed at the contact boundary between the serpentinized
peridotite [97] and relatively fresh eclogite (sample 885), and the minimum RC (RC = 0.002)
was observed at the contact boundary between dunite [91] and relatively fresh eclogite.
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Table 5. Reflection coefficient (RC) of the contact boundary between the studied eclogites and other rocks.

Other Rocks Sample 882 * Sample 880 Sample 881 Sample 885 +

LT serpentinized peridotite (OHM-B) a 0.147 0.161 0.192 0.204
HT serpentinized peridotite (OHM-C) a 0.081 0.095 0.126 0.139

Serpentinite b 0.049 0.064 0.096 0.108
Glaucophane schist (Ph) c 0.041 0.056 0.087 0.100

LT serpentinized peridotite (HPS-J) a 0.041 0.055 0.087 0.099
Felsic blueschist d 0.026 0.040 0.072 0.084

Epidote blueschist (Gln:Ep = 94:6) e 0.011 0.004 0.004 0.048
Lawsonite blueschist (Gln:Lws = 91:9) e 0.019 0.004 0.028 0.040

Mafic blusechist d 0.019 0.004 0.027 0.039
Epidote blueschist (Gln:Ep = 26:74) e 0.021 0.007 0.025 0.037
HT serpentinized peridotite (HPS-I) a 0.024 0.009 0.023 0.035

Harzburgite + Melt f 0.024 0.009 0.023 0.035
Glaucophane schist (Ep) c 0.033 0.019 0.013 0.025

Lawsonite blueschist (Gln: Lws = 75:25) e 0.035 0.020 0.012 0.024
Chlorite peridotite g 0.044 0.029 0.003 0.015

Lawsonite blueschist h 0.050 0.035 0.003 0.009
Harzburgite + Dunite f 0.051 0.036 0.005 0.008

Harzburgite f 0.053 0.038 0.007 0.006
Dunite f 0.060 0.046 0.014 0.002

100% olivine i 0.060 0.046 0.014 0.002
Ol 70% + OPX 20% + CPX 10% i 0.067 0.052 0.021 0.008

Amphibole peridotite j 0.067 0.052 0.021 0.008
Ol 50% + OPX 30% + CPX 20% i 0.073 0.059 0.027 0.015

Dunite (NJ437-1) i 0.080 0.065 0.003 0.021
Lherzolite k 0.080 0.065 0.033 0.021

Dunite l 0.080 0.065 0.033 0.021
Lherzolite m 0.083 0.068 0.037 0.024

Spinel peridotite n 0.089 0.074 0.043 0.030
Lherzolite (NJ437-8) i 0.092 0.077 0.046 0.033

Dunite m 0.092 0.077 0.046 0.033
Lawsonite eclogite o 0.104 0.090 0.058 0.046
Garnet peridotite p 0.105 0.090 0.059 0.046

Garnet peridotite (150-4) q 0.110 0.096 0.064 0.052
Garnet peridotite r 0.112 0.098 0.066 0.054

Garnet peridotite (160-9) q 0.129 0.115 0.083 0.071

* Sample 882 is the most retrograded eclogite. + Sample 885 is the relatively fresh eclogite. a Watanabe et al. [97]; b Jung [95]; c Ha et al.
[100]; d Cao et al. [98]; e Kim et al. [86]; f Tommasi et al. [91]; g Kim and Jung [85]; h Cao and Jung [8]; i Michibayashi et al. [93]; j Kang
and Jung [84]; k Tommasi et al. [92]; l Cao et al. [99]; m Tommasi et al. [90]; n Jung et al. [94]; o Kim et al. [17]; p Skemer et al. [87]; q Xu
et al. [89]; r Wang et al. [88]. LT: low temperature; HT: high temperature; Ph: phengite; Gln: glaucophane; Ep: epidote; Lws: lawsonite; Ol:
olivine; OPX: orthopyroxene; CPX: clinopyroxene.

5. Discussion

5.1. Lattice-Preferred Orientations of Minerals

Omphacite in retrograded eclogites (samples 880, 881, and 885) from Xitieshan, north-
western China, showed that the <001> axes are strongly aligned subparallel to lineation,
with a girdle distribution subparallel to foliation, and the (010) poles are strongly aligned
subnormal to foliation. This is called S-type omphacite LPO [61]. The observed S-type
omphacite LPOs were consistent with those reported in previous studies [8,22]. The S-type
omphacite LPO has been reported in eclogites from the eastern Alps [103] and Cabo Ortegal
eclogites from northwestern Spain [104].

Amphibole in retrograded eclogites from Xitieshan, northwest China, showed that the
amphibole (010) poles were aligned subnormally to foliation, and the maximum concen-
tration of amphibole <001> axes were aligned subparallel to lineation, which is referred
to as type V amphibole LPO. Previously, four other types of amphibole LPOs have been
reported in both naturally and experimentally deformed amphibole [12,18,36]. The type V
amphibole LPO in this study is different from the amphibole LPOs (types I, II, III, and IV)
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reported previously by high-pressure experimental studies. Similar amphibole LPOs to
type V LPO have been reported only in naturally deformed amphibole from the Malpica–
Tui allochthonous complex, northwestern Spain, and Cabo Ortegal, Spain [44,59], and in
retrograded eclogites from the Sanbagawa metamorphic belt, central Shikoku, southwest-
ern Japan [60]. To verify that there was no error in the reference frame (X: lineation, Z:
normal to foliation) of samples in our study, the aspect ratios of amphibole and omphacite
in the XZ, YZ, and XY planes were determined and compared (Table 1). Grains on the XZ
plane were more elongated compared to those on the other planes. This result indicates
that the reference frame is correct.

The amphibole LPO (type V) in the studied samples (samples 880, 881, and 885) has
only been reported in retrograded eclogites, and the amphibole LPO was similar to that
of omphacite in the same samples (Figure 5). The lack of intracrystalline deformation in
amphibole indicates that the samples were not deformed after the retrogression of eclogite
(Figure 3b,d). In addition, comparison of the misorientation angle between amphibole and
the contacting omphacite (Figure 7) showed small angles in both the contact boundary (<2◦)
and the grain itself (<2.5◦), suggesting that type V amphibole LPOs are strongly affected by
omphacite LPOs [105,106]. Our results indicate that the amphibole LPO is formed due to
the topotactic growth of amphibole during the retrogression of eclogite. Previous studies
have also reported that amphibole LPOs are similar to those of omphacite in the same
sample, and they suggested that amphibole is formed due to the topotactic growth during
retrogression of eclogite [44,59,60].

5.2. Seismic Velocity, Anisotropy, and Reflection Coefficient (RC)

The amphibole P-wave velocity (VP) was slow (in the range of 6.59 to 7.09 km/s),
and amphibole P-wave anisotropy (AVP) was large (in the range of 3.7% to 7.3%) (Table 4).
The amphibole S-wave velocity (VS) was also slow (in the range of 3.64 to 3.79 km/s) and
amphibole S-wave anisotropy (max. AVS) large (in the range of 2.72% to 3.61%). When
the omphacite seismic velocity and anisotropy were compared with those of amphibole,
the seismic velocity of omphacite was much faster than that of amphibole in both P- and
S-waves, but the seismic anisotropy of omphacite was much smaller than that of amphibole
in both P- and S-waves (Table 4). This is consistent with previous studies on the seismic
velocity and anisotropy of these minerals in eclogites [32,107] and the seismic velocity and
anisotropy analysis of mineral mixtures in eclogite [22].

The garnet P-wave velocity was the fastest in the studied samples, whereas the
amphibole P-wave velocity was the slowest. The P-wave and S-wave anisotropies of garnet
were the slowest in the samples, similar to previous studies [22]. The trends in seismic
velocity and anisotropy of whole retrograded eclogites (color coded in pole figures in
Figure 10) were similar to those of amphibole (Figure 8). This result indicates that the
seismic properties of retrograded eclogites are strongly affected by the seismic properties
of amphibole due to the high fraction of amphibole (33–91.5%) in retrograded eclogites.

When the seismic velocity and anisotropy of relatively fresh eclogite (sample 885)
were compared with those of the most retrograded eclogite (sample 882), the P-wave
velocity decreased with increasing retrogression (Figures 8–10 and Table 4), but the P- and
S-wave anisotropies increased with increasing retrogression (Figures 8–10 and Table 4).
This result indicates that when eclogite increases to the eclogite instability zone and gets ret-
rograded, the seismic velocity of retrograded eclogite decreases, but the seismic anisotropy
of retrograded eclogite increases.

The RC of the studied samples was in the range of 0.002 to 0.204 (Table 5). The contact
boundary between relatively fresh eclogite and serpentinized peridotites showed a high
RC (up to 0.204), which was high enough to reflect the seismic wave. However, at the
contact boundary between the studied eclogites and the dunites and blueschists, the RC
was small (0.002–0.05), independent of the degree of retrogression of eclogite (Table 5). A
small RC indicates that the seismic wave reflects little at this boundary, and the seismic
wave reflected by this boundary is difficult to detect [6].
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In Figure 11, the RC between various rocks and the studied eclogites is compared
with the P-wave velocity. In the case of serpentinized peridotites, which have low VP
(VP < 6.8 km/s), the RC was high for the contact boundary with relatively fresh eclogite
(sample 885), indicating that the boundary between serpentinized peridotites and the
relatively fresh eclogites reflects a large seismic wave, resulting in this boundary being
easily detected compared to the other contact boundaries of rocks. In contrast, in the
case of dry mantle rocks (spinel peridotites and garnet peridotites), which have a high
VP (VP > 7.5 km/s), the RC was high for the contact boundary with the most retrograded
eclogite (sample 882). This result indicates that the contact boundary between dry mantle
rocks and the most retrograded eclogite reflects more seismic waves, resulting in the bound-
ary being easily detected compared to the other contact boundaries of rocks, similar to the
contact boundary between serpentinized peridotites and relatively fresh eclogite. However,
in the case of blueschists, which have an intermediate VP (6.8 km/s < VP < 7.5 km/s), the
RC was low for the contact boundary with the studied eclogites, whether eclogites were ret-
rograded or not, indicating that the boundaries between blueschists and eclogites reflected
little seismic waves, independent of the degree of retrogression of eclogite, indicating that
these boundaries may be difficult to detect.

Figure 11. Relationship between P-wave velocity (VP) of a surrounding rock and reflection coeffi-
cient (RC) of the contact boundary between the studied retrograded eclogite and the surrounding
rock (Table 5).

170



Minerals 2021, 11, 380

6. Conclusions

The LPOs of minerals in retrograded eclogites from Xitieshan, northwestern China,
were studied to understand the seismic anisotropies and seismic reflection coefficients of
the rocks that are in contact with other surrounding rocks. The amphibole LPOs in the
retrograded eclogites were mostly similar to omphacite LPOs. The low misorientation
angle between amphibole in direct contact with omphacite suggests that the amphibole
LPO is formed due to topotactic growth of amphibole during the retrogression process of
eclogites. There was a lack of intracrystalline deformation features in amphibole, such as
undulose extinction and subgrains, indicating that there might have been little deformation
after the retrogression of eclogites.

The seismic properties of retrograded eclogites were more severely affected by amphi-
bole than by other minerals due to the high fraction of amphibole (33–91.5%) in retrograded
eclogites. During the retrogression process of eclogites, the seismic velocity slowed and the
seismic anisotropy increased. RC, which was calculated using the VP of minerals, showed
that the contact boundaries between relatively fresh eclogite and hydrated mantle rocks,
such as serpentinized peridotites, showed high RC, indicating that these contact bound-
aries can be easily detected using the reflected seismic wave, but the contact boundaries
between dunites or blueschists and eclogites showed low RC, independent of the degree of
retrogression. This indicates that these contact boundaries are expected to be difficult to
detect using the reflected seismic wave.
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exhumed subduction channel rocks from the Eclogite Zone of the Tauern Window (Eastern Alps, Austria), and implications on
rock elastic anisotropies at great depths. Tectonophysics 2015, 647, 89–104. [CrossRef]

17. Kim, D.; Wallis, S.; Endo, S.; Ree, J.-H. Seismic properties of lawsonite eclogites from the southern Motagua fault zone, Guatemala.
Tectonophysics 2016, 677–678, 88–98. [CrossRef]

18. Ko, B.; Jung, H. Crystal preferred orientation of an amphibole experimentally deformed by simple shear. Nat. Commun. 2015, 6,
6586. [CrossRef]

19. Lee, J.; Jung, H.; Klemd, R.; Tarling, M.S.; Konopelko, D. Lattice preferred orientation of talc and implications for seismic
anisotropy in subduction zones. Earth Planet. Sci. Lett. 2020, 537, 116178. [CrossRef]

20. Mauler, A.; Burlini, L.; Kunze, K.; Philippot, P.; Burg, J.P. P-wave anisotropy in eclogites and relationship to the omphacite
crystallographic fabric. Phys. Chem. Earth Part A Solid Earth Geod. 2000, 25, 119–126. [CrossRef]

21. Nicolas, A.; Christensen, N.I. Formation of Anisotropy in Upper Mantle Peridotites—A Review. In Composition, Structure and
Dynamics of the Lithosphere-Asthenosphere System; Fuchs, K., Froidevaux, C., Eds.; American Geophysical Union: Washington, DC,
USA, 1987; Volumn 16, pp. 111–123.

22. Park, M.; Jung, H. Relationships between eclogite-facies mineral assemblages, deformation microstructures, and seismic properties
in the Yuka terrane, North Qaidam ultrahigh-pressure metamorphic belt, NW China. J. Geophys. Res. Solid Earth 2019, 124,
13168–13191. [CrossRef]

23. Worthington, J.R.; Hacker, B.R.; Zandt, G. Distinguishing eclogite from peridotite: EBSD-based calculations of seismic velocities.
Geophys. J. Int. 2013, 193, 489–505. [CrossRef]

24. Almqvist, B.S.; Mainprice, D. Seismic properties and anisotropy of the continental crust: Predictions based on mineral texture
and rock microstructure. Rev. Geophys. 2017, 55, 367–433. [CrossRef]

25. Evans, B.W. Phase-relations of epidote-blueschists. Lithos 1990, 25, 3–23. [CrossRef]
26. Okamoto, K.; Maruyama, S. The high-pressure synthesis of lawsonite in the MORB+H2O system. Am. Mineral. 1999, 84,

362–373. [CrossRef]
27. Tsujimori, T.; Ernst, W.G. Lawsonite blueschists and lawsonite eclogites as proxies for palaeo-subduction zone processes: A

review. J. Metamorph. Geol. 2014, 32, 437–454. [CrossRef]
28. Wei, C.J.; Clarke, G.L. Calculated phase equilibria for MORB compositions: A reappraisal of the metamorphic evolution of

lawsonite eclogite. J. Metamorph. Geol. 2011, 29, 939–952. [CrossRef]
29. Bhagat, S.S.; Bass, J.D.; Smyth, J.R. Single-crystal elastic properties of omphacite-C2/C by Brillouin spectroscopy. J. Geophys. Res.

Solid Earth 1992, 97, 6843–6848. [CrossRef]
30. Barruol, G.; Mainprice, D. A quantitative-evaluation of the contribution of crustal rocks to the shear-wave splitting of teleseismic

SKS waves. Phys. Earth Planet. Inter. 1993, 78, 281–300. [CrossRef]
31. Christensen, N.I.; Mooney, W.D. Seismic velocity structure and composition of the continental-crust—A global view. J. Geophys.

Res. Solid Earth 1995, 100, 9761–9788. [CrossRef]
32. Shi, F.; Wang, Y.; Xu, H.; Zhang, J. Effects of lattice preferred orientation and retrogression on seismic properties of eclogite. J.

Earth Sci. 2010, 21, 569–580. [CrossRef]
33. Rudnick, R.; Gao, S. Composition of the continental crust. Treatise Geochem. 2003, 3, 659.
34. Fountain, D.M.; Salisbury, M.H. Exposed cross-sections through the continental-crust—Implications for crustal structure,

petrology, and evolution. Earth Planet. Sci. Lett. 1981, 56, 263–277. [CrossRef]
35. Ji, S.; Shao, T.; Michibayashi, K.; Long, C.; Wang, Q.; Kondo, Y.; Zhao, W.; Wang, H.; Salisbury, M.H. A new calibration of seismic

velocities, anisotropy, fabrics, and elastic moduli of amphibole-rich rocks. J. Geophys. Res. Solid Earth 2013, 118, 4699–4728. [CrossRef]
36. Kim, J.; Jung, H. New Crystal Preferred Orientation of Amphibole Experimentally Found in Simple Shear. Geophys. Res. Lett.

2019, 46. [CrossRef]
37. Bezacier, L.; Reynard, B.; Bass, J.D.; Wang, J.; Mainprice, D. Elasticity of glaucophane, seismic velocities and anisotropy of the

subducted oceanic crust. Tectonophysics 2010, 494, 201–210. [CrossRef]

172



Minerals 2021, 11, 380

38. Cao, Y.; Song, S.G.; Niu, Y.L.; Jung, H.; Jin, Z.M. Variation of mineral composition, fabric and oxygen fugacity from massive to
foliated eclogites during exhumation of subducted ocean crust in the North Qilian suture zone, NW China. J. Metamorph. Geol.
2011, 29, 699–720. [CrossRef]

39. Fountain, D.M.; Boundy, T.M.; Austrheim, H.; Rey, P. Eclogite-facies shear zones—Deep-crustal reflectors. Tectonophysics 1994,
232, 411–424. [CrossRef]

40. Fujimoto, Y.; Kono, Y.; Hirajima, T.; Kanagawa, K.; Ishikawa, M.; Arima, M. P-wave velocity and anisotropy of lawsonite and
epidote blueschists: Constraints on water transportation along subducting oceanic crust. Phys. Earth Planet. Inter. 2010, 183,
219–228. [CrossRef]

41. Kern, H.; Gao, S.; Jin, Z.M.; Popp, T.; Jin, S.Y. Petrophysical studies on rocks from the Dabie ultrahigh-pressure (UHP) metamorphic
belt, Central China: Implications for the composition and delamination of the lower crust. Tectonophysics 1999, 301, 191–215. [CrossRef]

42. Kern, H.; Jin, Z.M.; Gao, S.; Popp, T.; Xu, Z.Q. Physical properties of ultrahigh-pressure metamorphic rocks from the Sulu
terrain, eastern central China: Implications for the seismic structure at the Donghai (CCSD) drilling site. Tectonophysics 2002, 354,
315–330. [CrossRef]

43. Kim, D.; Katayama, I.; Michibayashi, K.; Tsujimori, T. Rheological contrast between glaucophane and lawsonite in naturally
deformed blueschist from Diablo Range, California. Island Arc. 2013, 22, 63–73. [CrossRef]

44. Llana-Funez, S.; Brown, D. Contribution of crystallographic preferred orientation to seismic anisotropy across a surface analog of
the continental Moho at Cabo Ortegal, Spain. Geol. Soc. Am. Bull. 2012, 124, 1495–1513. [CrossRef]

45. Mookherjee, M.; Bezacier, L. The low velocity layer in subduction zone: Structure and elasticity of glaucophane at high pressures.
Phys. Earth Planet. Inter. 2012, 208, 50–58. [CrossRef]

46. Rudnick, R.L.; Fountain, D.M. Nature and composition of the continental-crust—A lower crustal perspective. Rev. Geophys. 1995,
33, 267–309. [CrossRef]

47. Sun, S.; Ji, S.; Wang, Q.; Xu, Z.; Salisbury, M.; Long, C. Seismic velocities and anisotropy of core samples from the Chinese
Continental Scientific Drilling borehole in the Sulu UHP terrane, eastern China. J. Geophys. Res. Solid Earth 2012, 117. [CrossRef]

48. Wang, Q.; Burlini, L.; Mainprice, D.; Xu, Z. Geochemistry, petrofabrics and seismic properties of eclogites from the Chinese
Continental Scientific Drilling boreholes in the Sulu UHP terrane, eastern China. Tectonophysics 2009, 475, 251–266. [CrossRef]

49. Zhang, J.; Wang, Y.; Jin, Z. CPO-induced seismic anisotropy in UHP eclogites. Sci. China Ser. D Earth Sci. 2008, 51, 11–21. [CrossRef]
50. Cooke, D.A.; Schneider, W.A. Generalized linear inversion of reflection seismic data. Geophysics 1983, 48, 665–676. [CrossRef]
51. Xu, D.; Wang, Y.; Gan, Q.; Tang, J. Frequency-dependent seismic reflection coefficient for discriminating gas reservoirs. J. Geophys.

Eng. 2011, 8, 508–513. [CrossRef]
52. Laubscher, H. The problem of the moho in the Alps. Tectonophysics 1990, 182, 9–20. [CrossRef]
53. Warner, M.; Morgan, J.; Barton, P.; Morgan, P.; Price, C.; Jones, K. Seismic reflections from the mantle represent relict subduction

zones within the continental lithosphere. Geology 1996, 24, 39–42. [CrossRef]
54. Bass, J.D. Elasticity of grossular and spessartite garnets by Brillouin spectroscopy. J. Geophys. Res. Solid Earth Planets 1989, 94,

7621–7628. [CrossRef]
55. Díaz Aspiroz, M.; Lloyd, G.E.; Fernández, C. Development of lattice preferred orientation in clinoamphiboles deformed under

low-pressure metamorphic conditions. A SEM/EBSD study of metabasites from the Aracena metamorphic belt (SW Spain). J.
Struct. Geol. 2007, 29, 629–645. [CrossRef]

56. Getsinger, A.J.; Hirth, G. Amphibole fabric formation during diffusion creep and the rheology of shear zones. Geology 2014, 42,
535–538. [CrossRef]

57. Puelles, P.; Gil Ibarguchi, J.I.; Beranoaguirre, A.; Ábalos, B. Mantle wedge deformation recorded by high-temperature peridotite fabric
superposition and hydrous retrogression (Limo massif, Cabo Ortegal, NW Spain). Int. J. Earth Sci. 2012, 101, 1835–1853. [CrossRef]

58. Tatham, D.; Lloyd, G.; Butler, R.; Casey, M. Amphibole and lower crustal seismic properties. Earth Planet. Sci. Lett. 2008, 267,
118–128. [CrossRef]

59. Puelles, P.; Beranoaguirre, A.; Ábalos, B.; Gil Ibarguchi, J.I.; García de Madinabeitia, S.; Rodríguez, J.; Fernández-Armas, S.
Eclogite inclusions from subducted metaigneous continental crust (Malpica-Tui Allochthonous Complex, NW Spain): Petrofabric,
geochronology, and calculated seismic properties. Tectonics 2017, 36, 1376–1406. [CrossRef]

60. Rehman, H.U.; Mainprice, D.; Barou, F.; Yamamoto, H.; Okamoto, K. EBSD-measured crystal preferred orientation of eclogites
from the Sanbagawa metamorphic belt, central Shikoku, SW Japan. Eur. J. Mineral. 2016, 28, 1155–1168. [CrossRef]

61. Zhang, J.F.; Green, H.W.; Bozhilov, K.N. Rheology of omphacite at high temperature and pressure and significance of its lattice
preferred orientations. Earth Planet. Sci. Lett. 2006, 246, 432–443. [CrossRef]

62. Chen, N.S.; Xia, X.P.; Li, X.Y.; Sun, M.; Xu, P.; Liu, X.M.; Wang, X.Y.; Wang, Q.Y. Timing of magmatism of the gneissic-granite
plutons along North Qaidam margin and implications for Precambrian crustal accretions: Zircon U-Pb dating and Hf isotope
evidences. Acta Petrol. Sin. 2007, 23, 501–512.

63. Fu, J.; Liang, X.; Zhou, Y.; Wang, C.; Jiang, Y.; Zhong, Y. Geochemistry, zircon U-Pb geochronology and Hf isotopes of granitic
rocks in the Xitieshan area, North Qaidam, Northwest China: Implications for Neoproterozoic geodynamic evolutions of North
Qaidam. Precambrian Res. 2015, 264, 11–29. [CrossRef]

64. Zhao, Z.X.; Wei, J.H.; Fu, L.B.; Liang, S.N.; Zhao, S.Q. The Early Paleozoic Xitieshan syn-collisional granite in the North Qaidam
ultrahigh-pressure metamorphic belt, NW China: Petrogenesis and implications for continental crust growth. Lithos 2017, 278,
140–152. [CrossRef]

173



Minerals 2021, 11, 380

65. Zhang, J.; Yang, J.; Meng, F.; Wan, Y.; Li, H.; Wu, C. U–Pb isotopic studies of eclogites and their host gneisses in the Xitieshan area
of the North Qaidam mountains, western China: New evidence for an early Paleozoic HP–UHP metamorphic belt. J. Asian Earth
Sci. 2006, 28, 143–150.

66. Zhang, C.; Zhang, L.; Bader, T.; Song, S.; Lou, Y. Geochemistry and trace element behaviors of eclogite during its exhumation in
the Xitieshan terrane, North Qaidam UHP belt, NW China. J. Asian Earth Sci. 2013, 63, 81–97. [CrossRef]

67. Zhang, C.; Zhang, L.; van Roermund, H.; Song, S.; Zhang, G. Petrology and SHRIMP U-Pb dating of Xitieshan eclogite, North
Qaidam UHP metamorphic belt, NW China. J. Asian Earth Sci. 2011, 42, 752–767. [CrossRef]

68. Liu, X.; Wu, Y.; Gao, S.; Liu, Q.; Wang, H.; Qin, Z.; Li, Q.; Li, X.-H.; Gong, H. First record and timing of UHP metamorphism from
zircon in the Xitieshan terrane: Implications for the evolution of the entire North Qaidam metamorphic belt. Am. Mineral. 2012,
97, 1083–1093. [CrossRef]

69. Song, S.; Zhang, C.; Li, X.; Zhang, L. HP/UHP metamorphic time of eclogite in the Xitieshan terrane, North Qaidam UHPM belt,
NW China. Acta Petrol. Sin. 2011, 27, 1191–1197.

70. Zhang, C.; Bader, T.; Zhang, L.F.; van Roermund, H. The multi-stage tectonic evolution of the Xitieshan terrane, North Qaidam
orogen, western China: From Grenville-age orogeny to early-Paleozoic ultrahigh-pressure metamorphism. Gondwana Res. 2017,
41, 290–300. [CrossRef]

71. Zhang, J.X.; Yang, J.S.; Mattinson, C.G.; Xu, Z.Q.; Meng, F.C.; Shi, R.D. Two contrasting eclogite cooling histories, North Qaidam
HP/UHP terrane, western China: Petrological and isotopic constraints. Lithos 2005, 84, 51–76. [CrossRef]

72. Panozzo, R. Two-dimensional strain from the orientation of lines in a plane. J. Struct. Geol. 1984, 6, 215–221. [CrossRef]
73. Park, M.; Jung, H. Analysis of electron backscattered diffraction (EBSD) mapping of geological materials: Precautions for reliably

collecting and interpreting data on petro-fabric and seismic anisotropy. Geosci. J. 2020, 24, 679–687. [CrossRef]
74. Skemer, P.; Katayama, B.; Jiang, Z.T.; Karato, S. The misorientation index: Development of a new method for calculating the

strength of lattice-preferred orientation. Tectonophysics 2005, 411, 157–167. [CrossRef]
75. Krogh Ravna, E.J.; Terry, M.P. Geothermobarometry of UHP and HP eclogites and schists–an evaluation of equilibria among

garnet–clinopyroxene–kyanite–phengite–coesite/quartz. J. Metamorph. Geol. 2004, 22, 579–592. [CrossRef]
76. Ravna, K. The garnet–clinopyroxene Fe2+–Mg geothermometer: An updated calibration. J. Metamorph. Geol. 2000, 18,

211–219. [CrossRef]
77. Aleksandrov, K.S.; Ryzhova, T.V. The elastic properties of rock forming minerals, pyroxenes and amphiboles. Bull. Acad. Sci.

USSR Geophys. Ser. 1961, 871, 1339–1344.
78. Isaak, D.G.; Ohno, I.; Lee, P.C. The elastic constants of monoclinic single-crystal chrome-diopside to 1,300 K. Phys. Chem. Miner.

2006, 32, 691–699. [CrossRef]
79. Aleksandrov, K.S. Velocities of elastic waves in minerals at atmospheric pressure and increasing precision of elastic constants by

means of EVM. Izv. Acad. Sci. USSR Geol. Ser. 1974, 10, 15–24.
80. Mainprice, D. A Frotran program to calculate seismic anisotropy from the lattice preferred orientation of minerals. Comput. Geosci.

1990, 16, 385–393. [CrossRef]
81. McSkimin, H.J.; Andreatch, P., Jr.; Thurston, R.N.L. Elastic moduli of quartz versus hydrostatic pressure at 25 and −195.8 C. J.

Appl. Phys. 1965, 36, 1624–1632. [CrossRef]
82. Weidner, D.J.; Ito, E. Elasticity of MgSiO3 in the ilmenite phase. Phys. Earth Planet. Inter. 1985, 40, 65–70. [CrossRef]
83. Vaughan, M.T.; Guggenheim, S. Elasticity of muscovite and its relationship to crystal structure. J. Geophys. Res. Solid Earth 1986,

91, 4657–4664. [CrossRef]
84. Kang, H.; Jung, H. Lattice-preferred orientation of amphibole, chlorite, and olivine found in hydrated mantle peridotites from

Bjørkedalen, southwestern Norway, and implications for seismic anisotropy. Tectonophysics 2019, 750, 137–152. [CrossRef]
85. Kim, D.; Jung, H. Deformation microstructures of olivine and chlorite in chlorite peridotites from Almklovdalen in the Western

Gneiss Region, SW Norway and implications for seismic anisotropy. Int. Geol. Rev. 2015. [CrossRef]
86. Kim, D.; Katayama, I.; Michibayashi, K.; Tsujimori, T. Deformation fabrics of natural blueschists and implications for seismic

anisotropy in subducting oceanic crust. Phys. Earth Planet. Inter. 2013, 222, 8–21. [CrossRef]
87. Skemer, P.; Katayama, I.; Karato, S.I. Deformation fabrics of the Cima di Gagnone peridotite massif, Central Alps, Switzerland:

Evidence of deformation at low temperatures in the presence of water. Contrib. Mineral. Petrol. 2006, 152, 43–51. [CrossRef]
88. Wang, Y.F.; Zhang, J.F.; Shi, F. The origin and geophysical implications of a weak C-type olivine fabric in the Xugou ultrahigh

pressure garnet peridotite. Earth Planet. Sci. Lett. 2013, 376, 63–73. [CrossRef]
89. Xu, Z.Q.; Wang, Q.; Ji, S.C.; Chen, J.; Zeng, L.S.; Yang, J.S.; Chen, F.Y.; Liang, F.H.; Wenk, H.R. Petrofabrics and seismic properties

of garnet peridotite from the UHP Sulu terrane (China): Implications for olivine deformation mechanism in a cold and dry
subducting continental slab. Tectonophysics 2006, 421, 111–127. [CrossRef]

90. Tommasi, A.; Godard, M.; Coromina, G.; Dautria, J.-M.; Barsczus, H. Seismic anisotropy and compositionally induced velocity
anomalies in the lithosphere above mantle plumes: A petrological and microstructural study of mantle xenoliths from French
Polynesia. Earth Planet. Sci. Lett. 2004, 227, 539–556. [CrossRef]

91. Tommasi, A.; Vauchez, A.; Godard, M.; Belley, F. Deformation and melt transport in a highly depleted peridotite massif from the
Canadian Cordillera: Implications to seismic anisotropy above subduction zones. Earth Planet. Sci. Lett. 2006, 252, 245–259. [CrossRef]

92. Tommasi, A.; Vauchez, A.; Ionov, D.A. Deformation, static recrystallization, and reactive melt transport in shallow subcontinental
mantle xenoliths (Tok Cenozoic volcanic field, SE Siberia). Earth Planet. Sci. Lett. 2008, 272, 65–77. [CrossRef]

174



Minerals 2021, 11, 380

93. Michibayashi, K.; Kusafuka, Y.; Satsukawa, T.; Nasir, S.J. Seismic properties of peridotite xenoliths as a clue to imaging the
lithospheric mantle beneath NE Tasmania, Australia. Tectonophysics 2012, 522, 218–223. [CrossRef]

94. Jung, S.; Jung, H.; Austrheim, H. Characterization of olivine fabrics and mylonite in the presence of fluid and implications for
seismic anisotropy and shear localization. Earth Planets Space 2014, 66. [CrossRef]

95. Jung, H. Seismic anisotropy produced by serpentine in mantle wedge. Earth Planet. Sci. Lett. 2011, 307, 535–543. [CrossRef]
96. Katayama, I.; Hirauchi, H.; Michibayashi, K.; Ando, J. Trench-parallel anisotropy produced by serpentine deformation in the

hydrated mantle wedge. Nature 2009, 461, 1114–1117. [CrossRef]
97. Watanabe, T.; Kasami, H.; Ohshima, S. Compressional and shear wave velocities of serpentinized peridotites up to 200 MPa.

Earth, Planets Space 2007, 59, 233–244. [CrossRef]
98. Cao, Y.; Jung, H.; Song, S.G. Petro-fabrics and seismic properties of blueschist and eclogite in the North Qilian suture zone,

NW China: Implications for the low-velocity upper layer in subducting slab, trench-parallel seismic anisotropy, and eclogite
detectability in the subduction zone. J. Geophys. Res. Solid Earth 2013, 118, 3037–3058. [CrossRef]

99. Cao, Y.; Jung, H.; Song, S. Seismic anisotropies of the Songshugou peridotites (Qinling orogen, central China) and their seismic
implications. Tectonophysics 2018, 722, 432–446. [CrossRef]

100. Ha, Y.; Jung, H.; Raymond, L.A. Deformation fabrics of glaucophane schists and implications for seismic anisotropy: The
importance of lattice preferred orientation of phengite. Int. Geol. Rev. 2018, 1–18. [CrossRef]

101. Locock, A.J. An Excel spreadsheet to classify chemical analyses of amphiboles following the IMA 2012 recommendations. Comput.
Geosci. 2014, 62, 1–11. [CrossRef]

102. Hawthorne, F.C.; Oberti, R.; Harlow, G.E.; Maresch, W.V.; Martin, R.F.; Schumacher, J.C.; Welch, M.D. Nomenclature of the
amphibole supergroup. Am. Mineral. 2012, 97, 2031–2048. [CrossRef]

103. Neufeld, K.; Ring, U.; Heidelbach, F.; Dietrich, S.; Neuser, R. Omphacite textures in eclogites of the Tauern Window: Implications
for the exhumation of the Eclogite Zone, Eastern Alps. J. Struct. Geol. 2008, 30, 976–992. [CrossRef]

104. Ábalos, B. Omphacite fabric variation in the Cabo Ortegal eclogite (NW Spain): Relationships with strain symmetry during
high-pressure deformation. J. Struct. Geol. 1997, 19, 621–637. [CrossRef]

105. Boudier, F.; Baronnet, A.; Mainprice, D. Serpentine mineral replacements of natural olivine and their seismic implications: Oceanic
lizardite versus subduction-related antigorite. J. Petrol. 2010, 51, 495–512. [CrossRef]

106. Cao, S.; Liu, J.; Leiss, B. Orientation-related deformation mechanisms of naturally deformed amphibole in amphibolite mylonites
from the Diancang Shan, SW Yunnan, China. J. Struct. Geol. 2010, 32, 606–622. [CrossRef]

107. Cao, Y.; Jung, H.; Ma, J. Seismic Properties of a Unique Olivine-Rich Eclogite in the Western Gneiss Region, Norway. Minerals
2020, 10, 774. [CrossRef]

175





minerals

Article

Twin Induced Reduction of Seismic Anisotropy in
Lawsonite Blueschist

Seungsoon Choi 1, Olivier Fabbri 2, Gültekin Topuz 3, Aral I. Okay 3 and Haemyeong Jung 1,*

Citation: Choi, S.; Fabbri, O.; Topuz,

G.; Okay, A.I.; Jung, H. Twin Induced

Reduction of Seismic Anisotropy in

Lawsonite Blueschist. Minerals 2021,

11, 399. https://doi.org/10.3390/

min11040399

Academic Editor: Paris Xypolias

Received: 10 February 2021

Accepted: 7 April 2021

Published: 10 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Tectonophysics Laboratory, School of Earth and Environmental Sciences, Seoul National University,
Seoul 08826, Korea; seungshum@snu.ac.kr

2 UMR CNRS 6249, Université de Franche-Comté, 25030 Besançon, France; olivier.fabbri@univ-fcomte.fr
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Abstract: Lawsonite is an important mineral for understanding seismic anisotropy in subducting
oceanic crust due to its large elastic anisotropy and prevalence in cold subduction zones. However,
there is insufficient knowledge of how lawsonite twinning affects seismic anisotropy, despite previous
studies demonstrating the presence of twins in lawsonite. This study investigated the effect of
lawsonite twinning on the crystal preferred orientation (CPO), CPO strength, and seismic anisotropy
using lawsonite blueschists from Alpine Corsica (France) and the Sivrihisar Massif (Turkey). The
CPOs of the minerals are measured with an electron backscatter diffraction instrument attached to a
scanning electron microscope. The electron backscatter diffraction analyses of lawsonite reveal that
the {110} twin in lawsonite is developed, the [001] axes are strongly aligned subnormal to the foliation,
and both the [100] and [010] axes are aligned subparallel to the foliation. It is concluded that the
existence of twins in lawsonite could induce substantial seismic anisotropy reduction, particularly for
the maximum S-wave anisotropy in lawsonite and whole rocks by up to 3.67% and 1.46%, respectively.
Lawsonite twinning needs to be considered when determining seismic anisotropy in the subducting
oceanic crust in cold subduction zones.

Keywords: lawsonite; twin; blueschist; crystal preferred orientation; seismic anisotropy

1. Introduction

Seismic anisotropy, which is useful for studying tectonic fabric in the Earth, has been
widely observed in subduction zones [1–4], including subducting oceanic slabs [5,6]. It can
be caused by the crystal preferred orientation (CPO) of elastically anisotropic minerals [7,8].
Since lawsonite is an elastically anisotropic mineral in blueschist and eclogite facies rocks
at the top of the subducting slab in cold subduction zones, the development of the CPO
of lawsonite could cause substantial seismic anisotropy. The CPO of lawsonite has been
used to interpret various seismic anisotropies observed in cold subduction zones from
naturally and experimentally deformed lawsonite-bearing rocks such as blueschist and
eclogite [9–14].

Several studies performed in the last decade have shown the existence of twins in law-
sonite from the Sivrihisar Massif (Turkey) [10,15,16], South Motagua (Guatemala) [16,17],
Southern New England Orogen (Australia) [18], Alpine Corsica (France) [19], and exper-
imentally deformed lawsonites [14]. However, there is an insufficient understanding of
how lawsonite twinning affects seismic anisotropy. In this study, the effect of lawsonite
twinning on the CPO, CPO strength, and seismic anisotropy of lawsonite was investigated
utilizing natural lawsonite blueschists collected from Alpine Corsica (France) and the
Sivrihisar Massif in the Tavşanlı Zone (Turkey). The main focus of this study is the direct
effect of twins in lawsonite on the seismic anisotropy. We compare the CPO and seismic
anisotropy of lawsonite in four natural samples with those of the modelled samples where
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the twins are not considered. The results show that the existence of lawsonite twins could
induce reductions in the CPO strength of lawsonite and whole rock, as well as the resultant
seismic anisotropy, which is caused by the CPO of elastically anisotropic minerals in cold
subduction zones.

2. Geological Overview

Alpine Corsica (France) is part of the Alpine orogenic belt [20,21] and mainly con-
sists of Schistes Lustrés that were deposited on the seafloor of a branch of the Tethys
Ocean and underwent high-pressure, low-temperature (HP-LT) metamorphism in a sub-
duction zone [22–25]. The estimated metamorphic pressure-temperature conditions for the
blueschist and eclogite facies conditions are P = 1.0 and 2.4 GPa, and T = 420 and 520 ◦C,
respectively [16,22–24,26]. The blueschist and eclogite metamorphisms are dated at ~37 and
~34 Ma utilizing the Lu-Hf in lawsonite and garnet, respectively [16,22,27]. A portion of the
Schistes Lustrés in Alpine Corsica, Monte Pinatelle (study area) also experienced HP-LT
metamorphism and primarily consists of lawsonite blueschist and eclogite [22,23,28].

The Tavşanlı Zone in Turkey is an Alpine high-pressure belt and was formed during
the Mesozoic convergence between Eurasia and the Anatolide-Tauride Block [29–31]. The
timing of HP-LT metamorphism is estimated by Rb-Sr phengite and Lu-Hf garnet as ca.
80 Ma and 86–92 Ma, respectively [32,33]. As a part of the Tavşanlı Zone, the Sivrihisar
Massif mainly consists of high-pressure metamorphic rocks [34], and the Halilbağı region
(study area) in the Sivrihisar Massif includes several types of lawsonite blueschist and
eclogite. The estimated peak pressure and temperature conditions are 1.2–2.5 GPa and
350–650 ◦C [10,35].

In this study, lawsonite blueschist samples were collected from Alpine Corsica in
Monte Pinatelle, France, and the Halilbağı area in the Tavşanlı Zone, Turkey (Figure 1a,b).
Both regions are considered to be structurally coherent terrains [16] and experience pro-
gressive lawsonite blueschist metamorphism and rapid exhumation [22,35,36]. The Monte
Pinatelle outcrop shows a well-foliated blueschist body (Figure 1c) in contact with weakly
foliated metagabbro. The Halilbağı lawsonite blueschists and eclogites exhibit a steeply
dipping foliation and a mineral compositional layering (Figure 1d).
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Figure 1. (a) Simplified tectonic map of Alpine Corsica (France) with sample locations indicated by
red star (samples 3034 and 3033), modified from Danišík et al. [37]. (b) Simplified tectonic map of
western and central Turkey with sample locations indicated by red star (samples 2023 and 2021),
modified from Cao and Jung [10] and Davis and Whitney [34]. CACC: Central Anatolian crystalline
complex; CAFZ: Central Anatolian fault zone; and NAF: North Anatolian fault. (c) Outcrop of Monte
Pinatelle in Alpine Corsica. The blueschist shows a well-developed foliation. (d) Outcrop of the
Halilbağı area in the Sivrihisar Massif, in the Tavşanlı Zone. The blueschist exhibits compositional
layering and foliation. Hammer provided for scale in subfigures (c,d).

3. Methods

Foliation is determined by parallel alignment of glaucophane, lawsonite, and white
mica, and compositional layering of minerals. The lineation of the samples is defined by
the shape preferred orientations of the lawsonite and glaucophane [38], and thin sections
were made in the x–z plane (x: parallel to the lineation; z: normal to the foliation). The
thin sections were polished with diamond paste and colloidal silica (0.06 μm) and coated
with carbon to avoid charging in the scanning electron microscope. Electron backscatter
diffraction (EBSD) analysis, utilized to measure the CPOs of lawsonite and glaucophane,
was performed in the x–z plane of the samples utilizing Aztec software (Version 4.3,
Oxford Instruments, Abingdon, UK) with a symmetry detector attached to a field emission
scanning electron microscope (JSM 7100F, JEOL, Tokyo, Japan) at the School of Earth and
Environmental Sciences at Seoul National University, Korea. The system was operated at a
20 kV acceleration voltage and a 25 mm working distance. The lawsonite and glaucophane
EBSD patterns were automatically indexed by mapping the sample with step sizes ranging
from ~1.2–3.0 μm, which were at least 10 times smaller than the average grain size of the
samples. To prevent misinterpretation of the original data, the raw EBSD data was post-
cleaned utilizing Aztec software (Oxford Instruments) in three steps: (1) wild spikes with a
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pixel size were removed, (2) zero solution pixels that neighbor six pixels with solutions
were eliminated, and (3) Step 1 was repeated.

The procedure to remove twins in lawsonite for plotting the CPOs is described as
follows: Twin boundaries having a [001] rotation axis with a 67◦ misorientation angle and
a 5◦ deviation were automatically disregarded as grain boundaries in EBSD orientation
maps using Channel 5 software (Version 5.12.74.0). Then, the crystallographic orientation
representing each grain was determined by the mean orientation of the lawsonite grains.
This procedure was reiterated consistently for all grains in all samples. The lawsonite CPO
with and without twins and glaucophane CPO were plotted in a pole figure as one point
per grain to avoid introducing a bias by the large grains [39]. The misorientation index [40]
was calculated to determine the CPO strength of the minerals.

The seismic velocity and anisotropy of the P- and S-waves of lawsonite were calculated
utilizing the CPO, crystal density, and elastic constants of lawsonite [41], with a modified
crystallographic reference [9]. They were calculated for glaucophane [42] utilizing a
FORTRAN software program [43]. The seismic velocity and anisotropy of lawsonite and
whole rocks were calculated for samples with and without twins. To calculate the seismic
velocity and anisotropy in the absence of twins in lawsonite, narrow twin areas in lawsonite
grains were removed manually in EBSD orientation maps using HKL Channel 5 Tango
software. The choice of narrow twin removal in lawsonite was consistent for all samples.
All point-per-grain crystallographic orientation data of lawsonite and glaucophane were
used for accurate seismic properties with and without twins [39]. The seismic properties
of the whole rocks were calculated utilizing the normalized volume fraction of the major
minerals as lawsonite and glaucophane (Table 1). The normalized volume proportions of
lawsonite and glaucophane were based on the mineral fractions from the large area EBSD
mapping. Minor minerals such as garnet, omphacite, titanite, quartz, phengite, and epidote
were ignored in the calculations.

Table 1. Modal composition, twin frequency, and CPO strength of samples.

Sample Location
Major Minerals 1

Grain Size
(μm) 2

Twin
Frequency 3

Fraction of
Twinned Area (%) 3

CPO Strength 4

Lws (%) Gln (%) M1 M2

3034 Corsica 37 63 104 High 31.4 0.15 0.17
3033 Corsica 45 55 29 Middle 15.5 0.23 0.24
2023 Sivrihisar 43 57 106 Low 12.9 0.12 0.09
2021 Sivrihisar 53 47 38 Very low 0.6 0.078 0.080

1 Normalized volume proportions of major minerals (lawsonite and glaucophane) are based on the mineral fractions by large area EBSD
mapping. 2 Grain size is determined as the average length of the maximum Feret diameters [44] of the lawsonite grains. 3 Twin frequency
is determined by the number of twins per length in lawsonite. The fraction of the twinned area (area of the twinned domain) is determined
by large-area EBSD mapping. 4 M1 and M2 represent the misorientation index of lawsonite with and without twins, respectively. Lws:
lawsonite; Gln: glaucophane; CPO: crystal preferred orientation.

4. Results

4.1. Microstructures

Four representative lawsonite blueschist samples collected from Alpine Corsica at
Monte Pinatelle and the Halilbağı area in the Tavşanlı Zone were studied. The major
minerals in the blueschists were lawsonite and glaucophane, and the minor minerals were
garnet, omphacite, titanite, quartz, phengite, and epidote. Blueschists from Alpine Corsica
showed higher phengite and omphacite content than those from the Halilbağı area. All
samples showed high volume proportions of lawsonite (Table 1) in the 37–53% range.

The lawsonite crystals were primarily euhedral or subhedral, and the glaucophane crys-
tals exhibited needle shapes (Figures 2 and 3, respectively). The samples were characterized
by well-developed non-folded foliation and mineral stretching lineation (Figure 2a–d,g,h),
except for sample 2023 (Figure 2e,f). Sample 3034 from Monte Pinatelle contained coarse-
grained lawsonite, whereas sample 3033 contained fine-grained lawsonite (Table 1). Sample
2023 from the Halilbağı area contained coarse-grained lawsonite, whereas sample 2021
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contained fine-grained lawsonite. Samples 3034 and 3033 showed high and medium fre-
quencies of twins in the lawsonite, respectively (Figure 3a,b), and samples 2023 and 2021
exhibited low and very low frequencies of twins, respectively (Figure 3c,d).

 
Figure 2. Photomicrographs of lawsonite blueschist samples from (a–d) Alpine Corsica and (e–h)
the Sivrihisar Massif (a,c,e,g) are in cross-polarized light, and (b,d,f,h) are in plane-polarized light).
Photomicrographs are from thin sections prepared in the x–z plane. (a,b) Sample 3034, characterized
by coarse-grained lawsonite. (c,d) Sample 3033, characterized by fine-grained lawsonite. (e,f) Sample
2023, characterized by coarse-grained lawsonite. (g,h) Sample 2021, characterized by fine-grained
lawsonite. According to the consistent arrangement of needle-shaped glaucophanes parallel to the
lineation and short direction of lawsonite normal to the foliation, samples are considered to have
been deformed in a non-coaxial mode. Lws: lawsonite; Gln: glaucophane.
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Figure 3. Enlarged photomicrographs of lawsonite blueschist samples. All photos are from thin
sections in the x–z plane in cross-polarized light. (a) High lawsonite twin frequency (sample 3034); (b)
medium lawsonite twin frequency (sample 3033); (c) low lawsonite twin frequency (sample 2023); (d)
very low lawsonite twin frequency and some fracturing in lawsonite (sample 2021); (e) representative
polysynthetic twin in lawsonite (sample 3034); and (f) representative deformation twin with curved
textures in lawsonite (sample 3034). Some crossed twins can be observed as the second generation of
twins, which are horizontal in (f). The green dashed lines indicate the foliations of the samples, and
red and orange arrows denote the polysynthetic and deformation twins, respectively. Lws: lawsonite;
Gln: glaucophane; Grt: garnet; Omp: omphacite; Ep: epidote.

Examples of polysynthetic and deformation twins are shown in Figure 3e,f. In law-
sonite, polysynthetic twinning showed repeated contacts on {110} planes, whereas de-
formation twinning exhibited curved textures and crossing behaviors on {110} planes.
Polysynthetic twins in lawsonites were also shown in the EBSD phase and grain maps in
Figure 4. The {110} twin was detected in lawsonite, where twin boundaries were shown as
red lines in Figure 4b and indicated by white arrows in the enlarged EBSD grain map in
Figure 4c. The EBSD phase map (Figure 4b) showed {110} twin planes with a 67◦ rotation
of lawsonite, indicating that the red boundaries are not lattice bending or subgrains but
twin boundaries in lawsonite.
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Figure 4. (a) Electron backscatter diffraction (EBSD) phase and grain maps of sample 3034. (b) EBSD phase map of sample
3034 showing the twin boundaries (red lines) in the lawsonite. Only lawsonite grains are shown (yellow color). Two
sets of polysynthetic twins, which are almost perpendicular to each other, are shown in lawsonite. (c) EBSD grain map
magnified from the EBSD phase map in Figure 4b. White arrows indicate the twin boundaries in lawsonite. (d) EBSD
grain map without twins magnified from the EBSD phase map in Figure 4b. The twin boundaries in the lawsonite were
eliminated using Aztec Software. The white dashed lines denote the true grain boundary of lawsonite. Lws: lawsonite; Gln:
glaucophane; Phg: phengite; Ttn: titanite.

4.2. CPOs of Lawsonite and Glaucophane
4.2.1. CPOs and CPO Strength of Lawsonite

The CPOs of lawsonite with and without twins in the samples are presented in Figure 5.
The deformed samples with and without twins showed that the maxima of the [001] axes
of lawsonite are aligned subnormal to the foliation, and the [100] and [010] axes are aligned
subparallel to the foliation (Figure 5a–c,e–g), except for sample 2021 (Figure 5d,h). Sample
2021 showed a weak lawsonite CPO, where the [010] axes of lawsonite were strongly
aligned subparallel to the lineation, and the [100] axes were aligned as a weak girdle
subnormal to the lineation. There were some differences in the lawsonite CPO strength
depending on the fraction (size) of the twinned area (the area of the twinned domain) in
the sample (Table 1 and Figure 5). The CPO strength of lawsonite in the samples with twins
(twin fraction > 15%) was relatively low (M = 0.15–0.23) compared to that in the samples
without twins (M = 0.17–0.24) (Figure 5). Sample 2021, which was characterized by a very
low twin fraction (0.6%), showed the almost same CPO strength of lawsonite with twins
(M = 0.078) and lawsonite without twins (M = 0.080).
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Figure 5. (a–h) Pole figures of lawsonite depending on the existence of twins are presented with
a lower hemisphere equal-area projection. The x and z directions correspond to the lineation and
direction normal to the foliation, respectively. A 20◦ half-scatter width and a 5◦ cluster size are used.
Contours represent the CPO strength, and multiples of uniform distribution (m.u.d.) are shown as
color bars. The higher the number of the bar, the higher is the CPO strength. M: misorientation index;
N: number of grains.
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4.2.2. CPO of Glaucophane

The glaucophane CPOs are presented in Figure 6. The maxima of the glaucophane
[001] axes were aligned subparallel to the lineation, and the maxima of the (110) poles
and [100] axes were aligned subnormal to the foliation (Figure 6a,b,d). The (010) poles
showed a high concentration subnormal to the lineation near the center of the pole figure,
except for sample 2023, which showed weak girdle distributions of the (110) and (010)
poles subnormal to the lineation (Figure 6c).

 

Figure 6. (a–d) Pole figures of glaucophane. The x and z directions correspond to the lineation and
direction normal to the foliation, respectively. A 20◦ half-scatter width and a 5◦ cluster size are used.
Contours represent the CPO strength, and multiples of uniform distribution (m.u.d.) are shown as
color bars. The higher the number of the bar, the higher is the CPO strength. M: misorientation index;
N: number of grains.

4.3. Seismic Velocity and Anisotropy of Minerals and Whole Rocks

The seismic velocities and anisotropies of lawsonite aggregates with and without
twins are presented in Figure 7. For the lawsonite aggregate with twins, the P-wave
seismic anisotropy (AVp) ranged from 5.1% to 12.6%, and the maximum S-wave seismic
anisotropy (max AVs) ranged from 10.15% to 20.87% (Figure 7a–d). For the lawsonite
aggregate without twins, AVp and max AVs ranged from 5.1% to 13.0% and from 10.12%
to 22.64%, respectively (Figure 7e–h). Therefore, AVp and max AVs are lower in lawsonite
aggregates with twins, except for sample 2021, which shows a very low frequency of
lawsonite twinning (Figure 7d,h). The direction of the P-wave velocity is subnormal to the
foliation regardless of the existence of twins.
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Figure 7. (a–h) Seismic properties of lawsonite with and without twins. The poles are presented
with a lower hemisphere equal-area projection. The x and z directions correspond to the lineation
and direction normal to the foliation, respectively. Vp: P-wave velocity; AVp: anisotropy of P-wave
velocity; AVs: anisotropy of S-wave velocity; max AVs: maximum anisotropy of S-wave velocity; Vs1:
fast S-wave velocity.
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The seismic anisotropy of the glaucophane aggregates is presented in Figure 8. The
AVp and max AVs of glaucophane range from 13.0% to 25.1% and from 6.33% to 14.48%,
respectively, and the direction of the P-wave velocity is aligned subparallel to the lineation
(Figure 8a–d).

Figure 8. (a–d) Seismic properties of glaucophane. The poles are presented with a lower hemisphere
equal-area projection. The x and z directions correspond to the lineation and direction normal to the
foliation, respectively. Vp: P-wave velocity; AVp: anisotropy of P-wave velocity; AVs: anisotropy of
S-wave velocity; max AVs: maximum anisotropy of S-wave velocity; Vs1: fast S-wave velocity.

The seismic anisotropies of the whole rocks are presented in Figure 9. For whole rocks
with lawsonite twins, AVp and max AVs vary from 4.3% to 9.5% and from 4.54% to 7.63%,
respectively (Figure 9a–d). For whole rocks without lawsonite twins, AVp and max AVs
ranged from 4.3% to 9.5% and from 6.00% to 8.13%, respectively (Figure 9e–h). Generally,
AVp and max AVs increased in the samples without lawsonite twins, and the direction of
the P-wave velocity was similar to that in glaucophane regardless of the existence of twins.
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Figure 9. (a–h) Seismic properties of whole rocks with and without twins. The poles are presented
with a lower hemisphere equal-area projection. The x and z directions correspond to the lineation
and direction normal to the foliation, respectively. Vp: P-wave velocity; AVp: anisotropy of P-wave
velocity; AVs: anisotropy of S-wave velocity; max AVs: maximum anisotropy of S-wave velocity; Vs1:
fast S-wave velocity.
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5. Discussion

5.1. CPO of Lawsonite and Effect of Twins on the CPO Strength of Lawsonite

All the CPOs of lawsonite in deformed blueschists from Alpine Corsica and the
Sivrihisar Massif are characterized by the maxima of the [001] axes aligned subnormal to
the foliation regardless of twin existence and by [100] and [010] axes aligned subparallel
to the foliation (Figure 5). These features are consistent with those of previous studies on
blueschists and eclogites from the North Qilian suture zone in China [9], the Sivrihisar
Massif in Turkey [10], the Diablo Range in California, USA [11], the southern Motagua
fault zone in Guatemala [12], and the Kurosegawa Belt in Japan [45]. However, this study
reveals that the CPO strength of lawsonite is reduced when considering the existence of
twins in lawsonite. The CPO strength of lawsonite with twins is lower (M = 0.078–0.23)
than that of lawsonite without twins (M = 0.080–0.24), except in sample 2023 (Figure 5).
Sample 2023 shows a higher CPO strength of lawsonite with twins than without twins
(M = 0.12 and 0.09, respectively). This may be related to the scattered distribution of the
[001] axes that are partly aligned subparallel to the lineation.

Figure 10 illustrates the influence of lawsonite twins on the CPO of lawsonite in a
single grain. The {110} twins in the grain are easily identified in the inverse pole figure
orientation map (Figure 10a), and the misorientation angles of the twin boundaries are 67◦
(Figure 10b). This angle is large enough to diffuse the [100] and [010] axes of lawsonite, but
not the [001] axis, which is the rotation axis of the {110} twin (Figure 10c). The existence of
lawsonite twinning thus produces a weak CPO on the [100] and [010] axes (Figure 10c,d),
but a strong alignment of the [001] axes (Figure 5a,b,e,f). Therefore, lawsonite twinning
could be one of the mechanisms that weakens the CPO strength of lawsonite. However, we
do not know the exact origin of twins in lawsonite. There is a lack of information on the
pressure, temperature, and differential stress conditions in which lawsonite twins occur.

 
Figure 10. (a) Inverse pole figure orientation map parallel to the lineation direction of a single lawsonite grain; (b)
misorientation line profile of the red line in Figure 10a; pole figures of the single lawsonite grain in Figure 10a (c) with twins
and (d) without twins. Pole figures were produced using all points per grain. A 20◦ half-scatter width and a 5◦ cluster size
were utilized. N: number of data points.
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5.2. Effect of Lawsonite Twinning on Seismic Anisotropy in Subducting Oceanic Crust

The seismic anisotropy of lawsonite reduces the AVp and AVs by up to 0.60% and
3.67%, respectively, when lawsonite twinning is taken into account (Table 2). Notably,
S-wave anisotropy is significantly greater than P-wave anisotropy, possibly due to the
seismic anisotropy of the lawsonite single crystal [41] which shows a much larger max AVs
value (65%) than the AVp value (24%) [9]. The effect of lawsonite twinning on the seismic
anisotropy of whole-rock blueschist is also presented in Table 2. The seismic anisotropy
of the whole rock also reduces the AVp and AVs by up to 0.30% and 1.46%, respectively,
when lawsonite twinning is considered. Lawsonite twinning has only a minor effect on the
P-wave anisotropy, but a relatively larger effect on the S-wave anisotropy of lawsonite and
whole rock. The seismic anisotropy reduces with increasing area of twinned domain in
lawsonite (Tables 1 and 2). For example, the difference of the max AVs of lawsonite with
and without twins is very small for sample 2021, which has a very small area of twinned
domain; however, the difference of max AVs of lawsonite is 3.67% for sample 3034, which
has a large area of twinned domain.

Table 2. Seismic anisotropy of lawsonite and whole-rock.

Sample Twin
Lawsonite Whole Rock

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

3034
with twin 10.10 16.28 8.60 4.54

without twin 10.70 19.95 8.90 6.00

−0.60% 1 −3.67% −0.30% −1.46%

3033
with twin 12.60 20.87 4.30 5.92

without twin 13.00 22.64 4.30 6.52

−0.40% −1.77% 0% −0.60%

2023
with twin 8.50 15.68 6.40 7.63

without twin 8.70 16.68 6.50 8.13

−0.20% −1.00% −0.10% −0.50%

2021
with twin 5.10 10.15 9.50 6.57

without twin 5.10 10.12 9.50 6.58

0% 0.30% 0% –0.01%
1 Change of seismic anisotropy of lawsonite and whole rock with twin compared to that of lawsonite and whole
rock without twin. Anisotropy of P-wave (AVp) = 200 × (Vpmax − Vpmin)/(Vpmax + Vpmin), and anisotropy of
S-wave (AVs) = 200 × (Vs1 − Vs2)/(Vs1 + Vs2). Max AVs: maximum anisotropy of S-wave velocity.

In Figure 10, we manually removed the blue part (narrow area) of the twin in the
lawsonite grain. This is because most of the twins in lawsonite in the studied samples are
observed as narrow areas (for example, see Figure 3). The choice of twin removal may
have an influence on the resulting CPO and seismic anisotropy of lawsonite. According to
our study, the seismic anisotropy reduces with increasing area of the twinned domain in
lawsonite. If wide areas of twins are removed in lawsonite, the area of the twinned domain
in the sample would become larger, resulting in a large effect of twins in lawsonite on the
reduction of seismic anisotropy. Thus, the choice of narrow twin removal in this study has
produced the minimum effect of twins on the reduction of seismic anisotropy.

Based on these findings, the existence of twins in lawsonite can induce the reduction
of seismic anisotropy in blueschist, particularly S-wave anisotropy, which is attributed to
the ability of the {110} twin to weaken the lawsonite CPO strength (i.e., weak alignment of
the [100] and [010] axes) (Figure 5). The CPO strength, along with other factors, including
rock type and interactions between the CPOs of different minerals, can lead to a change in
the seismic anisotropy in lawsonite blueschist [10]. This study clearly shows that lawsonite
twinning can be an important factor in determining the seismic anisotropy of lawsonite-
bearing rocks if the area of the twinned domain in lawsonite is large.
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Lawsonite twinning has also been reported in natural lawsonite eclogites [10,18]. As
eclogite mainly consists of anhydrous minerals such as garnet and omphacite, it has a
weaker seismic anisotropy than blueschist [46,47]. Therefore, the influence of lawsonite on
the seismic anisotropy of eclogite is significant [12,13]. Lawsonite twinning can also pro-
duce seismic anisotropy reduction in lawsonite eclogite, particularly S-wave anisotropy. As
lawsonite is prevalent in the subducting oceanic crust of cold subduction zones, lawsonite
twinning can be important in determining seismic anisotropy.

6. Conclusions

The effect of lawsonite twinning on the CPO and seismic anisotropy of lawsonite
and lawsonite blueschist was studied using lawsonite blueschists collected from Alpine
Corsica and the Sivrihisar Massif. The results indicate that polysynthetic and deformation
twins of lawsonite exist on the {110} plane with the rotation of the [001] symmetry axis by
67◦. The CPO of lawsonite with twins is weakened due to the scattered distribution of the
[100] and [010] axes. Lawsonite twinning induces a substantial reduction in the maximum
S-wave anisotropy (max AVs) by up to 3.67% and 1.46% for lawsonite and whole rock,
respectively, and a minor reduction of the P-wave anisotropy (AVp) by up to 0.6% and
0.3% for lawsonite and whole rock, respectively. Considering the distribution of lawsonite
in blueschist and eclogite in cold subduction zones, lawsonite twinning needs to be taken
into account in determining seismic anisotropy.
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