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ABSTRACT

Deformation microstructures of
talc, chloritoid and serpentine,
and their contributions to

seismic anisotropy in subduction zones

Jungjin Lee
School of Earth and Environmental Sciences
The Graduate School

Seoul National University

Seismic anisotropy has been observed in worldwide subduction zones, and
one generally accepted hypothesis is that hydrous mineral abundant in subduction
zones by intense hydration is important to understand the seismic anisotropy.
Hydrous minerals have been characterized by intrinsically high elastic anisotropy of
their single crystal, and their strong crystallographic preferred orientations (CPOs)

formed by plastic deformation can play a key role to generate a strong seismic



anisotropy in subduction zones. However, there are a lot of hydrous minerals in
subduction zones and a lack of study about their CPOs formed by subduction-related
deformation. Talc and chloritoid are representative hydrous minerals in mantle
wedge and subduction zone interfaces, and serpentine is considered to be the most
abundant hydrous mineral in the mantle wedge. Therefore, I measured the CPOs of
talc in garnet-chloritoid-talc schists in the Makbal complex in Tianshan (Kazakhstan-
Kyrgyzstan) and talc-tremolite-chlorite schists in the Valla complex in Scotland
(England), the CPOs of chloritoid in the Makbal Grt-Cld-Tlc schists, and the CPOs
of antigorite serpentine in diopside serpentinites in the Monte San Petrone area in

Corsica (France).

The CPO of talc showed the strong concentration of [001] axes normal
/subnormal to the foliation and the weak girdle of (100) and (010) poles subparallel
to the foliation. The strong alignment of talc [001] axes caused high P-wave
anisotropy (AVp = 67 — 72 %), and negative radial anisotropy of P-wave at high-

angle (0 > 50°) subduction zones.

The CPO of chloritoid displayed a strong distribution of [001] axes
subnormal to the foliation and the weak girdle of (100) and (010) poles subparallel
to the foliation. The elastic anisotropy of single-crystal chloritoid was calculated for
the first time, and the P-T stability of chloritoid was re-evaluated by pseudosection

studies. It was found that the combination of the CPO and the elastic anisotropy can

il



influence the trench-parallel anisotropy of S-wave (AVs = 9.7 — 18.1 %) in

subduction zones with cold geotherms.

The CPO of antigorite serpentine presented the strong maxima of [001]
axes normal/subnormal to the foliation with a weak girdle normal to the lineation.
Combined with the CPO of diopside in the serpentinites, it was found that the
formation of serpentine CPO can be influenced by topotactic growth of serpentine
from diopside. This analysis also revealed a new type of diopside CPO of (100) poles
strongly oriented normal to the foliation, which can be formed by the basal glide of
serpentine (001) plane under the syn-kinematic serpentinization. It suggested that the
antigorite CPO can be very important to cause the trench-parallel S-wave anisotropy

in subduction zones.

In summary, it is emphasized that the strong CPOs of hydrous minerals such
as talc, chloritoid, and serpentine, play an important role in interpreting the

anomalously strong seismic anisotropy observed in subduction zones.

Keywords: CPO, talc, chloritoid, serpentine, seismic anisotropy, subduction zone
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CHAPTER 1. Introduction

Seismic anisotropy has been observed in worldwide subduction zones and
it can provide important information for understanding internal structures of the
Earth (Long and Silver, 2008; Savage, 1999; Uchida et al., 2020). Crystallographic
preferred orientations (CPOs) of minerals, which is a deformation microstructure of
rock-forming minerals, can act as anisotropic mediums to cause the seismic
anisotropy in subduction zones (Almgqvist and Mainprice, 2017; Jung, 2017;
Mainprice and Ildefonse, 2009). There have been a lot of previous studies to correlate
the seismic anisotropy with the CPO of olivine, due to its volumetric abundance in
the upper mantle (Jung and Karato, 2001; Michibayashi et al., 2016; Skemer and
Hansen, 2016). However, strong seismic anisotropy (long delay time of S-wave),
observed in some subduction zones cannot be fully explained by olivine-dominant

lithologies alone.

As the subduction zone interiors are actively hydrated by the subduction of
oceanic plate, CPOs of hydrous minerals, which single crystal is elastically
anisotropic, are thought to be responsible to cause the high seismic anisotropy in
subduction zones (Jung, 2017; Mainprice and Ildefonse, 2009; Morales et al., 2013).
One of the most abundant hydrous minerals in subduction zones is serpentine, which
is known to be elastically anisotropic (Brownlee et al., 2013; Jung, 2011; Katayama
et al., 2009; Mookherjee and Capitani, 2011; Watanabe et al., 2014). However, the
mechanism of the CPO formation of serpentine in subduction zones is still

controversial. Additionally, there are still hydrous minerals which CPO and elastic



properties have been lack of study, such as talc and chloritoid. Talc is one of the
important hydrous minerals in mantle wedge and subducting slab and known to be
elastically very anisotorpic (Kim et al., 2013; Mainprice et al., 2008; Peng et al.,
2022; Spandler et al., 2008). Chloritoid is one of the representative hydrous minerals
present in subducting metapelites and metagabbro (Ghent et al., 1987; Grevel et al.,

2005; Messiga et al., 1995), however there has been no report on its elastic properties.

In Chapter 2, the CPO of talc and the CPO-induced seismic anisotropy of
talc were studied. CPO measurement of talc has been considered to be difficult as
talc is mechanically very weak. By carefully polishing the thin-section surface, I
successfully measured the CPO of talc using electron back-scattered diffraction
(EBSD). The analyzed rock samples are garnet-chloritoid-talc schist from the
Makbal ultrahigh-pressure complex (Kyrgyzstan) and talc schists from the Unst
Island (Scotland). The CPO of talc shows a strong alignment of (001) plane
subparallel or parallel to the foliation of the rock samples. The seismic anisotropy of
talc was also calculated. The results imply that the CPO of talc influence both the
strong trench-parallel azimuthal anisotropy and positive/negative radial anisotropy
of P—waves, and the trench-parallel seismic anisotropy of S—waves in these

subduction zones.

In Chapter 3, the single-crystal elastic anisotropy of chloritoid and the CPO
of polycrystalline chloritoid were studied. Chloritoid is one of the metamorphic
indicator minerals for high- to ultrahigh-pressure metamorphic conditions (from
greenschist facies to eclogite facies) relevant for subduction zone settings (e.g.

Kienast and Messiga, 1987; Meyer et al., 2014; Negulescu et al., 2009; Smye et al.,
2



2010; Wei and Song, 2008), and previous studies of chloritoid-bearing rocks reported
on chloritoid modal amount of 10-23 vol% (e.g. Haerinck et al., 2013; Regis et al.,
2014). The analyzed rock samples in this chapter are garnet-chloritoid-talc schist
from the Makbal ultrahigh-pressure complex (Kyrgyzstan) (in Chapter 2). New
elasticity data of single-crystal chloritoid showed a strong elastic anisotropy of
chloritoid and contributed to acquire the complete bulk seismic anisotropy of the
samples. The CPO of chloritoid displayed a strong alignment of the [001] axes
subnormal to the rock foliation, with a girdle distribution of the [100] axes and the
(010) poles subparallel to the foliation. Combining the CPO results of chloritoid and
the re-evaluated thermodynamic stability field of chloritoid indicate that the strong
CPO of chloritoid along the subduction interface and in subducting slabs can
influence the trench-parallel seismic anisotropy in subduction zones with “cold”

geotherms.

In Chapter 4, serpentine CPOs in diopside serpentinites were studied to find
a possible deformation mechanism of antigorite associated with diopside pyroxene,
and to understand their impact on seismic anisotropy in subduction zones. The
antigorite CPOs have been widely reported in nature (Bezacier et al., 2010a;
Brownlee et al., 2013; Jung, 2011, 2017; Katayama et al., 2009; Liu et al., 2020b),
however their deformation mechanisms are still controversial. In this study, the
antigorite CPO showed strong maxima of [001] axes normal/subnormal to the
foliation with a weak girdle parallel to the foliation, and diopside CPO showed strong
maxima of [100] axes normal/subnormal to the foliation with a weak girdle parallel

to the foliation. The CPO results suggested that the CPO formation of antigorite can



be influenced by a topotactic growth of serpentine from diopside. The CPO-induced
seismic properties of antigorite showed that syn-kinemtaic serpentinization in mantle
wedge would be important for strong trench-parallel seismic anisotropies and high
Vp/Vs ratio observed in cold subduction zones. It was also found that the strong

diopside CPO in the foliated serpentinites would decrease the delay time of S-wave.



CHAPTER 2. Crystallographic preferred orientation
of talc and implications for seismic anisotropy in

subduction zones

* This chapter has been modified from a published paper:

J. Lee, H. Jung, R. Klemd, M. S. Tarling, and D. Konopelko (2020). Lattice preferred
orientation of talc and implications for seismic anisotropy in subduction zones. Earth

and Planetary Science Letter. 537, 116178.

Abstract

Strong seismic anisotropy is generally observed in subduction zones.
Crystallographic preferred orientation (CPO) of olivine and elastically anisotropic
hydrous minerals has been considered as an important factor causing anomalous
seismic anisotropy. In this chapter, I reported on measured CPOs of polycrystalline
talc. The study comprises subduction-related ultra-high-pressure metamorphic
schists from the Makbal Complex in Kyrgyzstan-Kazakhstan and amphibolite-facies
metasomatic schists from the Valla Field Block in Unst, Scotland. The here studied
talc revealed a strong alignment of (001) planes (sub)parallel to the foliation and a
girdle distribution of [100] axes and (010) poles (sub)parallel to the foliation. The
CPOs of polycrystalline talc produced a significant P-wave anisotropy (AVpe = 72%)

5



and a high maximum S—wave anisotropy (max AVs = 24 %). The results imply that
the CPO of talc influence both the strong trench-parallel azimuthal anisotropy and
positive/negative radial anisotropy of P—waves, and the trench-parallel seismic

anisotropy of S—waves in these subduction zones.

Keywords: talc, CPO, seismic anisotropy, P-wave anisotropy, subduction zone.



2.1 Introduction

Numerous studies have established a correlation between seismic
anisotropy, which has been observed in many subduction zones (Long and Silver,
2008; Savage, 1999; Zhao et al., 2016), and the crystallographic preferred orientation
(CPO) of elastically anisotropic minerals in the mantle wedge, subducting slab, and
the overriding crust (Almqvist and Mainprice, 2017; Jung, 2017; Karato et al., 2008;
Lloyd et al., 2009; Mainprice and Ildefonse, 2009). Strong P-wave anisotropy, which
occurs in both the mantle wedge and the subducting slab, is interpreted to be due to
upwelling flow in the mantle wedge, fossil anisotropy of a slab formed in a mid-
ocean ridge environment, and/or olivine CPO transitions (Niu et al., 2016; Wang et
al., 2019). The CPO of olivine has been suggested as a possible primary cause for
the P—wave radial anisotropy (Wang et al., 2019; Zhao et al., 2016) in the slab and
trench-parallel S—wave anisotropy in many subduction zones (Jung and Karato, 2001;
Karato et al., 2008; Skemer and Hansen, 2016), while the CPOs of hydrous minerals,
which are elastically very anisotropic media, have recently been proposed as the
possible cause of the anomalous seismic anisotropy (Jung, 2011; Kang and Jung,
2019; Katayama et al., 2009; Mainprice and Ildefonse, 2009; Watanabe et al., 2014).
However, up to now the CPO of talc has not been studied, even though talc is one of
the most important hydrous phases in the hydrated mantle wedge, the subducting
slab, and the slab-mantle interface (Hacker et al., 2003; Mainprice and Ildefonse,
2009). This is probably due to the difficult sample preparation for the talc CPO

measurement.



Talc is one of the mechanically weakest minerals on Earth (Escartin et al.,
2008) and has been reported to occur significantly in tectonically weak zones such
as active slip faults (e.g. the San Andreas Fault; Moore and Rymer, 2007) and
(ultra)high-pressure metasomatic mélanges along with slab-mantle interfaces
(Spandler et al., 2008). Talc is found to be stable over a very wide spatial range from
abyssal oceanic crust to deep subduction zones (Poli and Schmidt, 1997), and can
represent up to 41 vol.% of the altered harzburgite being associated with the
alteration of orthopyroxene to talc (Hacker et al., 2003). In addition, geophysical
evidence suggests that the presence of talc in the slab and the lower part of the mantle
wedge is the cause of low-velocities in the mantle wedge (Kim et al., 2013) and slab-
mantle decoupling (Hirauchi et al., 2013). In the slab and slab-mantle interfaces, talc
can be formed by the following processes: (1) silica-metasomatism by rising fluids
along the slab-mantle interface (Hirauchi et al., 2013), (2) mechanical mixing of the
mantle with siliceous sediments (Spandler et al., 2008), and/or (3) dehydration of
serpentinite and serpentinization-related faults in the subducting slab where
serpentine is also an important hydrous mineral (Faccenda et al., 2008). The deepest
occurrence of talc was reported for the subduction-related Dora Maira UHP massif
at peak metamorphic pressure conditions of P = 3.0 GPa suggesting a depth of > 100
km (Chopin, 1984). Furthermore, laboratory measurements show that talc is stable
up to pressures of P = 5.0 GPa (ca. 150 km depth) before its breakdown to the 10A

phase (Pawley and Wood, 1995).

Here I measured the CPOs of talc in talc-rich schist samples collected from

metasomatic and ultrahigh-pressure metamorphic complexes, using scanning



electron microscopy (SEM) with electron backscattered diffraction (EBSD). For the
first time, the results showed a strong CPO of talc, and thus provide evidence for its
significant contribution to radial and azimuthal P—wave anisotropy and trench-

parallel S—wave seismic anisotropy in subduction zones.

2.2 Materials and Method

2.2.1 Geological settings of rock specimens and sample

description

Rock samples were collected from two locations, the Makbal UHP
Complex (Kazakhstan-Kyrgyzstan) and the Valla Field Block in Unst (Shetland
Islands, Scotland). The Makbal Complex is a high- to ultrahigh-pressure (UHP)
metamorphic complex located in the Kyrgyzstan Northern Tianshan orogenic belt on
both sides of the Kazakhstan-Kyrgyzstan border (Fig. 2.1a), which is believed to be
part of a UHP tectonic mélange comprising UHP Grt-Cld-Tlc schists, quartzites,
metapelites and exotic blueschist-eclogite blocks (Meyer et al., 2014). The Makbal
Complex comprises an area of ~12 x 25 km, in which (U)HP talc—bearing schists
occur widespread, forming zones hundreds of meters wide within the UHP area (ca.
10 km in diameter). The UHP Grt-Cld-Tlc schists occur as up to 200 m thick layers
in the central zone of the Makbal Complex (see Meyer et al., 2014 and references

therein). Meyer et al. (2014) showed that the potential protolith of the UHP schists
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is considered as a highly altered oceanic crust or pelitic sediments, and
thermodynamic modelling has constrained peak metamorphic conditions of ca. 2.85
GPa at ca. 580 °C using the equilibrium peak mineral assemblage of talc + chloritoid
+ garnet + phengite + coesite + rutile. These conditions imply, as suggested by Meyer
et al. (2014), a continental-type subduction along a cold geotherm at depths of up to
110 km and buoyancy-driven exhumation by low-density minerals such as talc and
mica. Three Grt-Cld-Tlc schist samples (15R, 10-16 and 12-52), showing a distinct
schistosity, were selected for CPO analysis of talc grains. Modal compositions of the

samples are shown in Table 2.1.
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Figure 2.1. Map showing sample locations and microphotographs of talc aggregates.
(a) Map showing sample locations of Makbal UHP talc schists and the surrounding
tectonic units (NTS, Northern Tianshan; CTA, Central Tianshan Arc Terrane; STAC,
Southern Tianshan Accretionary Complex). Ultrahigh-pressure (UHP) metamorphic
complexes in the Tianshan orogen are labeled as follows: Makbal (M), Aktyuz (Ay),
Atbashi (Ab), and Anrakhai (An) (Meyer et al., 2014). (b, ¢) Microphotograph of the
ultramafic schist samples 10—16 (b) 12-52 (c), showing well-elongated talc grains
subparallel to the lineation (horizontal direction), under cross-polarized light. In (b),
the middle-located talc grains indicate the C—plane of the S—C fabric in sample 10—
16. Tlc, talc; Phg, phengite, Chl, chlorite; Grt, garnet; and Cld, chloritoid. (d) Map
showing sample location of Unst metasomatic talc schists illustrating tectonic lines.
GGF, Great Glen Fault; MT, Moine Thrust; WKSZ, Wester Keolka Shear Zone; BMF,
Bluemull Fault; and BFL, Burra Firth Lineament (Cutts et al., 2011). Red crosses
indicate main localities of the metasomatic bodies in the Valla Field Block (Read,
1934). (e, f) Microphotographs of the Unst metasomatic schist samples UN04 (e)
and UN22 (f), showing well-elongated talc grains parallel to the lineation (horizontal
direction) under cross-polarized light. Sample UNO04 is a talc-tremolite schist and
UN22 is a talc-chlorite schist. Tlc, talc; Trm, tremolite; Chl, chlorite; and d,

depression in a weak talc grain.
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Table 2.1. Modal compositions (in % of volume) of samples.

Sample 15R 10-16 12-52 UN0O4 UN22
Mineral (vol.%)

Talc 25 40 20 70 80
Garnet 10 25 35

Chloritoid 10 20 25

Quartz 15 3 17

Phengite 10 7 1

Chlorite 30 5 2 20
Tremolite 30

13



Porphyroblastic garnet is embedded in a groundmass of talc + chloritoid +
phengite = chlorite + quartz + rutile, and accessory apatite. The schistosity is defined
by parallel crystals of talc and phengite, which showed a non-layered homogeneous
distribution. Lepidoblastic talc has average grain lengths of 1.6, 1.8 and ~0.5 mm in
samples 15R, 10—-16 and 12-52 respectively. Talc grains in samples 15R and 10-16
are intimately intergrown with phengite and both of which replace chloritoid. They
are elongated parallel and/or subparallel along the lineation, related to the S—C fabric
(Fig. 2.1b). Sample 12-52 comprises a relatively homogeneous distribution of talc
associated with fine-grained chloritoid grains (Fig. 2.1¢). Undulose extinction and

microkinks in talc grains commonly occur in the three samples.

Talc-rich metasomatic bodies occur in the basement of the Valla Field Block
tectonic unit located in the western part of Unst Island (Fig. 2.1d), separated from
the Shetland Ophiolite Complex by the Burra Firth Lineament. The Valla Field Block
is mainly composed of pre-Caledonian gneisses, mostly of sedimentary origin, and
the talc-rich metasomatic bodies are hosted by the Westing Group in the
southwestern part of the complex (Read, 1934). Main localities of the talc-rich
metasomatic bodies occur widespread along the 16-km long shore of the western
Unst Island, as roughly spherical balls or lenses being up to 20 meters in diameter
(Read, 1934), and the talc layers associated with these zoned metasomatic bodies are
on the order of 10 cm to 1 m thick. These bodies often occur as talc-tremolite and
talc-chlorite schists, forming a reaction zone between the serpentinite and the pelitic
country rock due to metasomatic fluid-rock interaction. The bodies often have a

central serpentinite core that is surrounded by a talc-rich margin followed by layers
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of tremolite amphibole, chlorite, and biotite (Read, 1934). This type of mineral
zoning of ultramafic bodies is similar to that of metasomatic ultramafic bodies from
the slab-mantle interface (Spandler et al., 2008). The occurrence of talc with
tremolite and/or chlorite has been interpreted to be due to the metasomatic
circulation of Si—Ca—Al-rich fluids channelized in the foliated serpentinites along

the paleo-subduction interface (Guillot et al., 2009).

The samples UN04 and UN22 from Unst Island comprise ca. 70 vol.% talc
and 30 vol.% tremolite, and 80 vol.% talc and 20 vol.% chlorite, respectively, with
accessory chromite and magnetite. Modal compositions of the samples are shown in
Table 2.1. Both samples show strong slaty cleavages defined by fine-grained talc,
elongated tremolite and chlorite (Figs. 2.1e and 2.1f). In both samples, talc mainly

forms the lineation.

2.2.2 Measurement of CPOs of minerals

The foliation of the UHP Makbal schists and Valla Field Block metasomatic
schists was determined by examining the shape preferred orientation of minerals
such as talc and phengite mica. The lineation was defined by analyzing the
elongation of minerals within the foliation plane. They were cut parallel to the X-Z
plane (where X is parallel to the lineation and Z is normal to the foliation). In order
to prevent any severe loss of weak talc crystals, each specimen was carefully coated
with epoxy bond prior to cutting and polishing. Thin sections were mechanically and

chemically polished using Syton (colloidal silica) for 6 h, and coated by carbon with
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a minimum thickness to prevent electric charging. The CPOs of polycrystalline talc
and the other major composite minerals were determined using the EBSD in the
JEOL JSM-6380 SEM at the School of Earth and Environmental Sciences at the
Seoul National University. The SEM was operated at an accelerating voltage of 20
kV and a working distance of 15 mm. The EBSD patterns were indexed manually,
because it was difficult to constrain the relatively weak Kikuchi bands of talc
compared to other composite minerals such as phengite and chlorite using the
automatic mapping method. I employed the HKL Channel 5 software and the crystal
symmetry parameters of monoclinic talc (Mainprice et al., 2008). For a better data
quality, CPO of talc was measured with a mean angular deviation less than 0.8° and
a minimum of 11 diffraction Kikuchi bands for each point measurement. Each point
of measurement corresponds to a single grain except in the case of large garnet
porphyroblasts in the UHP rock samples. Because of the large size of garnet
porphyroblasts and small number of grains in the UHP rock samples, CPOs of garnet

were obtained from tens of EBSD points in individual grains.

2.2.3 Calculation of seismic anisotropy of polycrystalline talc

The seismic anisotropy of talc was obtained using the MTEX and MSAT
toolkits (Mainprice et al., 2014; Walker and Wookey, 2012). The essential parameters
used for calculations include the single-crystal elastic constants (C;j;), mineral
density (2.76 g/cm® of talc), mineral modal abundances, and CPOs of individual

grains. Single-crystal elastic properties of talc are highly dependent on the symmetry
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system (triclinic talc or monoclinic talc) (Mainprice et al., 2008). The indexed EBSD
patterns of talc were consistent with monoclinic crystal symmetry, and this was used
to determine the CPO of polycrystalline talc. P-wave azimuthal anisotropy (AVp)

was calculated as

(Vpmax—VPpPmin)
[ — —~max ~~min’
AVP (/0) (VPmax+VPmin)/2 X 100’

and P-wave radial anisotropy (RA) was calculated as

oy — _(VPn—Vpy)
RA (%) (VprtVpy)/2 * 100,

where Vpy, is the average velocity of horizontally propagating P—waves (4 orthogonal
directions on a horizontal plane) and Vp, is the vertically propagating P—wave

velocity (Ishise et al., 2018). The S—wave anisotropy was calculated as

— _Us17Vsa)
AVs (W) = 50 ez X 100,

where Vs and Vg, represent the fast and slow S—wave velocity, respectively. The
single-crystal elastic anisotropy of talc (AVp = 76 % and max AVs = 32 % for
monoclinic talc at P = 0 GPa), which is extremely high, is shown in Figure. 2.2.
These zero-pressure elastic properties (C;; at P = 0 GPa) were used for most of the
following calculations related to polycrystalline talc and the bulk rock seismic
anisotropy, in order to compare the data of talc and that of other minerals at the same
pressure condition. Therefore, zero-pressure (ambient pressure) elastic anisotropy of
other composite minerals were used for the bulk rock seismic anisotropy and the

comparison of S—wave delay time (Fig. 2.3). Elastic data for single chloritoid crystal
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has not been published. The elastic anisotropy of talc at an ultra-high pressure P =

2.9 GPa is also shown in Fig. 2.3.

2.3 Results

Five rock samples were collected from two locations, the Makbal UHP
Complex in Kazakhstan-Kyrgyzstan and the Valla Field Block in Unst in Shetland
Islands, Scotland. Three samples 15R, 10—16 and 12—52 are ultrahigh-pressure (UHP)
Grt-Cld-Tlc schists from the Makbal UHP Complex (Fig. 2.1a). Talc grains in
samples 15R and 10-16 are elongated parallel and/or subparallel to the lineation,
related to the S—-C fabric (Fig. 2.1b). Sample 12-52 comprises a relatively
homogeneous distribution of talc associated with fine-grained chloritoid grains (Fig.
2.1c). Samples UNO4 and UN22 are metasomatic talc-rich schists from the Valla
Field Block (Fig. 2.1d), which contain talc and other major minerals such as
tremolite in sample UNO4 and chlorite in sample UN22. Both samples show strong
slaty cleavages defined by fine-grained, lepidoblastic talc and strongly oriented
tremolite and chlorite (Figs. 2.1e and 2.1f). Modal compositions of the five samples
are shown in Table 2.1. Detailed rock descriptions and geological settings are

provided in Section 2.2.1.
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Figure 2.2 Elastic anisotropy of single-crystal monoclinic talc at ambient pressure,
which was obtained using elastic constants, crystal structure parameters, and the
density of talc (Mainprice et al., 2008). Seismic velocity and anisotropy are shown
in the lower hemisphere using equal-area projection. The P-wave anisotropy is very
high (AVp = 75.7 %) and S—wave anisotropy is relatively high (AVs = 32.3 %).
Polarization directions of fast S—wave (Vsi pol.) are shown as black bars. A reference
frame for monoclinic symmetry is shown on the left and depicts three orthogonal
axes X1, X2 and X3, where X2 is parallel to the crystallographic b-axis while the
plane normal to the b-axis is a mirror plane containing X1 and X3 (where X1
corresponds to the crystallographic a-axis and X3 is perpendicular to the (001) basal

plane (X1-X2 plane)).
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Figure 2.3 Single-crystal elastic properties of composite mineral phases which were
used for calculation of polycrystal seismic properties (Figs. 2.7 and 2.8). Elastic
velocity and anisotropy are shown in the lower hemisphere using equal-area
projection. Reference frame Vp (km/s): P—wave velocity, AVp (%): P—wave
anisotropy, AVs (%): S—wave anisotropy, Vs pol.: fast S—wave polarization direction.
Polarization directions of fast S—waves (Vsi pol.) are shown as black bars. Reference
frames are shown on the left of each projection. For monoclinic and cubic
symmetries, (001) pole is horizontal, (001) poles is out of plane and [001] axis (c-
axis) is also denoted. For a trigonal symmetry, (10-10) pole is horizontal and (0001)
pole (c-axis) is out of plane. Elastic constants from references: talc single crystal
(Mainprice et al., 2008), garnet single crystal (Babuska et al., 1978), quartz single
crystal (Heyliger et al., 2003), glaucophane single crystal (Bezacier et al., 2010b),
chlorite single crystal (Mookherjee and Mainprice, 2014) and muscovite single

crystal (Vaughan and Guggenheim, 1986).
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2.3.1 CPO of talc and other minerals

The CPO patterns of talc aggregates were determined via SEM/EBSD (see
Methods) and are shown in Figs. 2.4a — 2.4e. The three Makbal Complex samples
revealed [001] axes and (001) poles of talc that were strongly aligned subnormal to
the foliation (C-plane of the S—C fabric) and normal to the S-plane which is disposed
at 10 — 20 degrees to the foliation. Both [100] axes and (010) poles of talc exhibited
a girdle distribution subparallel to the foliation. Two medium-grained samples (15R
and 10-16) showed a maximum concentration of (010) poles subnormal to the
lineation, while the other sample (12—52) showed a nearly uniform girdle distribution

of (010) poles subparallel to the foliation.

The two metasomatic schist samples showed the highest degrees of
alignment of (001) poles subnormal to the foliation (i.e., (001) planes subparallel to
the foliation). Sample UNO04 showed a nearly uniform girdle distribution of (010)
poles parallel to the foliation, while sample UN22 revealed a maximum

concentration of (010) poles normal to the lineation and parallel to the foliation.

The talc CPO, particularly the (001) poles, showed a strength of 14 — 21
multiples of random distribution (m.r.d.) for the UHP rock samples (Figs. 2.4a — 2.4¢)

and 24 — 27 m.r.d. for the metasomatic rock samples (Figs. 2.4d and 2.4e, Table 2.2).

The CPOs of other composite minerals are shown in Figure. 2.5. CPOs of
chlorite (samples 15R, 10-16 and UN22) commonly showed strong maxima of (001)
poles subnormal to the foliation, which were similar to those of talc. The CPOs of
phengite (samples 15R and 10-16) showed similar distribution of (001) poles
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subnormal to the foliation. An CPO of tremolite (sample UN04) showed a strong
concentration of [001] axes parallel to the lineation and an alignment of [100] axes
normal to the foliation. The CPOs of garnet porphyroblasts resulted in a random
distribution. The CPOs of quartz were weak with some random concentrations of
(0001) poles. The CPOs of chloritoid showed a strong alignment of [001] axes

subnormal to the foliation.
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Figure 2.4. Pole figures of polycrystalline talc in each sample (a — e). (a, b and ¢)
Samples from UHP Makbal Complex. (d, e¢) Samples from Valla Complex in Unst.
Pole figures are presented in lower hemisphere using an equal-area projection. N
represents the number of analyzed grains. Colorbars in the left side indicate CPO
strengths of [100] axes, (010) poles, [001] axes and (001) poles of talc in units of
multiples of random distribution (m.r.d.). X—direction is parallel to the lineation (L),

Z—direction normal to the foliation (S), and Y—direction orthogonal to the X—Z plane.

25 1



Table 2.2. P-wave anisotropy (AVp in %), S—wave anisotropy (AVs in %) and CPO

strength of the polycrystalline minerals composing the studied samples and those of

the whole rock samples.

Sample Mineral AVp AVs CPO

(or whole rock) (%) (%) strength
(m.r.d.)

15R Talc 72.3 23.3 21
Garnet 0.4 0.9 10
Quartz 33 4.9 3
Phengite 34.1 353 11
Chlorite 12.7 17.0 6
Whole rock 239 15.2

10-16 Talc 67.3 21.9 16
Garnet 0.4 1.0 11
Quartz 4.7 6.9 5
Phengite 39.8 41.4 16
Chlorite 20.8 33.7 14
Whole rock 31.2 15.9

12-52 Talc 69.3 21.5 14
Garnet 0.4 0.9 11
Quartz 3.0 3.8 5
Whole rock 19.1 6.6

UNO4  Talc 71.1 23.8 27
Tremolite 19.3 11.8 18
Whole rock 51.4 18.2

UN22 Talc 70.8 23.7 24
Chlorite 20.7 35.1 18
Whole rock 54.5 21.4
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Figure 2.5. Pole figures of CPO of composite minerals (garnet, quartz, chlorite,
tremolite, phengite and chloritoid) in studied samples. Reference frame is the same
as Fig. 2.2. Pole figures are presented in lower hemisphere using an equal-area
projection. N represents the number of analyzed grains. Colorbars indicate CPO
strength of each crystallographic axes. In all pole figures, S and L denote the foliation
and lineation, respectively. Pole figure of chloritoid data was modified from Lee et

al. (2021).
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2.3.2 Seismic anisotropy of polycrystalline talc and whole rock

The seismic anisotropy of polycrystalline talc was calculated (Fig.2.6 and

Table 2.2) using the CPOs and the single-crystal elastic constant (C;;) of talc. The

magnitude of the P-wave azimuthal anisotropy (AVp in %) of the polycrystalline talc
was very high, ranging from 67 to 72 % for the three UHP schist samples (Figs. 2.6a
—2.6¢) and approximately 71 % for the two metasomatic schist samples (Figs. 2.6d
and 2.6e). The P-wave velocity (Vp in km/s) was lower in a seismic wave ray path
of the direction subnormal (Figs. 2.6a — 2.6¢) or normal to the foliation (Figs. 2.6d

and 2.6e) with strongly aligned (001) poles of talc.

The P—wave azimuthal anisotropy of the other composite minerals in this
study is shown in Fig. 2.7, which show that the P-wave azimuthal anisotropy of talc
is larger than that of the other polycrystalline minerals in each respective rock sample.
I also compared the P-wave azimuthal anisotropy of polycrystalline talc with that of
olivine (Park and Jung, 2015), orthopyroxene (Jung et al., 2010), clinopyroxene
(Park and Jung, 2015), glaucophane (Cao et al., 2013), omphacite (Cao et al., 2013;
Kim et al., 2016), serpentine (Hirauchi et al., 2010; Jung, 2011; Watanabe et al.,
2014), chlorite (Kim and Jung, 2015), and hornblende (Ji et al., 2013), all of which
are important minerals in the upper mantle and the subducting slab (Fig. 2.8). I
observed an exceptionally high P-wave azimuthal anisotropy of polycrystalline talc
(AVp = 67 — 72 %) when compared to that of the other major minerals (AVp =2 —
31 %) in the slab-mantle interface, approximately from 2 to 35 times higher. The

maximum P-wave velocity of talc aggregates (this study) was also very high (max
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Vp =9.2 - 9.4 km/s) compared to that of other mineral aggregates (max Vp="7.1 —

8.9 knvs).

Seismic anisotropy of S—wave (AVs in %) of polycrystalline talc ranges
from 22 to 23 % for the three UHP schist samples (Figs. 2.6a — 2.6¢) and
approximately 24 % for the two metasomatic schist samples (Figs. 2.6d and 2.6e).
The S—wave anisotropy was lower in a seismic wave ray path of the direction
subnormal to the foliation (Figs. 2.6a — 2.6¢) or normal to the foliation (Figs. 2.6d
and 2.6e) with strongly aligned (001) poles of talc. The S—wave anisotropy of the

other composite minerals in this study is shown in Fig. 2.9.

Bulk rock seismic anisotropies were also calculated (Figs. 2.7 and 2.9,
Table 2.2) by considering the CPOs and elastic properties of composite minerals
(Figs. 2.3 and 2.5) and their modal abundances in the five samples (Table 2.1). The
magnitudes of the bulk seismic anisotropies were found to be very large for P-waves

(up to 55 %) and large for S—waves (up to 21 %) (Table 2.2).

Because the elastic anisotropy of single crystal talc decreases with
increasing pressure (Mainprice et al., 2008), seismic anisotropy of polycrystalline
talc may change at high pressure conditions. Therefore, the seismic anisotropy of
polycrystalline talc was also calculated at a high pressure (P = 2.9 GPa) using the
elastic properties of single crystal talc at the given pressure (Figs. 2.3 and 2.10). The
seismic anisotropies of polycrystalline talc showed low but still large seismic
anisotropies of the P— and S—waves (AVp = 38 % and max AVs = 18 %) (Fig.2.10).

The increasing/decreasing pattern of seismic velocities and anisotropies at the higher
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pressure (P = 2.9 GPa) remained similar to that at ambient pressure conditions (see

Figs 2.6 and 2.10).
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Figure 2.6. P-wave velocity, P-wave azimuthal anisotropy, S—wave anisotropy and
fast S—wave polarization direction of polycrystalline talc in each sample (a — e). (a,
b and ¢) Samples from UHP Makbal Complex. (d, e) Samples from Valla Complex
in Unst. Colorbars in the right side indicate P—wave velocity (Vp) of the talc

aggregates in units of km/s. Vp (km/s): P-wave velocity, AVp (%): anisotropy of P—

wave, AVs (%): anisotropy of S—wave, Vs pol.: polarization direction of fast S—wave.

X—direction is parallel to the lineation (L), Z—direction normal to the foliation (S),

and Y—direction orthogonal to the X-Z plane.
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Figure 2.7. P-wave velocity and P-wave seismic anisotropy (AVp in %) of each

polycrystalline mineral and whole rock of the five rock samples analyzed in this

study. P—wave velocity in a red-blue colorbar. The modal composition shown in

Table 2.1 was used together with elastic constants of composite minerals and CPOs

of each polycrystalline mineral. Reference frame of P—wave velocity is the same as

that in Fig. 2.6.
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Figure 2.8. Comparison of the P—wave anisotropy of talc aggregates with that of
other polycrystalline minerals. The P-wave anisotropy (AVp) data of polycrystalline
minerals were obtained from natural samples and combined with data of their
maximum P—wave velocities (Vp). Talc in this study is denoted by the reddish color
shapes of the analyzed five samples. Ol, olivine (Park and Jung, 2015); Opx (orange
diamonds), orthopyroxene (Jung et al., 2010); Cpx (yellow diamonds),
clinopyroxene (Park and Jung, 2015); Gln, glaucophane (Cao et al., 2013); Omp,
omphacite (Cao et al., 2013; Kim et al., 2016); Srp, serpentine (Hirauchi et al., 2010;
Jung, 2011; Watanabe et al., 2014); Chl, chlorite (Kim and Jung, 2015); and Hrb,

hornblende (Ji et al., 2013).
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polarization directions of each polycrystalline mineral and whole rock of the five
rock samples analyzed in this study. Black short lines indicate Vs; polarization
directions. The modal composition shown in Table 2.1 was used together with elastic
constants of composite minerals and CPOs of each polycrystalline mineral.

Reference frame of S—wave velocity is the same as that in Fig. 2.6.
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2.4 Discussion

2.4.1 CPO development of talc

The CPO measurements of polycrystalline talc revealed strong maxima of
(001) poles aligned subnormal to the foliation and a girdle distribution of both [100]
axes and (010) poles subparallel to the foliation. The talc CPOs of (001) poles were
subnormal to the basal plane, and may have developed due to its platy habit. In
Makbal Complex schist samples, talc and other minerals present except for garnet
porphyroblasts were intensively foliated, and the schist samples seem to have
originated from the upper part of the oceanic plate and have experienced subduction-
induced mantle flow (Meyer et al., 2014). Furthermore, intense simple shear along
slab-mantle interfaces and/or nearly-vertical shear along hydrated faults within the
slab (Faccenda et al., 2008) are thought to have generated a strong CPO of talc,
closely associated with its basal glide parallel (or subparallel) to the flow plane.
Basal plane glide of phyllosilicates has been documented as a dominant deformation
mechanism in generating their CPOs (Wenk et al., 2010). Generally, the slab-mantle
interface shows a complex flow structure by tectonic mixing to form serpentinite
mélanges, which cannot be defined only by downward subduction. However, in the
UHP rocks, the absence of pervasive deformation during the buoyancy-driven rapid
exhumation is essential to allow the preservation of UHP minerals in the rocks
(Guillot et al., 2009; Meyer et al., 2014). The observed S—C fabric of talc along the
rigid garnet and the lack of garnet deformation (weak CPO and elongation of garnet,

and weak elongation of inclusions in the garnet) are evidence of its low strain
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deformation during the ultrahigh-pressure rock exhumation, which started after the
formation of talc, and of its strong preferred orientation. Accordingly, the CPOs of
talc in the UHP schists are thought to have dominantly formed during the prograde-
to-peak metamorphic path of the subducting slab, i.e. by the intense shearing along
the subduction interfaces. In addition, talc is thought to act as a weak and soft matrix
surrounding more rigid minerals or rock slices and thereby forming high-strain shear
zones that localize the deformation relatively parallel to the slab-mantle interface

(Guillot et al., 2009).

The talc-rich ultramafic serpentinite bodies of the Unst Valla Field Block
developed spectacular zoned mineral sequence structures (talc-tremolite-chlorite) by
fluid-rock interactions (Read, 1934) comparable to those of ultramafic rocks in a
subduction zone setting. The metasomatic schist samples can be considered to be
representative of reaction products of mantle serpentinite or serpentinite blocks from
the faults in the slab-mantle interface. This is also in accordance with the similar
mineral-zoned structures of metasomatic ultramafic bodies from exhumed portions
of the slab-mantle interface (Bebout and Barton, 2002). Talc alteration of mantle
serpentinites is thought to mainly occur at the top of a subducting plate (Guillot et
al., 2009; Spandler et al., 2008), where shearing is most intense during subduction
and exhumation, producing the talc CPO of the metasomatic schist samples mostly

during the latter.
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2.4.2 Implication of talc CPO to the P-wave seismic anisotropy

in subduction zones

Dense seismic networks like those within the Japan subduction zone have
provided high-resolution P—wave anisotropy tomography (Fig. 2.11; Wang et al.,
2017). The results showed that the fastest P-wave velocity parallel or subparallel to
the trench direction (Fig. 2.12a), associated with a significantly P-wave anisotropy
(AVp) of polycrystalline talc (Figs. 2.7 and 2.8). It would be influenced by strong
CPO of talc aggregates and inherently high AVp of talc single crystal. Maximum Vp
value of single-crystal hydrous minerals such as antigorite (8.9 km/s), chlorite (8.1
km/s), glaucophane (9.3 km/s), hornblende (7.9 km/s) was similar to that of talc
crystal (9.7 km/s). The strong CPO of talc aggregates however caused the relatively
high maximum Vp (9.2 — 9.4 km/s), compared to that of other mineral aggregates
(7.1 — 8.9 km/s in Fig. 2.7). This is consistent with the strong trench-parallel
azimuthal anisotropy of P—waves observed in the Pacific slab (Wang and Zhao,

2013).
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Figure 2.11. Images of P—wave radial anisotropy in the Japan subduction zone
(Wang et al., 2017). Red and blue colours denote negative and positive radial
anisotropies, respectively. The P—wave radial anisotropy (%) scale is shown above

the images.

41



Positive P—wave radial anisotropy (RA > 0; horizontal P-wave velocity >
vertical P-wave velocity) is commonly observed in many subducting slabs, and
negative P—wave radial anisotropy (RA < 0; horizontal P-wave velocity < vertical
P—wave velocity) in high-angle subducting slabs (e.g. Ryukyu arc) (Niu et al., 2016;
Wang et al., 2017; Zhao et al., 2016). It has been suggested that this positive P—wave
anisotropy was generated by both the dip-angle and the presence of the laminar
structure of the slab (Ishise et al., 2018). This laminar structure is in accordance with
the symmetrically similar layered structure of polycrystalline talc, implied by the

strong talc CPO of (001) poles (Fig. 2.4).

In order to understand the P-wave radial anisotropy of polycrystalline talc,
I calculated the horizontal and vertical P—wave velocities and the P-wave radial
anisotropy using the CPO of polycrystalline talc. As a result, the P-wave radial
anisotropy (RA) was positive (RA > 0) with a flow at a dip-angle ranging from 0° to
50° and was negative (RA < 0) with a flow at a dip-angle ranging from 60° to 90°

(Fig. 2.12b).

A close relationship between the radial anisotropy of talc and the dip-angle
of the subduction zone (Figs. 2.12a, 2.12b and 2.13) is in accordance with the
positive radial anisotropy in many subducting slabs and the negative radial
anisotropy in high-angle subducting slabs. The subducting slab in subduction zones
(Tohoku, Hokkaido, etc.) associated with Japan revealed a positive radial anisotropy
(Zhao et al., 2016), while those with relatively high (~ 60°) slab—dip angles (e.g.
Ryukyu) a negative radial anisotropy (Wang et al., 2019). In addition, the Alps

subduction zone, which is characterized by nearly vertical subduction of the
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European and Adriatic slabs, also displayed a negative radial anisotropy of those

subducting slabs (Hua et al., 2017).

2.4.3 Implication of talc CPO to the S-wave seismic anisotropy

in subduction zones

In many subduction zones, polarization directions of local and teleseismic
fast-shear waves are trench-parallel and show a long delay time of S—wave splitting
(dt > 1 sec) in some subduction zones (Long and Silver, 2008). Several factors have
been shown to generate strong trench-parallel seismic anisotropy: B-type CPO of
olivine in a hydrated mantle (Jung and Karato, 2001; Karato et al., 2008;
McCormack et al., 2013), trench-parallel flow (Long and Silver, 2008), pressure-
induced olivine CPO (Jung et al., 2009), shape-preferred orientation of fluid-filled
cracks and hydrous faults in the slab (Faccenda et al., 2008; Healy et al., 2009), and
strong CPOs of hydro-phyllosilicates such as serpentine (Katayama et al., 2009) and
chlorite (Kim et al., 2020) in the slab and slab-mantle interface (Jung, 2017).
However, I propose that the high S—wave anisotropy of talc (max AVs = 24 %; Fig.
2.4) constitutes an important factor contributing to the trench-parallel seismic

anisotropy in subduction zones.
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Figure 2.12. P-wave anisotropy and S—wave anisotropy of polycrystalline talc with
changes in the dip-angle of slab, and the thickness of anisotropic layer of talc as a
function of delay time. (a) P—wave velocity (Vp) and S—wave anisotropy (AVs) of
talc aggregates in 3-dimensions considering the dip-angle (0) of the subducting slab.
Representative CPOs of talc in Fig. 2.4 (sample 15R for Vp and sample UNO4 for
AVs, respectively) were used. The reference frame is displayed in the left column.
The X—direction is parallel to the flow direction and the X—Y plane is parallel to the
subducting slab. The second column shows Vp (km/s) patterns, showing both P—
wave azimuthal anisotropy and radial anisotropy (RA) with increasing slab dip-angle.
Square dots denote vertical P-wave velocity (Vpy) and round dots show two of the
four orthogonal P—wave velocities on the horizontal plane (Vpn*) which were
averaged to define the horizontal P—wave anisotropy (Vpn) (other two were not
visible in the given 3-dimensional view). The third column shows AVs (%) patterns
and fast polarization directions of talc aggregates. Red lines indicate a ray path of
vertically propagating S—wave. Long white bar at top of AV patterns represents the
polarization direction of a vertically propagating fast S—wave, and each short white
bar on the scale bar indicates the magnitude of AVs for that S—wave. (b) Variations
of Vpn, Vpy and radial anisotropy (RA) with changes in slab dip-angle. Grey color
area indicates the dip-angle ranges for the negative RA (RA < 0). (¢) Thickness of
anisotropic layer (L) as a function of delay time (dt) of S—wave. The used AVs of talc
is 23.8 % (sample UNO4 from this study), of olivine 4.9 % (Jung and Karato, 2001),
of serpentine 25.0 % (Watanabe et al., 2014), of chlorite (sample 15R from this study)

and of tremolite (sample UNO4 from this study).
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Figure 2.13. Variations of Vpn, Vp,, and RA of polycrystalline talc at P = 2.9 GPa
with increasing slab dip-angle. Grey colour area indicates the dip-angle range for
negative RA (RA < 0). It was plotted by using the same method as done for Fig.

2.12b.
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Considering a lineation direction normal to the trench, the fast S—wave (Vsi)
polarization direction driven by the CPO of talc is trench-parallel (Y—direction in
Figs. 2.9 and 2.12a). The trench-parallel polarization direction of the fast S—waves
is associated with intense shear deformation of talc aggregates in subduction zones
where the slab dip-angle is 30° or larger. In addition, steep dip-angles (6 =45 —90°;
Fig. 2.12a) of subducting slabs generate a strengthening of trench-parallel anisotropy
of polycrystalline talc (AVs is larger). Figure 2.9 shows the importance of talc for
the trench-parallel polarization direction of the whole rock. Along the ray path at
low-to-high angle to the foliation of the rock, the Vs; polarization direction of the
whole rock is strongly dominated by that of polycrystalline talc (Fig. 2.9). This result
is consistent with observations of strong anisotropic signatures with long delay times

in high-angle subduction zones (Long and Silver, 2008).

Long delay times of local S—waves (df > 1 sec) have been observed in the
Ryukyu, Aleutian, Izu-Bonin and Tonga fore-arc zones (Long and Silver, 2008), and
are commonly recorded in the strongly anisotropic layers of the mantle wedge and
the slab-mantle interfaces of these regions. The B-type CPO of olivine is often
regarded as the cause of trench-parallel seismic anisotropy in supra-subduction zones,
however, the long delay time in some fore-arc zones requires a medium that is much
more anisotropic than olivine (McCormack et al., 2013). Talc is a suitable candidate
for generating the long delay time of S—waves since it occurs in large parts of the
mantle wedge and slab (Hacker et al., 2003), and along hydrated high-angle faults in
the slab (Faccenda et al., 2008). Under silica-saturated conditions, talc is stable up

to temperatures of T =825 °C along slab-mantle interfaces (Bose and Ganguly, 1995).
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Considering the thermal structure of subduction zones (Faccenda et al., 2008;
Peacock, 2003), talc should also be stable in the subducting slabs and mantle wedges

of the Aleutian, Izu-Bonin, and Ryukyu fore-arc zones.

To evaluate the magnitude of the S—wave anisotropy of talc, I compared the
delay time of polycrystalline talc with that of B-type olivine, serpentine and other
major hydrous minerals (chlorite and tremolite), and calculated the thickness of the
anisotropic layer (L) required for generating a certain delay time (df) as L =dt x (Vs
+Vs2) /(2 x AVs) (Fig. 2.12¢). Using the CPO of B-type olivine with an AVs 0f4.9 %
(Jung and Karato, 2001) and a dip-angle of 45°, an anisotropic layer thickness of 70
km of B-type olivine is required to generate a dt of 1 s. However, a thickness of 70
km of the olivine layer would exceed that of the mantle wedge (L ca. 60 km) below
the Ryukyu fore-arc zone (McCormack et al., 2013). By using the CPO of talc
aggregates (sample UNO4 in this study) with an AVs of 23.8 % and a dip-angle of
45°, a thickness of 14 km is required to produce a delay time of 1 s (Fig. 2.12c¢).
Therefore, instead of seismically anisotropic serpentine (Katayama et al., 2009;
Watanabe et al., 2014), it is also likely that polycrystalline talc generated the seismic
anisotropy below the Ryukyu fore-arc zone. The thickness required for a delay time
was also calculated for polycrystalline chlorite (sample 15R) and tremolite (sample
UNO04) with a given dip-angle of 45° (Fig. 2.12¢). The results of both mineral phases
showed shorter delay times compared to talc, indicating that not only serpentine but
talc is most significant for generating long delay time. Further studies should include
geophysical and numerical modeling in order to evaluate the quantitative effect of

talc in subduction zone interface.
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2.5 Conclusion

This is a first report of measured CPOs of polycrystalline talc in natural
rock samples which include a strong CPO showing a strong alignment of (001)
planes subparallel to the foliation and a girdle distribution of [100] axes and (010)
poles subparallel to the foliation. The seismic anisotropy results of polycrystalline
talc suggest that the strong CPO of talc, together with the CPOs of olivine and other
hydrous minerals such as serpentine, significantly contribute to the production of

seismic anisotropies of both P-waves and S—waves in subduction zones.

49 .



CHAPTER 3. Seismic anisotropy in subduction zones:

evaluating the role of chloritoid

* This chapter has been modified from a published paper:

J. Lee, M. Mookherjee, T. Kim, H. Jung, and R. Klemd. (2021). Seismic Anisotropy
in Subduction Zones: Evaluating the Role of Chloritoid, Frontiers in Earth Science,

9, 644958.

Abstract

Subduction zones are often characterized by the presence of strong trench-
parallel seismic anisotropy and large delay times. Hydrous minerals, owing to their
large elastic anisotropy and strong crystallographic preferred orientations (CPOs) are
often invoked to explain these observations. However, the elasticity and the CPO of
chloritoid, which is one of such hydrous phases relevant in subduction zone settings,
is poorly understood. In this chapter, I measured the CPO of polycrystalline
chloritoid in natural rock samples, obtained the CPO-induced seismic anisotropy,
and evaluated the thermodynamic stability field of chloritoid in subduction zones.
The CPO of chloritoid aggregates displayed a strong alignment of the [001] axes
subnormal to the rock foliation, with a girdle distribution of the [100] axes and the

(010) poles subparallel to the foliation. New elasticity data of single-crystal
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chloritoid showed a strong elastic anisotropy of chloritoid with 47% for S-waves (Vs)
and 22% for P-waves (Vp), respectively. The combination of the CPO and the elastic
anisotropy of the chloritoid aggregates produced a strong S-wave anisotropy with a
maximum AV of 18% and a P-wave anisotropy with an AVp of 10%. The role of
chloritoid CPO in seismic anisotropy was evaluated in natural rock samples and a
hypothetical blueschist. The results indicate that the strong CPO of chloritoid along
the subduction interface and in subducting slabs can influence the trench-parallel

seismic anisotropy in subduction zones with “cold” geotherms.

Keywords: chloritoid, CPO, seismic anisotropy, subduction zone.
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3.1 Introduction

Solid-state mantle flow is inferred from seismically observed anisotropy in
the upper mantle, in subducting slabs, and in many forearc zones and arc regions.
Seismic anisotropy is intricately related to the crystallographic preferred orientation
(CPO) of major mantle minerals (Ben Ismail and Mainprice, 1998; Jung, 2017;
Karato et al., 2008; Long and Silver, 2008; Nicolas and Christensen, 1987; Savage,
1999). Due to its volumetric abundance in the upper mantle, the CPO of olivine has
been extensively studied (Boneh et al., 2017; Cao et al., 2017; Hansen et al., 2014;
Jung and Karato, 2001; Michibayashi et al., 2016; Ohuchi et al., 2011; Précigout et
al., 2017; Skemer and Hansen, 2016; Soustelle and Manthilake, 2017; Tommasi and
Vauchez, 2015). It is well known that the subducting mantle is variably hydrated and
although olivine is volumetrically the most abundant mineral in subducting slabs,
olivine dominant lithologies alone are often insufficient to provide adequate
explanations for the large delay times observed by teleseismic studies (e.g. Katayama
et al., 2009; Nagaya et al., 2016). Possible alternative mechanisms suggest that
volumetrically less abundant hydrous phases are significantly more elastically
anisotropic than major mantle phases (Faccenda et al., 2008; Jung, 2011; Katayama
et al., 2009; Kim et al., 2020; Mookherjee and Capitani, 2011; Mookherjee and
Mainprice, 2014). However, in contrast to olivine, the elasticity and CPOs of
volumetrically less abundant hydrous mineral phases are incompletely understood
and require further study. The few hydrous minerals like serpentine, amphibole, and
chlorite, which have been recently examined, exhibit extreme elastic anisotropy and

often a strong CPO (Almqvist and Mainprice, 2017; Horn et al., 2020; Jung, 2017;
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Kang and Jung, 2019; Katayama et al., 2009; Kim and Jung, 2015; Mainprice and
Ildefonse, 2009; Mookherjee and Mainprice, 2014; Nagaya et al., 2016; Puelles et
al., 2012). Chloritoid is such a hydrous phase whose elasticity and CPO remain
unknown. Since chloritoid is often found in metamorphosed rocks relevant for
subduction zone settings, constraining the elasticity and CPO of chloritoid, it is likely

to shed valuable insight on the seismic anisotropy of subduction zones.

Chloritoid [(Mg,Fe),AlsSi,019(OH)4] commonly occurs in greenschist to
eclogite facies metamorphic rocks with diverse bulk chemistries, including both
felsic and mafic rocks (Messiga et al., 1995; Negulescu et al., 2009; Poli and Schmidt,
1997; van Keken et al., 2002). In previous studies of chloritoid-bearing rocks,
chloritoid modal amount of 10-23 vol% has been reported (e.g. Haerinck et al., 2013;
Regis et al., 2014). Furthermore, chloritoid is a metamorphic indicator mineral for
high- to ultrahigh-pressure metamorphic conditions relevant for subduction zone
settings and collision belts (Kienast and Messiga, 1987; Meyer et al., 2014;
Negulescu et al., 2009; Smye et al., 2010; Wei and Song, 2008). The lithologies of
subducting hydrated oceanic crust and the overlying high-pressure metapelites are
dominated by aluminous minerals such as garnet, lawsonite, epidote, and chloritoid.
Among these minerals, the elasticity of chloritoid is virtually unknown. However, a
recent X-ray synchrotron diffraction study has explored the bulk preferred

orientation of chloritoid in a low-grade metamorphic slate (Haerinck et al., 2015).

In this study, I measured the CPO of chloritoid in schistose rock samples
by EBSD analysis and used the results to explore the influence of chloritoid-bearing

lithologies on the seismic anisotropy in subduction zone settings. 1 further re-
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evaluated the pressure-temperature stability field of chloritoid in subduction zones.
In addition, the role of chloritoid in the generation of seismic anisotropy of the slab
was examined by comparing its seismic signature with that of other previously

studied hydrous minerals, which were found to be stable with chloritoid.

3.2 Materials and Method

3.2.1 Rock samples

Three garnet-chloritoid-talc schist samples (#15R, #10-16, and #12-52)
containing 10-25 vol.% of chloritoid were used to examine the CPO of chloritoid.
The abundance of chloritoid in samples was similar to that reported from other
localities (10-23 vol%). Additional minerals are phengite, chlorite, quartz, rutile, and
minor apatite (Table 2.1). The strong foliation of talc and phengite defines the
schistosity, while the lineation is defined by the average elongation direction of
chloritoid, talc, and phengite (Fig. 3.1). Porphyroblastic garnets (5-10 mm in
diameter) are embedded in the matrix (Figs. 3.1). Idioblastic chloritoid grains are
associated with subidioblastic talc. The chloritoid grain size was measured using the
linear intercept method (Gifkins, 1970). Chloritoid is coarse-grained and
porphyroblastic in samples #15R (~500 um) and #10-16 (~610 um), and fine-grained
in sample #12-52 (~150 um) (Figs. 3.1b, 3.1d and 3.1f). Equigranular ellipsoidal
chloritoid grains are homogeneously distributed in the fine-grained sample (#12-52)
(Fig. 3.1f) when compared to the porphyroblastic or clustered occurrence of the

coarser-grained chloritoid in samples #15R and #10-16 (Fig. 3.1b and 3.1d). Sample
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#15R is moderately retrogressed, as revealed by the presence of chlorite replacing
chloritoid and garnet. Relict euhedral chloritoid grains occur strongly elongated
subparallel to the lineation (Fig. 3.1b). The porphyroblastic chloritoid grains of
sample #10-16 show internal deformation features such as twinning and undulose
extinction (Figs. 3.1d and 3.2). The fine-grained sample #12-52 is characterized by
chloritoid grains that lack internal deformation features such as undulose extinction,

microkinks, and subgrain boundaries (Fig. 3.1f).

3.2.2 Measurement of the CPO

The CPO of chloritoid was measured using electron-backscattered
diffraction (EBSD) with a JEOL JSM-6380 scanning electron microscope (SEM)
located in the School of Earth and Environmental Sciences at Seoul National
University. The SEM was operated using an accelerating voltage of 20 kV, a vacuum
level of chamber of 9 .6 x 10~ Pa, 1-nA current, 5-um beam size, and a working
distance of 15 mm. All thin sections were carbon coated. To avoid repeated data
collection, the EBSD patterns were indexed manually for every single grain. For a
better data quality, the CPO of chloritoid was measured with a mean angular
deviation of less than 1.0 ° and a minimum of 11 diffraction Kikuchi bands for each
point measurement. A monoclinic instead of a triclinic space group symmetry of the
chloritoid was used for the analysis, because the detected Kikuchi bands closely

matched the simulated Kikuchi bands of the monoclinic chloritoid.

55



Figure 3.1 Hand specimen (a, ¢, ) and plane-polarized microphotographs (b, d, f)
of UHP Makbal garnet-chloritoid-talc schist samples. (a, b) sample #15R, (¢, d)
sample #10-16, (e, f) sample #12-52. In hand specimen, dashed lines denote the well-
developed foliation (S). The lineation was determined on the foliation, by averaging
directions of elongation of chloritoid and talc, and here parallel to the horizontal

scale bar shown. Grt, garnet; Qtz, quartz; Cld: chloritoid; Tlc: talc; Rt: rutile.
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Figure 3.2 Undulose extinction

chloritoid.

of chloritoid in sample #10-16 (arrows). Cld:
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The chloritoid CPOs in the Grt-Cld-Tlc schist samples were plotted using
the MATLAB toolbox MTEX, version 5.4.0. (Mainprice et al., 2011). For plotting
the CPO, the orientation distribution functions of the chloritoids were calculated
using a de la Vallée Poussin kernel with half widths of 10°. The strength of the CPO

was quantified by the J-index (Bunge, 1982) and M-index (Skemer et al., 2005).

3.2.3 Elasticity of single-crystal chloritoid

In order to obtain the elastic properties of chloritoid crystal, first principles
simulations were performed based on the density functional theory (Hohenberg and
Kohn, 1964; Kohn and Sham, 1965). The chloritoid was investigated with a widely
used approximation of the exchange-correlation functionals —the local density
approximation (LDA) and the generalized gradient approximation (GGA) with the
highly accurate projector augmented wave (PAW) method as implemented in the
Vienna ab initio simulation package (VASP) (Kresse and Joubert, 1999). The
monoclinic (C2/c space group) crystal structure (Comodi et al., 1992) was used with
a Mg,AlsS1,0,0(OH)4 stoichiometry and a series of convergence tests was performed
by varying the energy cut-off and k-points. An observed energy cut-off of Ecu.op =
900 eV and a k-point mesh of the 2 x 4 x 1 Monkhorst-Pack grid (Monkhorst and
Pack, 1976) with six irreducible k-points were sufficient for describing the energetics
of chloritoid. In order to determine the full elastic constant tensor, the lattice

parameters were strained by 0.5, 1.0, and 1.5% for one static volume, and it was
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observed that an appropriate ~1% strain was within the elastic limit (e.g. Chheda et
al., 2014). The elastic stiffness constants (C;;s) for monoclinic magnesiochloritoid,

calculated using the GGA and LDA methods, are reported in Table 3.1.
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Table 3.1 Elastic stiffness tensor (C;; in GPa) of single crystal chloritoid using the

GGA method (P = 0 GPa, density = 3.10 g/cm’®) and the LDA method (P = 0 GPa,

density = 3.30 g/cm’).

GGA

i 1 2 3 4 5 6

1 297.7 72.1 45.1 0.0 11.2 0.0

2 275.2 36.6 0.0 -4.4 0.0

3 2624 0.0 3.1 0.0

4 45.8 0.0 -7.5
5 44.2 0.0

6 112.6
LDA

i 1 2 3 4 5 6

1 336.0 82.0 63.0 0.0 12.9 0.0

2 319.6 56.0 0.0 -6.7 0.0

3 320.2 0.0 2.1 0.0

4 51.8 0.0 -8.0
5 46.8 0.0

6 126.2
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3.2.4 Calculation of the seismic velocity and anisotropy

The seismic anisotropy of single-crystal chloritoid and that of
polycrystalline chloritoid were obtained with the MSAT toolkit (Walker and Wookey,
2012), using elastic constants determined in this study. The elastic constants were
determined at ambient pressures (P =0 GPa) using first principles with both the GGA
and the LDA. The zero-pressure density predicted using the LDA of ~ 3.30 gecm™ is
larger than that using the GGA of ~ 3.10 gcm™. Also, the elastic constants predicted
using the LDA are stiffer than that of using the GGA (Table 3.1). This difference
between the GGA and the LDA results is expected and has already been reported for
other hydrous mineral assemblages (Mookherjee and Bezacier, 2012; Peng and
Mookherjee, 2020). It was observed that the aggregate bulk moduli for the GGA was
in better agreement with the experimental estimates of the bulk modulus (Grevel et

al., 2005).

The seismic velocities (Vp and Vs) were calculated with the Christoffel
equation (e.g. Mainprice et al., 2008). A plot of the elastic anisotropies of the single-
crystal chloritoid is presented in Figure 3.3. The P-wave anisotropy (AVp) for the

mineral aggregates was calculated as:

(VPmax - VPmin)
AVp (%) = X 100
P ( 0) (VPmax + VPmin)/2

where, Vpmax refers to the maximum P-wave velocity (Vp) and Vpmin to the minimum
P-wave velocity (Vp). The S-wave anisotropy for the mineral aggregates (AVs) is

defined as
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(VS’l lSZ)
0 _—— e
AV (%) = AR 100

using the Voigt-Reuss-Hill averaging scheme, where the Vg; and Vs represent the
fast and slow S-wave velocity, respectively (Mainprice, 1990). The seismic
anisotropies of the chloritoid aggregates were calculated with the C;; values
determined in this study using the GGA (Fig. 3.3). I calculated the seismic properties
of other hydrous minerals in the Grt-Cld-Tlc schists, using the single-crystal elastic
constants (C;;) of chloritoid (this study), chlorite (Mookherjee and Mainprice, 2014)
and for phengitic mica, I used the elastic constants of muscovite (Vaughan and
Guggenheim, 1986). For consistency, ambient-pressure elastic constants were used
for all minerals. To calculate the bulk seismic anisotropy of the Grt-Cld-Tlc schist
and a hypothetical blueschist (detailed in Section 3.4.4), the elastic constants of the
composite minerals were averaged using the Voigt—Reuss—Hill scheme and the

modal compositions (see Table 2.1 and captions of Table 3.2).
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Figure 3.3 Elastic anisotropy of single-crystal monoclinic chloritoid at a pressure of

0 GPa. The P-wave anisotropy was high (AVp=21.9% and 19.4 % for the GGA PAW

and LDA methods, respectively) and the shear wave anisotropy was very high (max

AVs = 46.5% and 49.2% for the GGA PAW and LDA methods, respectively). The

polarization directions of the fast shear wave (Vs polarized) are shown as black bars.

A reference frame for monoclinic symmetry is shown on the left and depicts three

orthogonal axes X1, X2 and X3, where X2 is parallel to the crystallographic b-axis

and the plane normal to the b-axis is a mirror plane containing X1 and X3 (where

X1 corresponds to the reciprocal a*-axis and X3 is parallel to the crystallographic c-

axis). Vp: P-wave velocity, AVs: shear wave anisotropy, Vsi pol: polarization

direction of the fast S-wave, Vsi: fast S-wave velocity, Vsz: slow S-wave velocity.
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Table 3.2 Seismic velocity and anisotropy of hydrous minerals and a hypothetical

bulk rock.

Mineral AVp Max Vs (km/s) Vs2 (km/s)  Reference

Cld 10.3 18.1 4.7-5.4 45-52 Sample #15R
(this study)

Phg 34.1 353 32-42 29-35 Sample #15R
(Lee et al., 2020)

Chl 12.7 17.0 42 -47 3.7-44 Sample #15R
(Lee et al., 2020)

Gln 20.7 11.0 44-49 43-45 Cao et al. (2013)

Lws 10.1 16.3 4.1-45 3.7-43 Choi et al. (2021)

Bulk 10.2 9.3 4.1-45 4.1-43 Hypothetical one

rock™

(this study)

* The hypothetical bulk rock consists of Cld (15 vol%), Phg (15 vol%), Chl (15

vol%), GIn (30 vol%), and Lws (25 vol%).

AVp: anisotropy of P-wave, max AVs: maximum anisotropy of S-wave, Vs;: fast S-

wave velocity, Vs,: slow S-wave velocity.

Cld: chloritoid, Phg: phengite, Chl: chlorite, Gln: glaucophane, Lws: lawsonite.
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3.2.5 Calculation of the thermodynamic stability and modal

abundance of chloritoid

I used thermodynamic calculations to obtain the equilibrium pressure-
temperature (P-T) stability field for chloritoid, commonly referred to as
pseudosections. In addition, I determined the modal abundance (i.e., volume
percentage of chloritoid as a function of pressure and temperature) in the different
pseudosections calculated in this study. The bulk compositions of three different rock
types were considered: (1) Grt-Cld-Tlc schist (this study), (2) average pelite (Shaw,
1956) (Fig. 3.4), and (3) aluminous metagabbro (Messiga et al., 1999) (Fig. 3.5). For
the Grt-Cld-Tlc schist, the effective bulk rock composition of sample #10-16 was
used (Meyer et al., 2014). The Theriak-Domino thermodynamic software (Capitani
and Petrakakis, 2010) and the recent version of the Holland and Powell (2011)
thermodynamic dataset was used to calculate the P-T pseudosections in the CaO-
K>0-FeO- Mg0O-Al,03-Si0,-H,0O (CKFMASH) and Na,O-CaO-K,O-FeO-MgO-
Al,03-Si0,-H,O (NCKFMASH) model systems with activity models for chloritoid
(White et al., 2000), garnet (White et al., 2007), clinopyroxene (Green et al., 2007),
amphibole (Diener and Powell, 2012), talc (Holland and Powell, 1998), white mica
(Coggon and Holland, 2002), chlorite (Holland et al., 1998), and feldspar (Baldwin
et al., 2005). Pure end-member mineral phases include lawsonite, kyanite,
quartz/coesite, and water, which was set to be in excess, i.e., all the reactions were
considered at water saturated conditions. The P-T range of each pseudosection

covers 1.0-3.5 GPa and 450-650 °C.
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(@)

P-T pseudosection of an average of 18 metapelites
(Shaw et al., 1956)

3_5 H L L 1 I 1 1 1 1 I
All assemblages + H20

Pressure (GPa)

550
Temperature (°C)

600

1:0m+Ms+ Car+Tz+Lw 15: Chl + Ms + Pgn + Lw
22.G+0Om+Car+Ms+ Tz +Lw 16: Chl + Ms + Pgn + GIn + Lw
3:G+Om+Car+Ms+Tz+Lw 17: G + Chl + Ms + Pgn + Lw
4:G+0m+ Car+ Ms + Lw 18: G + Chl + Ms + Pgn
5: G+Om+ Car+Ms + Ky + Lw 19: G + Chl + Ms + Pgn + GIn
6: G + Om + Car + Ms + Ky 20: ChI+Ms+Pgn+Z
7: G+ Om + Car + Ms + Ky 21:G+Chl+Ms+Pgn+Z
8: G+0Om+ Ms + Ky 22:Chl+Ms +Pgn+GIn+Z
9: G + Om + Ms + Ky 23: G+Chl+Ms+Pgn+GIn+Z
10: G+ Om + Ms + GIn + Ky 24: Chl+Ms +Pgn + Bt + Z
11: G + Ms + Pgn + GIn + Ky 25:G+Chl+Ms+Pgn+Bt+2Z
12: G+ Om + Ms + Pgn 26: G + Chl + Ms + Pgn + Bt
13: G+ Om + Ms + Pgn + GIn 27: G+ Ms + Pgn + Bt
14 : G + Ms + Pgn + GIn 28: Fls + G + Ms + Pgn + Bt
(Continued)
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(b) Volume percent of chloritoid (vol. %)

Pressure (GPa)

Cld-absent fields

450 500 550
Temperature (°C)

(Caption in the next page)

67

600




Figure 3.4 (a) P-T pseudosection calculated for an average composition of 18
published metapelites from Shaw (1956) in the model system NCKFMASH. Bulk
composition in mol.%: SiO», 71.7; Al,Os, 13.3; FeO, 6.8; MgO0, 3.5; CaO0, 0.6; K0,
2.7; NayO, 1.5, H,O is excess. Thick dashed lines denote the geothermal gradients at
5 °C/km and 10 °C/km, respectively. Simplified chloritoid-out reaction is indicated
by the thicker line. Mineral abbreviation: Cld; chloritoid, G; garnet, Chl; chlorite,
Ms; muscovite, Gln: glaucophane, Pgs; pargasite, Pgn; paragonite, Bt; biotite, Lw;
lawsonite, Ky; kyanite, Car; carpolite, Z; zoisite. (b) Modal volume percentages of

chloritoid (vol.%).
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(a) P-T pseudosection of an Mg-Al metagabbro
(Messiga et al., 1999)

All assemblages + H20

©
o
e
2
=
n
]
o
o 8
I T I
500 600 650
Temperature (°C)
1: Om + Chl + GIn + Lw 18: G + Chl + Pgs + Ky + Z + Pgn
2: G+ Om + Chl + GIn + Lw 19:G+Pgs+Ky+2Z
3:G+0Om + Chl +Lw 20 :Chl+ Pgs + Z + Pgn
4: G + Om + Chl + Ky + Pgs 21: Chl + Pgs + Ky + Z +Pgn
5:G + Om + GIn + Ky + Pgs 22:Chl+Pgs +Ky + Z
6: G+Om+GIn+Ky+Z+Pgs 23:Pgs+Ky+Z
7:G+0Om+Chl+Ky+Z 24: Om + Chl + Tr + Z + Pgs + Pgn
8:G+Om+Chl+GIn+Ky+2Z 25: Chl + Tr + Edn + Z + Pgn + Pgs
9: Om + Chl + GIn + Lw + Pgn 26: Chl +Pgs + Z+ Pgn +Q
10: Om + Chl + GIn + Z + Pgn 27:Pgs+Ky+Z +Pgn+Q
11:G+Chl+GIn+Z 28:Pgs+Ky+Z+Q
12:G+Chl+Pgs+Ky+Z 29: Chl + Pgs + Ky + Pgn + Q
13: G+ Edn +Ky + Z + Pgs 30: Pgs + Ky + Pgn + Q
14: Chl+GIn +Z 31: Pgs +Ky +Q
15: Chl + Pgs + GIn + Z 32:G+0Om+ Chl+ GIn+ Z + Pgn
16: Chl + Pgs + GIn + Z + Pgn 33: G+ Om+ Edn + Ky +Z + Pgs
17: G+ Chl + GIn + Z + Pgn 34: G+ Om+ Chl+ GIn + Z + Pgn
(Continued)
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(b) Volume percent of chloritoid (vol. %)
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(Caption in the next page)
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Figure 3.5 (a) P-T pseudosection calculated for a Mg-Al metagabbro from Messiga
et al. (1999) (sample MOE11B) in the model system NCFMASH. Bulk composition
in mol.%: SiO,, 48.8; Al,Os, 13.5; Fe,03, 2.0; MgO, 21.0; CaO, 11.5; NaO, 3.3;
H»O is excess. Thick dashed lines denote the geothermal gradients at 5 °C/km and
10 °C/km, respectively, in subduction zones. Simplified chloritoid-out reaction is
indicated by the thicker line. Mineral abbreviation: Cld; chloritoid, G; garnet, Om,;
omphacite, Chl; chlorite. Gln: glaucophane, Pgs; pargasite, Pgn; paragonite, Edn;
edenite, Bt; biotite, Lw; lawsonite, Ky; kyanite, Car; Mg-carpolite, Q; quartz, Z;

zoisite. (b) Modal volume percentages of chloritoid (vol.%).
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3.3 Results

3.3.1 CPOs of chloritoid

The chloritoid CPOs are all characterized by a strong alignment of the [001]
axes subnormal to the foliation (Fig. 3.6). The strongest chloritoid CPO in sample
#15R is characterized by the concentration maxima of the [100] axes subparallel to
the foliation and subnormal to the lineation, and by the (010) poles subparallel to the
lineation. The chloritoid CPO in sample #15R exhibits high J-index (11.16) and M-
index (0.17). In samples #10-16 and #12-52, chloritoid showed a weak CPO of the
[001] axes subnormal to the foliation and a weak girdle distribution of the [100] axes
and (010) poles subparallel to the foliation. The chloritoid CPO of samples #10-16
and #12-52 showed relatively low J-indices (5.90 and 3.31) and M-indices (0.07 and

0.08).
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Figure 3.6 Pole figures showing the CPO of chloritoid in the three UHP Makbal

15R

n =362
J=11.16
M=0.17

10-16
n =485
J =590
M = 0.07
0 9

12-52

n =467
J=3.31
M= 0.08

schist samples. Pole figures are presented in the lower hemisphere using an equal
area projection. Pole figure density is shown with colorbar in units of multiples of a
random distribution. Fabric strengths are also presented as J-index (J) and M-index
(M). The X-direction is parallel to the lineation (L), Z-direction normal to the
foliation (S), and the Y-direction orthogonal to the X- and Z-direction. To the left of

the pole figures, n represents the number of the analyzed grains.
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3.3.2 Elastic constant and seismic anisotropy of chloritoid

The elastic anisotropy of the single-crystal chloritoid was calculated by
using the elastic constant (C;;) obtained by first principles simulation at ambient
pressure conditions (P = 0 GPa) (Table 3.1 and Fig. 3.3). The elastic constants show
a similar anisotropy of stiffness components between the directions normal to the c-
axis (Ci1, C»2) and the c-axis direction (Cs3), and a strong anisotropy for the shear
components associated with the c-axis (Css) and normal to this direction (Cas, Css)
(Table 3.1). The seismic velocities and seismic anisotropies of the single-crystal

chloritoid for a given propagation direction were calculated from the C;j;, the

contoured stereograms of the P-wave velocity (Vp), the percentage shear wave
anisotropy (AVs), and the polarization directions of the fastest S-wave (Vs; pol.) for
ambient pressures (Fig. 3.3). The pattern of the Vp showed high velocities (maximum
Vr = 9.8 km/s) normal to the c-axis, and low velocities (minimum Vp = 7.9 km/s)
oblique to the c-axis, displaying a high seismic P-wave anisotropy (AVp =21.9% and
19.4 % for the GGA and LDA, respectively). The AVs normal to the c-axis exhibits
maximum AVs = 46.5% and 49.2 % for the GGA and LDA respectively. The AV
parallel to the c-axis exhibits a minimum AVs of 0.6% and 0.1% for the GGA and
LDA respectively. The fast S-wave has a polarization in the basal plane, which is
typical for layered silicates (e.g. Morales et al., 2013). However, the elastic constants
predicted by the LDA are stiffer than those using the GGA, while the elastic

anisotropies predicted by the GGA and LDA are similar (Fig. 3.3 and Table 3.1).
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The seismic anisotropies of the P— and S—waves of the polycrystalline
chloritoid were calculated (Fig. 3.7) by using the elastic stiffness constant (Table 3.1)
and the CPOs of chloritoid (Fig. 3.6). The magnitudes of the seismic anisotropies of
the polycrystalline chloritoid are large (up to AVp = 10.3%) for the P-waves (sample
#15R) and larger (up to AVs = 18.1%) for the S-waves (sample #15R) (Fig. 3.7). The
seismic anisotropy of the S-waves is high at angles shallow to the foliation and at a
maximum subparallel to the lineation (flow direction) (samples #15R and #10-16),
where the polarization direction of the fast S-wave (Vsi) is nearly perpendicular to

the lineation (X-direction).

The fast S-wave polarization direction of the chloritoid strongly depends
on the wave propagation direction (Fig. 3.7). As the ray path proceeds far-off the Z-
direction and close to the direction parallel to the foliation, the polarization direction

varies from oblique to nearly perpendicular to the rock lineation (X) (Fig. 3.7).
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Figure 3.7 Seismic anisotropies of polycrystalline chloritoid in the UHP Makbal
schist samples. The elastic anisotropy using GGA method (Fig. 3.3) was applied to
the calculation (see Method section). The P-wave anisotropy is up to AVe = 10.3%
(sample #15R), and the S-wave anisotropy is up to AVs = 18.1% (sample #15R). The
anisotropy is shown on a stereonet, in which the centre of a plot (Z) represents the
direction normal to the foliation (X-Y plane), and X corresponds to the lineation. Vp:
P-wave velocity, AVs: shear wave anisotropy, Vs pol: polarization direction of the

fast S-wave, Vg;: fast S-wave velocity, Vs;: slow S-wave velocity.
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The bulk rock seismic anisotropies of the three Grt-Cld-Tlc schist samples
were estimated (Fig. 3.8) by averaging the elastic constant of the mineral aggregate,
considering the CPOs of the chloritoid and other composite minerals (such as garnet,
talc, etc.), their individual single-crystal elastic constant, the densities of the
individual phases, and the modal volume percentages of the sample (Table 2.1). The
magnitudes of the whole-rock seismic anisotropies were found to be very large for
the P-waves (up to AVp = 28.1 %) and large for the S-waves (up to AVs = 15.5 %).
For all three Grt-Cld-Tlc schist samples, the entire rock AVp (AVp = 14.7-28.1 %) is
higher than that of the chloritoid aggregates (AVp = 5.3—10.3 %). On the other hand,
the maximum whole rock AVs of samples #15R and #12-52 (max AVs = 15.5% and
7.0%, respectively) is lower than that of the chloritoid aggregates (max AVs = 18.1%
and 9.7%, respectively). The maximum whole rock AVs (max AVs = 14.5%) of
sample #10-16 is higher than that of the chloritoid aggregates (max AVs = 12.6%).
The pattern of the Vs polarization direction of the bulk rocks is very similar to that

of the chloritoid aggregates.

77 1



Y

X
@ Vp (km/s) AVs (%) Vs1pol

Whole
rock
AVs = 15.5 %
10-16
Whole
rock
0.1 "14.5
H = e
AVs=145%
12-52
Whole
rock 4

69 * 8.0 01 7.0
AVp=146% AVs=7.0%

|
|

Figure 3.8 Bulk seismic anisotropy of the whole rock. The modal composition given
in Table 2.1 was used, along with the elastic constants of the composite minerals at
ambient pressure and the CPOs of each polycrystalline mineral. Reference frame and

abbreviations are the same as those in Fig. 3.7.
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3.3.3 Thermodynamic stability and modal abundance of

chloritoid

The P-T pseudosection of the Grt-Cld-Tlc schist (sample #10-16)
calculated in this study shows that chloritoid is thermodynamically stable in the
temperature range of 450—600 °C (Fig. 3.9a). The modal abundance of chloritoid
was calculated for the three different bulk compositions (Figs. 3.4, 3.5 and 3.9b).
The calculations for the Grt-Cld-Tlc schist revealed that the highest amount of
chloritoid was 28 vol.% within the given P-T conditions, which is in good agreement
with the observed amount of chloritoid in the samples studied here (20-25 vol.% in
samples #10-16 and #12-52) (Fig. 3.9b). The possible modal amounts of chloritoid
in the average pelite (Shaw, 1956) and the Mg-Al metagabbro (Messiga et al., 1999)
are up to 20 vol.% and 22 vol.%, respectively. The variation of the chloritoid modal
volume shows the development of a complex pattern during pressure increase in all
three rock types. Along cold subduction geotherms (5—10 °C/km), the maximum
chloritoid amount reaches 26 vol.% (Fig. 3.9b), and is highest above the chlorite-out
reactions in the Grt-Cld-Tlc schist (Fig. 3.9). In the Grt-Cld-TIc schist, chloritoid is
stable at < 600 °C and its amount generally decreases with increasing P-T conditions
(Fig. 3.9). Other hydrous minerals stable with chloritoid are chlorite, lawsonite, talc,
mica, Mg-carpholite, and zoisite. When considering the average pelitic composition,
the stability field of chloritoid is constrained to be at P > 1.5 GPa and T < 580 °C
(Fig. 3.4). Hydrous minerals stable with chloritoid are chlorite, glaucophane,
lawsonite, mica, and carpholite. When considering the Mg-Al gabbro composition,

chloritoid occurs at relatively high P-T conditions (P> 2 GPa and T > 570 °C) (Fig.
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3.5). Other hydrous minerals stable with chloritoid are chlorite, glaucophane,

lawsonite, and zoisite.

3.4 Discussion

3.4.1 CPO development of chloritoid

A strong alignment of the [001] axes of the chloritoid was observed in the
UHP schist samples from the Makbal Complex. This is consistent with findings of
Haerinck et al. (2015), although they used a different analyzing method for the fabric

measurement (synchroton X-ray diffraction) on only one chloritoid-bearing sample.

The flattening type of fabric is prevalent in previous studies of layered
silicates (e.g. Dempsey et al., 2011; Lloyd et al., 2009; Wenk et al., 2010). The basal
glide is a dominant deformation mechanism for most phyllosilicates, allowing the
basal (001) planes to occur parallel to the rock foliation or the cleavage planes (Wenk
et al., 2010). Although chloritoid is classified as orthosilicate, it commonly exhibits
the physical and structural properties of phyllosilicates due to the layered structure,
which consists of octahedral sheets bonded by layers of isolated silicate tetrahedra
(Klein, 2002; Nesse, 2009). The basal glide could, therefore, be a plausible
deformation mechanism of the chloritoid. An alternative explanation is the formation
of the chloritoid CPO by dislocation creep, manifested by undulose extinction of the

chloritoid in sample #10-16 (Fig. 3.2).
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A P-T pseudosection of Gri-Cld-Tlc schist B Volume percent of chloritoid (vol. %)
{sample #10-18)

1: Grt + The + Car (- Si0y,) 8: Grt + Chl

2: Grt + The + Car 8: Grt + Chl + Bt

3: Grt + The + Ky (+ Coe) 10: Grt + Tle + Ky + Bt (- Wm)
4: Grt + The + Ky (+ Qi) 11: Grt + Chil + Tlc + Bt {- Wm)
5: Grt + The (+ Cae) 12: Grt+ Chi + Bt {-Wm)

8: Grt + The (+ Q) 13: Grt + Chl + Ky

T: Grt+ Chl + Tl 14: Grt + Chl + Ky + Bt (- YWm)

Figure 3.9 P-T pseudosection showing the chloritoid-stability fields and the volume
percentage isopleths of chloritoid. (a) P-T pseudosection calculated for the Grt-Cld-
Tlc schist (sample #10-16) in the model system CKFMASH. Bulk composition in
mol%: Si0O,, 49.0; Al,Os, 11.0; FeO, 17.0; MgO, 22.5; Ca0, 0.2; K,0, 0.2; H,O is
excess. Dashed bold lines denote the geothermal gradients of 5 °C/km and 10 °C/km,
respectively. Chloritoid-out curve is indicated by solid bold line. Mineral
abbreviation: Grt, garnet; CId, chloritoid; Tlc, talc; Chl, chlorite; Wm, white mica;
Bt, biotite; Lw, lawsonite; Ky, kyanite; Car, carpholite; Z, zoisite. (b) Volume

percentage isopleths of chloritoid. The geothermal gradients are the same as in (a).
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3.4.2 Chloritoid stability and its implication for seismic

anisotropy in subduction zones

A strong trench-parallel seismic anisotropy of S-waves has been observed
in many subduction zones such as Ryukyu, [zu-Bonin, Mariana, and Tonga (Long,
2013 and references therein). An anisotropic fore-arc mantle has been proposed as
the major source in terms of the B-type CPO of olivine in the hydrated mantle (Jung
and Karato, 2001; Jung et al., 2006; Karato et al., 2008; Kneller et al., 2005; Nagaya
etal., 2014), the trench-parallel flow in the sub-slab mantle (Russo and Silver, 1994),
the pressure-induced olivine CPO (Jung et al., 2009; Lee and Jung, 2015; Ohuchi et
al., 2011), and the strong CPO of hydro-phyllosilicates (Ha et al., 2018; Jung, 2017,
Katayama et al., 2009; Lee et al., 2020; Nagaya et al., 2016). However, the strong
seismic anisotropy in some subduction zones cannot be solely due to the CPO of
olivine (Wirth and Long, 2012). Recent geodynamic studies using realistic slab
parameters showed that pure trench-parallel flow is unlikely to be dominant in the
sub-slab mantle (e.g. Alisic et al., 2012). The CPO of anisotropic hydrous minerals
in subduction zones may, therefore, be an important manifestation in the trench-

parallel seismic anisotropy.

Thermodynamic phase stability indicates that chloritoid is likely to be
stable between a depth range of 80—120 km in subducting hydrated MORB (Schmidt
and Poli, 1998) (Fig. 3.10a). The slab geotherms in steeply dipping subduction zones
such as the Mariana (slab-dip angle = 57-62°), the Izu-Bonin (slab-dip angle = 46—

63°), the Tonga-Kermadec (slab-dip angle = 52-56°), and the Nicaragua (slab-dip
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angle = 62°) (Syracuse et al., 2010) settings, which display a strong trench-parallel
seismic anisotropy, suggest that chloritoid is likely to be stable along the interface of
the overlying mantle wedge and the hydrated oceanic slab at a depth range between
80 and 120 km (Fig. 3.10b) (Schmidt and Poli, 1998; Syracuse et al., 2010). Recent
studies suggest that the subducting oceanic crust and the slab-mantle interface are
pervasively hydrated (Abers et al., 2017) and thus might be an important source of

the trench-parallel anisotropy (Huang et al., 2011).
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Figure 3.10 (a) Schematic diagram illustrating a subducting slab with a dipping
angle of 60°. Also shown are the thermodynamic stability fields of hydrous phases
in the hydrated peridotitic layer, overlying the oceanic crystal layer and the mantle
wedge region (modified after Schmidt and Poli, 1998). Stippled lines are isotherms
and arrows indicate flow lines in the mantle wedge. (b) Pressure-temperature
stability fields of hydrous phases in hydrated MORB under subduction zone
conditions (modified after Schmidt and Poli, 1998). Dashed lines are the P-T paths
of the slab surface for the Mariana, Izu-Bonin, Tonga-Kermadec and Nicaragua
settings (Syracuse et al., 2010). Yellow shaded region indicates the stability field of
chloritoid based on the pseudosection modelling conducted here (Figs. 3.4, 3.5 and
3.9) and also on previous estimates (Schmidt and Poli, 1998). (¢) Schematic diagram
of a subduction zone illustrates the influence of the chloritoid CPO on the seismic
anisotropy in the subduction zone. The applied slab-dip is 60° (rotation around the
axis parallel to the Y-direction; see the discussion) and the lineation (X-direction) is
assumed to be parallel to the subduction direction. Red bars represent the
polarization direction of the fast S-wave. Inset figure shows shear wave anisotropy
(AVs) and the polarization directions of fast S-waves (red and black bars) going
through the chloritoid aggregates (sample #15R). X and Z represent the lineation
(flow direction) and the direction perpendicular to the foliation (flow plane),

respectively.
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To evaluate the effect of chloritoid on the seismic anisotropy observed in
subduction zones, the 3-dimensional seismic anisotropy pattern of chloritoid
aggregates was calculated using the chloritoid CPO of sample #15R (Fig. 3.10c),
which showed the strongest AVs (up to ~18%) among the samples analyzed here. In
the present study, the subduction zone setting was simplified by using a 2-D corner
(slab-parallel) flow model that resulted from viscous coupling between the
downgoing slab and the overlying mantle (van Keken et al., 2002). Thus, the
respective slab-dip angle was applied to the chloritoid CPO and the seismic
anisotropy pattern by rotation around the axis parallel to the Y-direction, which is
normal to the lineation parallel to the downgoing flow direction (Fig. 3.10¢). The
higher the slab-dip angle, the higher is the strength of the AVs using the chloritoid
aggregate, which most likely also causes a longer delay time > 0.2 s at a dip-angle 0
> 45°, Subduction zones that show strong trench-parallel S-wave anisotropies (with
a long delay time of up to 1-2 s) are also characterized by large dipping slab angles
of 40—60° as displayed by the Ryukyu, Mariana, Izu-Bonin and Tonga subduction
zone settings (Long and Silver, 2008). For example, the Tonga and Mariana slabs
have steep subducting angles (50—70°) and show a strong trench-parallel seismic
anisotropy under the forearc and arc regions (Pozgay et al., 2007; Smith et al., 2001).
Since the AVs pattern of the polycrystalline chloritoid was controlled by the
chloritoid CPO and implied an importance of high-angle slab dip geometry (Fig.
3.10c¢), the effect of the chloritoid CPO on the seismic anisotropy is thought to be

important in cold and high-angle subduction zones.
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3.4.3 Effect of chloritoid CPO on seismic anisotropy of the Grt-

Cld-Tlc schist

Garnet is one of the major minerals in the Grt-Cld-Tlc schists, and is
seismically nearly isotropic (AVp = 0.5%, max AVs = 1.2% of single garnet crystal)
(Babuska et al., 1978). Chloritoid and talc, which are the other major constituent
minerals in the Grt-Cld-Tlc schist, are hydrous layered silicates and are elastically
anisotropic. Talc in particular has been shown to be an important mineral that
influences the strong trench-parallel seismic anisotropy of hydrated slab—mantle
interfaces (Lee et al., 2020; Nagaya et al., 2020). The bulk seismic anisotropies of
the three Grt-Cld-Tlc schist samples studied here (#15R, #10-16, and #12-52) were
determined in an earlier study (Lee et al., 2020), which, however, did not consider
the chloritoid CPO due to the lack of elasticity data of single chloritoid crystal at that
time. Using the new elasticity data of single-crystal chloritoid and the CPO of
chloritoid aggregates, I calculated the complete bulk seismic anisotropy of the Grt-
Cld-Tlc schist samples in this study (Fig. 3.8). The integration of the chloritoid CPO
and its volume fraction revealed that the chloritoid CPOs caused a weakening of the
bulk P-wave seismic anisotropies of the Grt-Cld-Tlc schist (AVp = 14.6-28.1%)
when compared to those determined in the former ‘chloritoid-absent” whole rock
(AVp =19.1-31.2%) study of Lee et al. (2020). This is thought to be associated with
the significantly lower P-wave seismic anisotropies of the chloritoid aggregates (AVp
= 5.3-10.3%), seeing the much higher P-wave seismic anisotropies (AVp = 67.3—
72.3%) of the abundant talc aggregates (Lee et al., 2020). On the other hand, the

chloritoid CPO slightly increased the maximum AV of the entire rock samples #15R
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and #12-52, and decreased that of sample #10-16 (Lee et al., 2020). This observation
indicates that the whole rock mineral assemblage is important to determine the role

of chloritoid in the whole rock S-wave anisotropy.

I used sample #15R, which displayed the strongest chloritoid CPO (Fig.
3.6), to calculate the effect of the slab-dip angle and the sample geometries on the
ray path of a vertically incident S-wave through chloritoid and the entire rock
specimen (Fig. 3.11). The sample geometry is defined with respect to the sample
foliation (X-Y plane normal to Z) and sample lineation (X). The values approaching
0° correspond to the trench-parallel Vs; polarization direction, and those approaching
90° to the trench-normal Vs; polarization direction (see right column of Fig. 3.11).
These calculations revealed that under broad sample geometry conditions, the talc
CPO produced a longer delay time than the chloritoid CPO. The maximum delay

time generated by chloritoid is ~70% of that generated by talc.

Chloritoid CPO showed trench-parallel Vs polarization direction at dip-
angle > 40° (Fig. 3.11). Talc CPO showed trench-parallel Vs; polarization direction
at all dip-angles from slab subduction to vertical subduction, if the foliation of talc
layer is subparallel (rotation about X-direction = 0-20°) (Fig. 3.11). In the Grt-Cld-
Tlc schist, a trench-parallel Vs; polarization direction is achieved when the shear
plane dips at an angle >30° from the horizontal plane (i.e., rotation around the Y
direction is greater than 30°). When rotating the shear plane around the shear
direction at an angle lower than 30°, the Vs; polarization direction is normal to the
trench. The maximum delay time (~0.4 s) of the Grt-Cld-TIc schist is generated when

the shear plane is dipping < 50° and its rotation around the shear direction is >60°
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(Fig. 3.11), resulting in a trench-normal Vg, polarization direction of the Grt-Cld-Tlc
schist. However, When the shear plane dipped at an angle >30° (i.e., rotation about
the Y-direction > 30°), the variation of the whole rock Vs; polarization direction is
similar to that of the talc aggregate when using a shear plane dip angle > 30° (i.e.,
rotation about the Y-direction > 30°). Overall, it was observed that the geometries of
the S-wave anisotropy of the Grt-Cld-Tlc schist is significantly more influenced by

the talc CPO than by the chloritoid CPO.
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Figure 3.11 Illustration of the 3-D effect of chloritoid, talc and the Grt-Cld-Tlc schist
on a vertically incident S-wave. CPO data of garnet and talc (Lee et al., 2020) and
chloritoid (this study) of sample #15R were used for the calculation. An anisotropic
layer with a thickness of 10 km was assumed. The rotation around X and Y from 0°
to 90° was illustrated to display the effect of the dipping foliation (X-Y plane) where
X is parallel to the shear direction and Y is parallel to the strike of the hypothetical
trench. The left column shows contour plots displaying the effect of sample
orientation on the delay time (dt), with blue (short delay times) to red (long delay
times) colors. The right column shows contour plots displaying the variation of the
angle between the fast S-wave polarization direction (Vs pol. direction) and the
hypothetical strike of the trench (Y) as the sample is rotated around X and Y. Colors
range from blue (trench-parallel fast directions) to red (trench-normal fast directions).
In the uppermost left, the schematic sample geometry is illustrated to show how the
sample (X-Y plane = foliation, dots, and lines = lineation) is rotated with respect to

the incoming S-waves (red line).
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3.4.4 Effect of hydrous minerals in blueschist-facies rock on

seismic anisotropy

Considering previous geothermobarometrical studies (see Meyer et al.,
2014 and references therein) and the pseudosections calculated here, chloritoid is
found to be stable under high-pressure conditions ranging from the blueschist to the
eclogite facies. The here calculated pseudosections for metapelites and metagabbros
revealed that a number of hydrous minerals such as glaucophane (Gln), lawsonite
(Lws), chlorite (Chl), and phengitic white mica (Ms) are stable with chloritoid under
high-pressure conditions (Figs. 3.4 and 3.5). In order to compare the contributions
of these minerals to the seismic anisotropy of a subducted slab, I calculated the delay
time and the polarization directions of the fast S-waves, with a vertically incident S-
wave ray path traveling though the hydrous minerals, and various sample geometries
and slab-dip angles (Fig. 3.12). In addition, these data were compared with the
whole-rock seismic anisotropy of a hypothetical blueschist, comprising the
respective hydrous mineral assemblages (Fig. 3.12) with a modal composition of
Gln:Lws:Chl:Phg:Cld = 30:25:15:15:15 (vol%). For sample geometry consistency,
the foliations of the different rock samples were assumed to be parallel, and,
furthermore, I followed the previously published original 2-D plots of the seismic
anisotropy of both glaucophane and lawsonite (c.f. Cao et al., 2013; Choi et al., 2021).
The magnitude of the seismic anisotropies and the S-wave velocities are summarized

in Table 3.2.
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Figure 3.12 Representation of the effect of the glaucophane, lawsonite, chlorite,
phengite, and chloritoid on the delay time and fast S-wave polarization direction of
a vertically incident S wave, and that of the bulk seismic anisotropy of a hypothetical
blueschist, consisting of glaucophane (Gln):lawsonite (Lws):chlorite (Chl):phengite
(Phg):chloritoid (Cld) = 30:25:15:15:15 (vol%). The CPO data of each
polycrystalline mineral were obtained from previous studies on naturally deformed
blueschists (glaucophane aggregate from Cao et al. (2013) and lawsonite aggregate
from Choi et al. (2021)) and this study (CPOs of chlorite, phengite, and chloritoid in
sample #15R). An anisotropic layer thickness of 10 km was assumed for consistency.
The reference frame for the rotation and the sample orientation (schematics in the
upper left) is the same as in Fig. 3.11. Color ranges describe the same parameters as

in Fig. 3.11 for both delay time and fast polarization direction. Symbols marked with

113 ER]

a”’—“e” indicate five different ray paths and sample geometries.
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The calculations demonstrated that the ray path (a, b, c, d, and e) and the
sample geometries, which can generate a long delay time with the trench-parallel S-
wave anisotropy, were different for the five hydrous minerals. The chloritoid and
phengite CPOs produced their maximum delay time (~ 0.3 and ~1.0 s, respectively)
with a trench-parallel or -subparallel Vs polarization direction, a steep dipping shear
plane > 60° (i.e., rotation around Y direction was greater than 60°), and a shear plane
rotation around the shear direction (i.e., rotation around the X-direction) at an angle
lower than 30° (ray path “a” in Fig. 3.12). The chlorite CPO (cf. sample #15R)
displayed its maximum delay time (~0.4 s) with a trench-normal Vg; polarization
direction, a shear plane dip angle < 40°, and a rotation angle of <10° or >70° around
the shear direction (ray path near “c” and “d”, respectively in Fig. 3.12). The
glaucophane CPO generated its maximum delay time (~0.2 s) with a trench-normal
Vi1 polarization direction, a shear plane dip-angle below ~40° and a rotation angle
> 70° around the shear direction (ray path near “d” in Fig. 3.12). The lawsonite CPO
generated its maximum delay time (~0.4 s) with a steep shear plane dip-angle greater
than ~70° (ray path from “a” to “b” in Fig. 3.12), or with a shear plane rotation
around the shear direction at an angle of >70° (ray path from “b” to “d” in Fig. 3.12).
The latter case corresponds to a high-angle fault present in subducting slabs. The
lawsonite CPO also produced a trench-parallel anisotropy at a shear plane rotation
angle > 50° around the shear direction. Among the different minerals considered here,
the chloritoid and phengite CPOs mainly contribute to the trench-parallel
polarization of the Vs; with a long delay time (near the ray path “a” in a wide field
of blue color in the right column plots in Fig. 3.12) at a large slab dip angle,

corresponding to a cold and old subducted slab.
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The hypothetical blueschist displayed the maximum delay time of ~0.2 s,
which is the shorter than that of all the composite minerals studied here (see the
bottom of Figure 3.12). This is thought to be due to the following two characteristics:
(1) the presence of large amounts of glaucophane, which displays the shortest
maximum delay time of the minerals studied here, in the blueschist (Fig. 3.12), and
(2) the low absolute values of the S-wave velocities of the polycrystalline phengite,
lawsonite, and chlorite (Table 3.2). The presence of “slow” phengite (i.e. minimum
Vs1 = 3.2 km/s and minimum Vs; = 2.9 km/s) seems to significantly decrease the
maximum S-wave velocity of the blueschist (Table 3.2), thereby causing a decrease
of the maximum S-wave anisotropy and the shorter delay time of the blueschist (Fig.
3.12). Thus, the S-wave velocities of seismically anisotropic minerals such as
chlorite and phengite with different velocity ranges may reduce the entire rock’s
seismic anisotropy. In the present study, chloritoid is the only hydrous mineral (Vs;
= 4.7-54 km/s, Vg2 = 4.5-5.2 kim/s) that displayed higher S-wave velocities than

glaucophane (Vs; = 4.4-4.9 km/s, Vs, = 4.3-4.5 km/s) (Table 3.2).

The delay time pattern of the hypothetical blueschist was mostly similar to
that of the chloritoid compared to the other hydrous minerals, i.e. long delay times
were generated by the ray paths “a” and “b,” and short delay times by the ray paths
“c” and “e,” with the shortest delay time along the ray path “e.” The pattern of the
V51 polarization direction of the blueschist was also similar to that of the chloritoid
(Fig. 3.12). In order to generate trench-parallel polarization of the blueschist with a
measurable delay time of > 0.1 s near the ray path of “a,” a shear plane dip-angle of

> ~50° to a horizontal surface (i.e., rotation around the Y direction > 50°) was
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required. Similar conditions were required to generate trench-parallel anisotropy in
the CPOs of chloritoid, phengite, and glaucophane (Fig. 3.12). On the other hand,
the trench-normal S-wave anisotropy with a measurable delay time of the blueschist
is mostly affected by the CPO of the chlorite, phengite, and glaucophane near the ray
path of “b”. Chloritoid and phengite mostly contribute to the S-wave anisotropy of
blueschists and, can influence the trench-parallel anisotropy with a long delay time

in cold subducting slabs.
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3.5 Conclusion

The elastic anisotropy of chloritoid single-crystals was calculated for the
first time and used to examine the seismic anisotropy for chloritoid-bearing rocks in
subducting oceanic crust. The elastic stiffness tensor of single-crystal monoclinic
chloritoid showed a high elastic anisotropy of chloritoid reflected by AVp = 22% and
max AVs = 47%. The CPO of the polycrystalline chloritoid from the UHP schists
showed a strong alignment of the [001] axes of chloritoid subnormal to the foliation.
The strongest chloritoid CPO showed a concentration or girdle distribution of the
[100] axes and the (010) poles subparallel to the foliation. The re-evaluated stability
field of the chloritoid revealed the stability of a significant amount of chloritoid in
high-pressure and low-temperature subduction zones, particularly in Al-rich
metapelites and metagabbros. The CPOs of the polycrystalline chloritoid produced
a strong trench-parallel seismic anisotropy. The chloritoid CPOs tend to reduce the
bulk seismic anisotropy of the Grt-Cld-TIc schists due to their lower volume fraction
and lower seismic anisotropy compared to other abundant hydrous minerals such as
talc. However, depending on the mineral assemblage and slab geometry, chloritoid,
in association with glaucophane and phengite, can influence the seismic anisotropy

of blueschist-facies rocks in cold subduction zones.
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CHAPTER 4. Deformation fabrics of diopside and
antigorite in serpentinites and implications for seismic

anisotropy in subduction zones

Abstract

Antigorite serpentinites have been known to contribute to the strong seismic
anisotropy ubiquitously observed in worldwide subduction zones, especially because
of the strong lattice preferred orientation (CPO) of antigorite in hydrated forearc
mantle. Antigorite generally coexists with olivine and pyroxene in serpentinites, and
diopside is an important pyroxene group mineral in ultramafic rocks. However, the
CPO of diopside and its deformation mechanism in serpentinites are poorly
understood. In this chapter, diopside and antigorite CPOs in foliated serpentinites
from Monte San Petrone in Alpine Corsica (France) were analyzed using the SEM-
EBSD technique. The antigorite CPOs showed strong maxima of the [001] axes
subnormal to the foliation with a weak girdle subnormal to the lineation. The
diopside CPOs showed a strong alignment of (100) poles normal to the foliation and
a weak girdle of (010) poles and [001] axes within the foliation, which have been
rarely reported. Orientation analysis of diopside porphyroclasts and adjacent
antigorite grains indicates that the formation of antigorite CPO was initially affected

by topotactic growth after diopside porphyroclasts, showing the parallelism between
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diopside (100) poles and antigorite [001] axes. The (001) basal glide of antigorite
would then lead to the grain rotation of diopside so that (100) planes of diopside are
parallel to the foliation. High angles of grain reference orientation deviation (GROD)
data of diopside porphyroclasts indicate that diopside was deformed by dislocation
creep. Different chemical compositions between diopside porphyroclasts and
diopside neoblasts suggest that the CPO formation of diopside and antigorite was
influenced by dissolution-precipitation creep. Seismic anisotropies calculated using
the CPOs showed that antigorite CPO could cause a strong trench-parallel seismic
anisotropy in forearc mantle in subduction zones, and that strong CPO of diopside
in serpentinites would significantly decrease the delay time of S-wave in subduction

Zones.

Keywords: antigorite, diopside, CPO, creep, topotactic growth, subduction zones.
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4.1. Introduction

Seismic anisotropy observed in worldwide subduction zones has been
known to be influenced by CPOs of composite minerals, cracks, mantle flow, etc.
(Healy et al., 2009; Long, 2013; Zhao et al., 2016). Particularly, the CPO of antigorite
has been highlighted as an important factor for high seismic anisotropy observed in
forearc mantle and continental shear zones, because of its high single-crystal elastic
anisotropy and strong CPOs developed in intensely foliated rocks originated from
subduction zones (Bezacier et al., 2010a; Brownlee et al., 2013; Jung, 2011, 2017;
Katayama et al., 2009; Liu et al., 2020b). The formation of antigorite CPO has been
attributed to plastic strain by dislocation creep (Amiguet et al., 2014a; Auzende et
al., 2015; Katayama et al., 2009), fluid-assisted anisotropic growth (Mizukami et al.,
2014; Nozaka, 2005) and topotactic growth after parent olivine (Horn et al., 2020;
Morales et al., 2018; Nagaya et al., 2014; Padron-Navarta et al., 2015; Soda and

Wenk, 2014).

Diopside is one of the most abundant mafic minerals present in lithosphere.
In antigorite serpentinites, the presence of diopside up to 11 vol.% has been reported
in large amount of natural data (Auzende et al., 2006; Dlingan, 1979; Li et al., 2004;
Liu et al., 2020a; Menzel et al., 2019; Nishiyama et al., 2017; Oyanagi et al., 2018;
Padron-Navarta et al., 2012; Zhou et al., 2022). It was also reported that diopside can
comprise 10 — 15 vol.% of convecting mantle (Bystricky and Mackwell, 2001).
Natural and experimental studies have found that diopside can be serpentinized by
Ca release during fluid-assisted metamorphism of (ultra)maifc rocks (Velde, 1988;

Zhou et al., 2022). As diopsidic clinopyroxene is one of the major mineral phases in
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mantle rocks, the CPO study of diopside in antigorite serpentinites would be helpful

to understand the seismic anisotropy observed in subduction zones.

Several researches have reported diopside CPOs in naturally foliated
peridotites, and there have been two conventional types of diopside CPO in deformed
rocks: (1) [001] axes aligned parallel to the lineation and a maxima of (010) poles
aligned normal to the foliation (Jung et al., 2014; Le Roux, 2008; Lee and Jung, 2021;
Park et al., 2020), and (2) [001] axes aligned parallel to the lineation and a maxima
of [100] axes aligned normal to the foliation (Liu et al., 2020a; Skemer et al., 2006).
An experimental study using diopside single crystal explained those conventional
types of diopside CPO by considering diopside [001] dislocation glide in mantle
pressure and mantle temperature conditions (Amiguet et al., 2009; Ingrin et al., 1992).
However, the explanation for the alignment of (100) planes and (010) planes of

diopside has been still controversial.

This chapter presents a new deformation mechanism for a girdle type
antigorite CPO in association with diopside CPOs in foliated serpentinite samples
from Monte San Petrone area in Corsica (France), using EBSD analysis. These data
provided a detailed account for the deformation mechanism of antigorite and
diopside during syn-kinematic serpentinization. CPO-induced seismic anisotropies
of antigorite and diopside were also analyzed in order to understand the effect of
diopside CPO in the seismic properties of antigorite serpentinites in subduction

zones.
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4.2. Geological setting and sample description

The serpentinite samples were collected in the Monte San Petrone area
which is located in Alpine Corsica (the northeastern part of Corsica), France (Fig.
4.1). The Alpine Corsica underwent high-pressure/low-temperature (eclogite facies)
metamorphism during the Alpine orogeny, and the Monte San Petrone unit (called
MSP unit) has been defined by a basal body of serpentinized basement of Alpine
Corsica (Brovarone et al., 2011; Brovarone et al., 2013). The MSP serpentinites
comprise highly strained mylonites, and the rock samples were collected near a fault
zone in the mylonitic serpentinite body. The serpentinite fault has been attributed to
the formation of ocean-continent transition zone during Alpine orogeny (Brovarone
et al.,, 2011). The serpentinites in Alps have been studied to be strongly sheared
during Alpine metamorphism and dominated by high-pressure antigorite serpentinite
(Auzende et al., 2006). Peak metamorphic condition of the MSP area was well
constrained as P=2.2 — 2.5 GPa and T =490 — 550 °C estimated from the ophiolites
(metabasalts and metasediments) and continental rocks overlying the MSP

serpentinized basement (Brovarone et al., 2011).
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Figure 4.1. Maps showing the sample location of diopside serpentinites (modified

after Brovarone et al., 2011). (a) Location of northern Corsica. (b) Simplified

geological map of northern Corsica, showing the location of Monte San Petrone area.

(¢) Sample location of diopside serpentinites, collected from the serpentinized

basement of Monte San Petrone area.
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Four serpentinite samples were collected from a fault in the MSP
serpentinite basement. One sample was collected near the fault core (3096¢core), and
other three samples (3096D, 3096F and 3096A) were collected in order of distance
from the fault core (3096 A was the sample farthest from the fault), with each distance
0f 20 — 30 cm. Microphotographs of the samples were shown in Figure 4.2. The rock
samples mainly contained 70 — 90 vol% of serpentine, 10 —30 vol% of clinopyroxene
(Table 4.1). Raman spectrum analysis (Fig. 4.3) showed that serpentine minerals are
antigorite with no lizardite and chrysotile in the serpentinite samples. It indicated
that the serpentinization of the MSP area occurred at the temperatures of T > 300 °C.
Clinopyroxenes in the samples were identified as diopside by electron probe micro
analysis (EPMA) and Raman spectrum analysis (Table 4.2 and Fig. 4.3). Minor
amount (< 1 vol.%) of chlorite, apatite, and opaque minerals (magnetite, ilmenite)
were observed in all samples. Minor talc (< 1 vol.%) was observed only in sample

3096A. No olivine, orthopyroxene, and brucite were observed.

The diopside aggregates in samples were characterized by a shape of
strongly elongated patches parallel to the lineation (Figs. 4.2b — 4.2f). Most of the
matrix comprised of fine-grained antigorite grains, which showed a moderate to
strong foliation and a strong lineation. Lens of interpenetrating texture of antigorite
were observed (Fig. 4.2a), and any replacement texture after olivine and
orthopyroxene (mesh texture or bastite texture) was not observed. No diopside

pseudomorph of antigorite was observed.
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Figure 4.2. Microphotographs of Corsica diopside-bearing serpentinite samples. All
sections of microphotographs were parallel to the lineation and perpendicular to the
foliation. Yellow bar indicates the lineation which was defined by elongation of
antigorite grains and relict diopsides. (a) Serpentine-rich matrix (sample 3096core).
Less strongly foliated lens of antigorite was wrapped by intensely foliated antigorite
grains. The dark colored lens showed interpenetrating texture of antigorites. (b)
Porphyroclastic diopsides and foliated diopside aggregates surrounded by fine-
grained antigorites (sample 3096D). Both diopside aggregates and antigorite grains
were strongly foliated parallel to the lineation. Opaque minerals such as magnetite
and ilmenite were observed. (¢, d) Diopside porphyclasts and matrix antigorites in
(c) sample 3096F and (d) sample 3096A, which were also strongly elongated parallel
to the lineation. (e, f) Magnified view to show representative features of
porphyroclastic clinopyroxene (Dip) and recrystallized diopside (Dir) in the MSP
serpentinites (e, sample 3096core and f, sample 3096D). Both samples were strongly
sheared with surrounding antigorite-rich matrix. Long antigorite blades (Atgy) were
invading coarse diopside grains and fine-grained antigorite grains (Atgm) comprised

the matrix. Atg: antigorite, Di: diopside, and Mgt: magnetite.
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Figure 4.3. Raman spectra of serpentine grains in the MSP diopside serpentinite
samples (3096core, 3096D, 3096F and 3096A). The Raman spectra were shown as
representative ones from each sample, and note that those spectra were almost
identical. Strong peaks of 373 — 376 cm™, 680 — 681 cm™ and 1042 — 1043 cm™ of
antigorite and no peak around 350 cm™ of lizardite/chrysotile (gray colored range)
allowed the identification of antigorite in the samples. Several Raman spectra of

antigorite included peaks of adjacent diopside grains (Di).
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Table 4.1. Summary of sample description (mineral volume percentage and average

grain size), large-area CPO type, and CPO strength (M-index) of antigorite and

diopside in MSP serpentinite samples.

Mineral volume percentage

Average grain size

Atg (vol%) Di (vol%) Atg (um) Di (um)
3096core 84 16 12.3 43.7
3096D 77 23 13.0 42.6
3096F 73 27 14.6 273
3096A 69 31 15.3 16.9
Average 76 24 13.8 32.6

CPO type M-index

Atg Di Atg Di
3096core  (001) L S (100) LS 0.05 0.03
3096D (001) LS (100) LS 0.04 0.07
3096F (001) LS (100) LS 0.07 0.05
3096A (001) LS (100) LS 0.05 0.06
Average 0.05 0.05

Atg: antigorite, Di: diopside.
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Table 4.2. Chemical composition of bulk rock, diopside and antigorite in four serpentinite samples from Monte San Petrone area. Bulk rock

composition (BR) was determined by averaging the chemical compositions of diopside (rim) and antigorite (Atg) using the mineral modal

percentages (Table 4.1) and small chlorite composition (5 vol.%) in CaO-FeO-MgO-Al,03-Si0, system (with assumption of water saturated

condition).
Sample  3096core 3096D 3096F 3096A
Minerals Atg Dir Cpxp BR Atg Dir Cpxp BR Atg Dir Cpxp BR Atg  Dir  Cpxp BR
wt. % core rim core rim core rim core  rim
SiO; 41.4 55.4 50.4 50.8 48.6 41.0 55.0 51.2 54.5 49.1 43.4 55.1 50.5 51.0 49.7 40.9 54.2 51.3 51.8 493
TiO, b.d. b.d. 0.9 1.1 0.0 0.0 0.9 0.6 b.d. 0.2 0.9 0.7 0.0 0.0 0.6 0.6
ALO;3 33 0.0 54 52 4.1 3.1 0.6 4.6 3.0 3.8 32 0.9 53 4.5 3.9 2.8 0.1 5.2 4.6 3.5
Cr,03 0.3 0.0 1.1 1.2 0.6 0.3 0.9 0.6 0.5 b.d. 1.1 1.0 0.3 0.1 1.1 1.1
FeO * 5.7 1.3 3.0 2.8 5.8 5.6 2.0 3.0 2.5 5.5 5.6 2.9 3.1 3.1 54 5.8 1.4 2.9 2.9 5.2
MnO 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.1 0.1
MgO 358 178 151 152 370 358 171 160 165 354 373 160 147 159 340 363 185 158 158 338
CaO 0.0 26.2 229 229 4.5 0.1 24.5 22.2 23.8 6.2 0.1 24.4 23.2 22.4 7.1 0.0 253 22.3 22.8 8.2
Na,O 0.0 0.1 0.7 0.7 0.0 0.2 0.6 0.4 0.0 0.2 0.6 0.5 0.0 0.1 0.7 0.6
K,0O b.d. 0.0 b.d. b.d. 0.0 0.0 0.0 b.d. 0.0 0.0 b.d. b.d. 0.0 0.0 b.d. b.d.
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Total 86.5 1009 99.6  99.8 863 998 994 1019 903 998 993 992 862 998 998 1002

#Mg 092 096 090 091 092 094 090 092 092 091 089 090 092 096 091 091

Al 0.38 0.36 036 0.32

apfu

* Total Fe as FeO.

Atg; antigorite, Dig; recrystallized small-sized diopside, Cpxp; porphyroclastic clinopyroxene, b.d.; below detection limit.
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4.3. Method

4.3.1. Analysis of chemical composition of minerals

Chemical compositions of minerals in samples were measured by Field-
Emission electron probe microanalyzer at National Center for Inter-university
Research Facilities (Seoul National University). Point analyses were carried out
using a 15 kV accelerating voltage, a 20 nA beam current with a 3 pm spot size.
Representative analyses of antigorite and diopside from point analysis are presented

in Table 4.2.

4.3.2. P-T pseudosection of sample

P-T pseudosection for the serpentinite (bulk-rock composition of sample
3096core, Table 4.2) was illustrated by Perple X 6.9.1 software and the recent
version of the Holland and Powell (2011) thermodynamic dataset. Solid solution
models of antigorite (Padron-Navarta et al., 2013), clinopyroxene (Holland and
Powell, 1996), olivine (Holland and Powell, 1998), orthopyroxene (Holland and
Powell, 1996), garnet (Holland and Powell, 1998) and chlorite (White et al., 2014)
were used for this work. The normalized modal composition of SiO, = 48.6, Al,O3
=4.1, FeO = 5.8, MgO = 37.0, CaO = 4.5 (wt. %) (3096core in Table 4.2) was used

in the CaO-FeO-Mg0-Al,03-Si0; (water saturated) system.
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4.3.3. Determination of foliation, lineation, and grain sizes

The foliation of the MSP serpentinites was determined by compositional
layering of antigorite and diopside. The lineation was defined by the elongation of
diopside aggregates and antigorite grains. Thin sections of samples were cut parallel
to the lineation and normal to the foliation. Thin sections were mechanically polished
with 1 um polycrystalline diamond pastes and then chemically polished using a

colloidal silica suspension on a rotational polisher for more than 2 h.

Grain sizes of diopside and antigorite were obtained by averaging all
diopside grains and antigorite grains measured by large-area EBSD mapping of each
samples. Size of diopside grains was determined by their diameter, based on the
longest distance between two vertices of the grain boundary. As the shape of
antigorite grains was elongated and strongly ellipsoidal in the samples, size of

antigorite grains was defined as the length of long axis of the ellipsoidal grains.

4.3.4. Measurement of CPO

The CPOs of composite minerals were measured by the Oxford Instruments
EBSD system (AZtec v. 3.4 software) using the field-emission SEM (FE-SEM)
JEOL JSM-7100F at the School of Earth and Environmental Sciences at the Seoul
National University. The SEM was operated with an accelerating voltage of 15 kV,
a working distance of 20 mm and a probe current of ~5 nA. Large-area mapping was

conducted in relatively large area (> 1 cm x 1 c¢m area) of each thin section with a
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step size of 1.0 — 1.5 pm. CPOs and misorientation data were plotted using the
MTEX software (version 5.7.0) (Mainprice et al., 2011). Seismic properties of
mineral aggregates were calculated using the CPO results and MSAT software
(version 1.1.1) (Walker and Wookey, 2012). Elastic stiffness tensor of single-crystal
mineral of antigorite (Bezacier et al., 2010a) and diopside (Sang et al., 2011) were
used for the calculation of seismic anisotropies of polycrystalline minerals and bulk
rocks. The number of analyzed mineral grains were obtained by considering a cut-
off misorientation angle of 10° and a minimum number of indexed pixels of 5 per
grain. To plot the CPOs, the orientation distribution functions were calculated with
a half-width of 10°. CPO strengths were indexed by M-index (Skemer et al., 2005)

and pf] index using the MTEX software.

4.3.5. Calculation of misorientations

To describe the extent of lattice distortions, several parameters were
calculated such as grain reference orientation deviation (GROD), grain orientation
spread (GOS), misorientation angle distributions, and subgrain misorientation axes.
GROD was calculated as a “point” misorientation angle between an EBSD
orientation point within a single grain and the mean orientation of the grain which
includes the EBSD point. GOS is defined as an “area” misorientation angle of an
individual grain, in other words, the averaged value of all GROD angles in the
individual grain. Therefore, the distribution of GROD values can show the position

of intragranular fabric like subgrain boundaries and twinning, and the GOS values
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can imply the average degree of intragranular strains in each deformed grain. Grain

boundaries were defined by misorientation angles larger than 10 degrees.

4.3.6. Calculation of seismic velocities and anisotropies

Seismic velocities and seismic anisotropies were calculated for
polycrystalline antigorite, polycrystalline diopside, and bulk rock of the four
diopside- serpentinite samples using CPOs of each mineral and single-crystal elastic
stiffness constant of diopside crystal (Sang and Bass, 2014) and antigorite crystal
(Bezacier et al., 2010a). P-wave anisotropy (AVp), S-wave anisotropy (AVs) and fast
S-wave polarization directions (Vsl pol.) were calculated in all 3-D directions of

incident seismic wave through the mineral aggregates and bulk rocks.
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4.4. Results

4.4.1. Mineral chemistry

Chemical analysis showed that the clinopyroxene in samples was diopside
(Xmg = 0.91 — 0.96) (Table 4.2). Other Ca-bearing minerals such as tremolite were
not observed in the samples, which inferred the removal of Ca cations by fluid during
the alteration of clinopyroxene (Menzel et al., 2019; Oyanagi et al., 2018). The
porphyroclastic Cpx grains showed high Al content both in core and rim, however
they also showed diopsidic compositions (Table 4.2). The smaller recrystallized Cpx
grains had low Al contents which clearly indicate the composition of diopside (Table

4.2).

4.4.2. Pressure-temperature estimates

P-T pseudosections (CFMASH system) for the Cpx-serpentinite samples
obtained by this study showed that the mineral assemblage of antigorite + diopside
+ chlorite + talc was stable in a P-T range of P > 26 kbar and T < 550 °C (Fig. 4.4).
Observations of no olivine and orthopyroxene indicated that the MSP serpentinites
were altered and deformed at the temperature conditions of T < 570 °C (Fig. 4.4).
The Al contents of antigorites in the samples indicated that the serpentinization and
deformation of the Cpx-serpentinites would take place at the pressures of P > 2.3

GPa (Fig. 4.4).
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Figure 4.4. (a) P-T pseudosection for the serpentinite (bulk-rock composition of
sample 3096core, Table 4.2). The normalized modal composition of SiO, = 48.6,
ALO3;=4.1,FeO0 = 5.8, MgO =37.0, CaO = 4.5 (wt. %) (Table 4.2) was used in the
Ca0-FeO-MgO-AlL,03-Si0; (water saturated) system. Solid solution models used for
this work were described in Method. Contours of the Al-content in antigorite (Al/8
apfu.) are shown in red dashed lines, using the antigorite solid solution model
(Padron-Navarta et al., 2013). Yellow box indicates peak P-T metamorphic
conditions (P = 22 — 26 kbar, T = 490 — 550 °C) of the Monte San Petrone area
(Brovarone et al., 2011). The Al-content in the serpentinite (Al/8 a.p.f.u. = 0.380 of
sample 3096core; Table 4.2) was in a good agreement with the P-T range of peak
metamorphism recorded in Monte San Petrone. Mineral abbreviation: Atg, antigorite;
Di, diopside; Ol, olivine; Opx, orthophyroxeme; Tr, tremolite; Tlc, talc; Anth,
anthophyllite. (b) Volume fraction of diopside in the same bulk composition used in
(a). Yellow dashed box indicates the same peak metamorphic condition of the Monte

San Petrone area in (a).
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4.4.3. Microstructures of antigorite and diopside

Antigorite showed strong foliations and lineations in the thin section scales,
and were strongly aligned parallel to the foliation. The antigorite grains associated
with the Cpx porphyroclasts showed relatively large grain size and were oriented

subparallel to the lineation (Fig. 4.2e).

Diopside in the MSP serpentinites showed porphyroclastic texture (Figs
4.2b — 4.2f, 4.5a and 4.5b). The porphyroclastic diopside grains were wrapped by
small antigorite aggregates parallel or subparallel to the foliation (Figs. 4.2a — 4.2d)
and those diopside porphyroclasts were partially serpentinized by coarse antigorite
grains (Figs. 4.2e and 4.2f). Most of the diopsides were recrystallized in smaller
grains, and the recrystallized diopside aggregates were present with fine-grained

antigorites in the matrix (Fig. 4.2f).

All four serpentinite samples were characterized by the presence of weakly
foliated area (WFA) and strongly foliated area (SFA) (Figs. 4.6 and 4.7). WFAs were
characterized by several large porphyroclastic diopsides, adjacent small grains of
diopside, and inclusions of coarse-grained antigorite in the porphyroclasts. SFAs
were characterized by diopside aggregates which were recrystallized and strongly
foliated parallel/subparallel to the lineation. In both WFAs and SFAs, antigorite-
diopside phase boundaries were mostly straight. Grain boundaries of both diopsides

and antigorites were also straight and not concave.

In all serpentinite samples, antigorite also showed bimodal grain sizes.

Figure 4.5 showed variable lengths of antigorite long axes associated with diopside
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porphyroclasts in a WFA (sample 3096A). Antigorite grains transecting diopside
porphyroclasts showed a large grain size (20 — 100 um) compared to those in the
matrix (Figs. 4.3b and 4.5a). Fine-grained antigorites in the matrix showed a clear
alignment of long axes parallel or subparallel to the lineation of each rock sample.
Grain diameter versus aspect ratio of a sample (Fig. 4.5¢) showed that coarse
antigorite grains had a high aspect ratio, and diopside grains had much smaller aspect

ratio regardless of their grain sizes (Fig. 4.5¢).

As the sample being closer to the fault outcrop (from 3096A to 3096core),
the grain size of antigorite was decreased but the grain size of diopside was increased
(Table 4.1). Average grain sizes of antigorite in the analyzed samples were in the
range of 12.3 pm to 15.3 um, and average grain size of diopside (porphyroclasts +

recrystallized grains) ranged from 16.9 pm to 43.7 pm.
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Figure 4.5. Representative grain shapes of diopside and antigorite in serpentinite
samples (sample 3096A). (a) Band contrast image of an area of sample 3096A,
including diopside porphyroclasts partly replaced by antigorite grains and antigorite-
rich matrix. (b) Long axes of antigorite grains (um) associated with diopside
porphyroclasts. Notice that the long axes of antigorite transecting porphyroclastic
diopsides are exceptionally larger than that of antigorites in the matrix, and randomly
oriented. (¢) Relationship between aspect ratio and grain diameter of diopside and

antigorite.
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Figure 4.6. (al, b1) GOS maps of antigorite in a (al) weakly foliated area (WFA)
and (bl) strongly foliated area (SFA) obtained from EBSD mapping (sample
3096core) overlaying the gray-scaled band contrast map. Blue-to-yellow color bars
at the right side indicate GOS values (0 — 10 degrees) of each grain. Red lines in
grains are subgrain boundaries, constructed by thresholds of 2 — 10 degrees of
misorientation angle. Yellow arrows in (b1) indicate antigorite grains showing high
GOS values (> 3°). (a2, b2) CPOs and inverse pole figures of antigorite in the (a2)
WFA and (b2) SFA. CPOs were plotted for one-point-per-grain. M-index (M) for
CPO strength, number of analyzed grains (N), and pf] index (pf]) are shown.
Colorbars of CPOs and inverse pole figures indicate the strength of preferred
orientations in units of multiples of random distribution (MRD). For CPOs, X-
direction is parallel to the lineation and Z-direction is normal to the foliation. Inverse
pole figures corresponding to the CPOs were presented in two directions: normal to
the foliation and parallel to the lineation. (a3, b3) Histograms for GOS distribution
of antigorite in the (a3) WFA and (b3) SFA. Modal percentages of low-GOS grains
(GOS < 2°) were written in each histogram. (a4, b4) Subgrain rotation axes (subgrain
boundaries with misorientation angles of 2 — 10 degrees) of antigorite in the (a4)

WFA and (b4) SFA. Colorbars indicate the strength of axes concentration in MRD.
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Figure 4.7. (al, bl) GOS maps of diopside in a (al) weakly foliated area (WFA)
and (b1) strongly foliated area (SFA) (sample 3096core) overlaying the gray-scaled
band contrast map. Each analyzed area is the same as the WFA and SFA in Fig. 4.6,
respectively. Orientations of large diopside crystals (grain size > 500 pm?) were
illustrated with colored crystallographic planes of diopside (black = (100) plane, dark
gray = (010) plane, gray = (001) plane, light gray = other crystallographic planes).
(a2, b2) CPOs and inverse pole figures of diopside in the (a2) WFA and (b2) SFA.
In (a2), CPOs for large diopside crystals were also plotted. (a3, b3) Histograms for
GOS distribution of diopside in the (a3) WFA and (b3) SFA. (a4, b4) Subgrain
rotation axes (subgrain boundaries with misorientation angles of 2 — 10 degrees) of
diopside in the (a4) WFA and (b4) SFA. Explanations for all plots, markers,

colorbars and reference frame for CPOs are the same as those in Figure 4.6.
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4.4.4. CPO of antigorite and diopside

CPOs of antigorite and diopside were measured at the scale of local areas

as well as large areas of samples for both WFAs and SFAs.

4.4.4.1. CPO of antigorite

CPO of antigorite in WFAs of sample 3096core is shown in Fig. 4.6a2. The
[001] axes of antigorite were strongly concentrated subnormal to the foliation. The
other two poles of (100) and (010) formed a girdle distribution subparallel to the
foliation, accompanied by weak maxima of (100) poles subparallel to the lineation
and by weak maxima of (010) poles subnormal to the lineation. Inverse pole
figures of antigorite were characterized by strong alignment of (001) poles normal

to the foliation and (100) poles subparallel to the lineation.

In SFAs, antigorite grains showed the stronger CPO of (001) poles (Fig.
4.6b2) normal to the foliation, compared to that in WFAs. The (100) poles were
moderately aligned subparallel to the foliation with maxima subparallel to the
lineation. The (010) poles showed a girdle subparallel to the foliation with a
moderate concentration subnormal to the lineation. Inverse pole figure of antigorite
showed that (001) poles were strongly oriented normal to the foliation and (100)

poles were preferentially aligned subparallel to the lineation.

At the thin section scale of all serpentinite samples, large-area CPOs of

antigorite were characterized by a strong concentration of [001] axes subnormal to
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the foliation with a weak girdle distribution normal to the lineation (Fig. 4.8). The
(100) and (010) poles of antigorite showed a girdle distribution subparallel to the

foliation (Fig. 4.8).

4.4.4.2. CPO of diopside

In the WFA, CPOs of diopside showed a concentration of (100) poles (Fig.
4.7a2) subnormal to the foliation. The (010) poles of diopside showed a weak
alignment subparallel to the lineation and the [001] axes displayed the stronger
alignment subnormal to the lineation. Inverse pole figures of diopside were
characterized by (100) poles subnormal to the foliation, however the concentration
was weak (max m.r.d. = 3 in Fig. 4.7a2). For the large diopside crystals in WFAs, all
crystallographic axes seemed to be weakly oriented, but some grains were oriented

forming concentrations similar to the CPO of all diopside grains in the WFA.

Diopiside CPOs in the SFAs (Fig. 4.7b2) showed a strong alignment of
(100) poles normal/subnormal to the foliation, and both (010) poles and [001] axes
of diopside showed a girdle distribution parallel to the foliation. Compared to the
WFAs (Fig. 4.7a), the (100) poles were more strongly concentrated normal to the
foliation but the distribution of [001] axes was significantly dispersed within the
foliation (Fig. 4.7b). Inverse pole figures of diopside in SFAs showed the strong
concentration of (100) poles (max m.r.d. = 7 in Fig. 4.7b2) normal to the foliation
and the alignment of (001) poles parallel to the lineation. CPOs of large diopside

crystals showed the strong concentration of (100) poles subnormal to the foliation
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which was similar to the CPO of all diopside grains, and the (010) poles and [001]

axes were weakly oriented.

In the thin section scale of all four samples, the large-area CPOs of diopside
(Fig. 4.8) displayed a strong alignment of (100) poles normal to the foliation, with a
weak girdle subnormal to the lineation (samples 3096core and 3096F). The (010)
poles and [001] axes of diopside showed a girdle distribution subparallel to the
foliation in all samples, with a weak concentration of [001] axes subparallel to the
lineation (sample 3096A), or subnormal to the lineation (samples 3096D) (Fig. 4.8).
Here, M-index of diopside CPOs ranged from 0.03 to 0.05, and pfJ index of (100)

poles of diopside ranged from 1.26 to 1.59.
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7 Antigorite Diopside
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3096core N=22790
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(©
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Figure 4.8. Large-area CPOs of antigorite and diopside at thin section scale in
serpentinite samples (a) sample 3096core, (b) sample 3096D, (¢) sample 3096F, and
(d) sample 3096A. Pole figures are presented in the lower hemisphere using an equal
area projection. Pole figure density is shown with color bars in units of MRD. Fabric
strengths are also presented as M-index (M) and pfJ index (pfJ). Reference frame in
the upper left indicated that the X-direction is parallel to the lineation (L), Z-direction
normal to the foliation (S), and the Y-direction orthogonal to the X- and Z-direction.
To the left of the pole figures, n represents the number of the analyzed grains. All

CPOs were plotted by one-point-per-grain.
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4.4.5. Misorientations of diopside and antigorite

4.4.5.1. Weakly foliated area

To compare the features of misorientations in the WFAs and SFAs, sample
3096core were used as a representative for the analysis. In the WFA, 90 % of
diopside grains and 92 % of antigorite grains showed GOS values lower than 2
degrees (Figs. 4.6a3 and 4.7a3). Diopside grains can be segmented in two types in
all four diopside-serpentinite samples based on the GOS values. Large-sized
diopside grains showed high GROD and high GOS values, and diopside aggregates
with smaller grain sizes showed low GROD and low GOS values. Therefore, GOS
can be used to distinguish between porphyroclastic grains (coarse-grained diopside
with high GOS) and recrystallized grains (small sized grains with low GOS).
Especially, the margin of porphyroclastic diopside showed the relatively high GROD
values (Fig. 4.9), associated with long antigorite grains. Long antigorite grains
associated with the diopside porphyroclast also displayed the high GROD and high
GOS values, and most antigorite grains in the matrix showed the low GROD and

low GOS values (Figs. 4.9 and 4.10).

Subgrain boundaries were also analyzed, which were defined by
misorientation angles from 2 to 10 degrees (Figs. 4.6a4 and 4.7a4). Most of subgrain
boundaries in the WFA were formed in the margins of the porphyroclastic diopsides
and long antigorite grains (Figs. 4.6 and 4.7). Subgrain misorientation axes of
diopside porphyroclasts were weakly oriented (Fig. 4.7a4), while those of antigorite

grains displayed a strong alignment parallel to the (010) poles of antigorite (Fig. 6a4).
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Figure 4.9. Grain reference orientation deviation (GROD) angle maps of diopside
and antigorite grains in (a, b) sample 3096¢core, (¢, d) sample 3096D, (e, f) sample
3096F, and (g, h) sample 3096A. To distinguish the highly strained area in grains,
the range of plotted misorientation angle was limited to 5 degrees (see the colormap
at the bottom). High GROD values and low GROD values were indexed by yellow-

green color and blue color, respectively.
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Figure 4.10. (a, b) Representative GOS maps of (a) diopside and (b) antigorite in

the WFA (sample 3096core). The analyzed area is a magnified part of Figs. 4a and

4b. High GOS values and low GOS values were indexed by yellow-green color and

blue color, respectively. Red arrows indicate large antigorite grains showing high

GOS values, associated with large diopside porphyroclasts. Notice the high GOS

values of porpyroclastic diopside (> 3°).
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4.4.5.2. Strongly foliated area

SFAs were characterized by strongly recrystallized antigorite and diopside
grains with low GROD and low GOS values (Figs. 4.6b1 and 4.7b1). In the SFA,
97 % of antigorite grains and 96 % of diopside grains and showed GOS values lower
than 2 degrees (Figs. 4.6b3 and 4.7b3). However, several long antigorite grains

showed high values of both GROD and GOS values (Figs. 4.9 and 4.10).

In most SFAs, antigorite showed misorientation axes of subgrain
boundaries mainly parallel to the antigorite (010) axis (Fig. 4.6b4). On the other
hand, recrystallized diopside grains were characterized by subgrain misorientation

axes subparallel to the diopside (100) poles (Fig. 4.7b4).

4.4.6. Seismic velocities and anisotropies of diopside and

antigorite

Seismic velocities and seismic anisotropies of diopside aggregates and
antigorite aggregates are shown in Figure 4.11 and Table 4.3. Antigorite aggregates
showed high seismic anisotropies of AVp = 10.3 — 16.4 % and maximum AVs = 7.2
— 14.3 %. P-wave velocities of antigorite aggregates were low at the incident wave
direction subnormal to the XY plane (foliation) and gradually increased to the XY

plane. Fast S-wave polarization directions of antigorite aggregates were subnormal
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to the X-direction (lineation) at the incident waves normal to the foliation (at the

center of the XY plane).

Diopside aggregates showed relatively low seismic anisotropies of AVp =
3.3 — 4.6 % and maximum AVs = 1.8 — 2.9 %. P-wave velocities of diopside
aggregates were high at the incident wave direction subparallel to the Z direction and
became slower at incident directions subparallel to the Y direction. Fast S-wave
polarization directions of diopside aggregates were oblique to the X-direction at the

incident waves normal to the foliation (at the center of the XY plane).

Bulk-rock seismic velocities and anisotropies in the serpentinite samples
were also calculated (Fig. 4.11), using modal compositions of antigorite and diopside
of each serpentinite sample (Table 4.1). Patterns of bulk rock Vp and bulk rock AVs
were very similar to those of antigorite aggregates. The bulk seismic anisotropies
showed AVp = 6.6 — 11.0 % and maximum AVs = 4.8 — 9.5 % which were
significantly lower than those of antigorite aggregates. Fast S-wave polarization
directions of bulk rocks were also similar to those of antigorite aggregates, but the

associated AVs values of bulk rocks were lower than those of antigorite aggregates.

To estimate the seismic properties of mineral aggregates, single-crystal
elastic constants of the mineral were essential. Elastic constants of antigorite from
Bezacier et al. (2010a) have been ubiquitously used for the calculation of antigorite
seismic properties (Fig. 4.12), and they were utilized for our calculation of
polycrystalline seismic anisotropies (Fig. 4.11). Recent elastic constants of antigorite
from Satta et al. (2022) were also used for the calculation of seismic properties and

compared with the data obtained by using the elastic constants from Bezacier et al.
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(2010a) (Fig. 4.12). The antigorite seismic anisotropies using the elastic constants
(Satta et al., 2022) was slightly higher by AVp =1.4 % and AVs = 1.6 %. The patterns
of Vp and AVs using the elastic constants of Satta et al. (2022) were very similar to

those using Bezacier et al. (2010a).
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Figure 4.11 (a — c) Seismic velocities and seismic anisotropies of (a) antigorite, (b)
diopside and (c¢) bulk rock (whole rock) of the MSP diopside serpentinite samples.
P-wave velocities (Vp), P-wave anisotropy (AVp), S-wave anisotropy (AVs) and fast
S-wave polarization directions (Vs1 pol.) were plotted. X-direction is parallel to the
lineation and Z-direction is perpendicular to the X-Y plane which is parallel to the

foliation.
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Table 4.3. Summary of seismic anisotropies of antigorite, diopside and bulk rocks

of the serpentinite samples.

P-wave anisotropy (%)

Max S-wave anisotropy (%)

Atg Di Bulk Atg Di Bulk
3096core  14.2 33 11.0 12.1 2.0 9.5
3096D 10.3 4.5 6.6 7.2 2.8 4.8
3096F 16.4 4.6 9.2 14.3 1.8 9.1
3096A 14.6 3.8 7.8 10.0 2.9 6.4
Average 13.9 4.1 8.7 10.9 2.4 7.5

Atg; antigorite, Di; diopside, Bulk; bulk rock.
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Figure 4.12. Comparison of seismic properties of antigorite aggregates (sample
3096core) using the antigorite single-crystal elastic constants of Bezacier et al.
(2010a) and Satta et al. (2022). P-wave anisotropy (AVp), S-wave anisotropy (AVs)
and fast S-wave polarization directions (Vsl pol.) were plotted. X-direction is
parallel to the lineation and Z-direction is perpendicular to the X-Y plane which is

parallel to the foliation.
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4.5. Discussion

4.5.1. Serpentinization and grain size of diopside

Based on the petrological observation of the MSP serpentinite samples,
most of the diopside grains were preserved as a relict after serpentinization.
Serpentinization of diopside in ultramafic rocks could occur by the reaction :
3CaMgSi>Os (diopside) + 6H" (fluid) = Mg;Si;Os(OH), (serpentine) + 3Ca*" + H,0
+ 4S10; (fluid), which is available with decreasing temperature or decreasing silica
activity (Frost and Beard, 2007). In the serpentinite samples, diopside porphyroclasts
were cracked, moderately elongated, recrystallized with forming sheared aggregates

and mostly replaced by antigorite grains.

Average grain sizes of antigorite and diopside in the samples showed a
variation from the fault-remote sample (sample 3096A) to the fault-core sample
(sample 3096core). The grain size of antigorite was decreased from sample 3096A
to sample 3096core, however the grain size of diopside was increased from sample
3096A to sample 3096core (Table 4.1). Because a fault core is commonly
characterized by a decreasing of grain size of minerals by localized deformation,
those results seemed to be an odd trend. The increase of diopside grain size toward
the fault core could be caused by replacement of small diopside grains to antigorite
grains during the serpentinization. Toward the sample 3096core, the modal
composition of antigorite was increased but that of diopside was decreased (Table
4.1). It implies that the serpentinization proceeded most actively in the fault core and
might have erased the fine-grained recrystallized diopside first.
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The serpentinization might have been occurred during deformation
(“synkinematic”) which is supported by (1) increase of volume percentage of
antigorite toward the fault, (2) strong foliation in the serpentinite body subparallel to
the fault, (3) strong eclongation of both diopside and antigorite grains
parallel/subparallel to the foliation. Therefore, it could be evidence for the
occurrence of fault-related serpentinization during the deformation which is related
to the recrystallization of diopsides. The fault-related serpentinization would be
activated by fluid flow along the fault core. The absence of Ca-bearing minerals as
a product of the hydration of diopside can provide an evidence of fluid flow along
the fault. The contribution of fluid along the fault can remove the Ca+ out of the

regional system during the serpentinization (Oyanagi et al., 2018).

4.5.2. Relationship between diopside CPO and antigorite CPO

The diopside CPO in this study was characterized by a strong concentration
of [100] axes normal to the foliation. This type of diopside CPO is apparently
different from the conventional CPO of diopside found in naturally deformed rocks,
showing its [010] axes aligned normal to the foliation and [001] axes clustered
parallel to the lineation (Jung et al., 2014; Lee and Jung, 2021; Park et al., 2020), or
a weak and random diopside CPO (Park and Jung, 2015). Skemer et al. (2006)
reported diopside CPOs similar to our observations, however, their CPOs showed

much stronger alignment of [001] axes parallel to the lineation and the number of
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analyzed diopside grains was too limited (analyzed points n=44 and n=81 in two

samples) (Skemer et al., 2006) to discuss about the deformation mechanism.

In the serpentinite samples, the large-area EBSD map showed that both
[100] axes of diopside and [001] axes of antigorite were strongly aligned
perpendicular to the foliation, both accompanied by a weak girdle normal to the
lineation (Fig. 4.8). Antigorite CPO can be formed by preferential nucleation
following the previously existed CPOs of olivine or orthopyroxene in ultramafic
rocks by topotaxy (Boudier et al., 2010; Horn et al., 2020; Morales et al., 2018).
Therefore, the antigorite CPO can be also influenced by the CPO of coexisting

diopside during the active growth of antigorite from diopside.

Figure 4.13 showed inverse pole figure maps and corresponding CPOs of
Cpx porphyroclasts and the associated antigorite grains. It displayed that the [001]
axes of antigorite were aligned parallel or subparallel to the orientation of [100] axes
of diopside porphyroclasts (Fig. 4.13). EBSD maps in the WFA (Figs. 4.6a and 4.7a)
also showed that antigorite [001] axes were preferentially aligned parallel to the
maxima of diopside (100) poles. These observations indicated that the formation of
antigorite CPO was influenced by topotactic growth [100]di // [001]atg from

diopside.
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Figure 4.13. (a, b) Orientation maps (inverse pole figure color-coded, direction of
view normal to the screen) and pole figures for antigorite (Atg) and diopside (D1).
Inverse pole figure (IPF) color-codes were in the inset. N indicates the number of
analyzed grains. Yellow marks represent the maximum alignment of orientations.
Notice that the c¢ antigorite grains are closely related to the [001] axes of the
associated diopside porphyroclast (Cpxp). Two topotactic relationships (a) and (b)
were observed and they showed the common relationship of (001)Atg // (100)Di (red
broken lines). Yellow dotted lines indicate the recrystallized area of diopside forming
pressure-shadow texture. Blue circles in CPOs in (b) indicate the orientations of the

recrystallized area.
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4.5.3. Deformation mechanism of diopside and antigorite

4.5.3.1. Deformation of diopside

Previous experimental studies have shown that diopside can be deformed
by mechanical twinning (Avé Lallemant, 1978; Griggs et al., 1960; Koll¢é and Blacic,
1982), dislocation creep (Bystricky and Mackwell, 2001; Ingrin et al., 1992) and/or
diffusion creep (Bystricky and Mackwell, 2001), depending on temperature
conditions and secondarily on its grain size. However, experiments on diopside have
been conducted at high temperature conditions up to 1150 °C, which is not consistent
with relatively low-temperature environment of the serpentinization of diopside in

this study.

4.5.3.2. Deformation of diopside in the WFA

In the WFAs, diopside showed high GROD values and a lot of subgrain
boundaries in the grain margin of porphyroclasts (Figs. 4.5 and 4.8). Those features
are clear indicators for the predominance of dislocation creep in porphyroclastic
diopside in the WFA. In addition, the chemical compositions of core and rim in
porphyroclastic diopside were very similar in the WFAs (Table 4.2) and the grain
boundaries between diopside and antigorite were very clean without any concave
(zig-zag) boundaries. Those characteristics suggest that dislocation creep would be

the most prominent deformation mechanism of diopside in the WFA.
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GOS maps and GOS histograms of diopside in the WFAs showed the higher
GOS values than those in the SFAs (Figs. 4.6 and 4.7). They indicated that diopside
porphyroclasts were deformed by accumulating internal strain energy, and finally in
SFA, the strain was released (decrease of GOS) with grain size reduction during
recrystallization process of diopside. Particularly, the strain was initially localized at
the margin of porphyroclasts inferred by its higher GROD values compared to that
in the core part (Fig. 4.8). This margin area of porphyroclastic diopside is also the
area of active serpentinization, implying that the initial deformation of diopside was
closely related to the growth of antigorite. The possible relationship was also inferred
by the diopside (100) poles showing weak maxima oblique to the foliation (Fig. 4.7a)
and the same oblique direction of the maximum alignment of the antigorite [001]

axes in the same area (Fig. 4.6a).

4.5.3.3. Deformation of diopside in the SFAs

Diopside CPO in SFAs was characterized by (100) poles strongly aligned
normal to the foliation (Fig. 4.7b). This strong concentration was also observed in
the large-area diopside CPO in thin section scale (Fig. 4.8). Such CPO of (100) poles
of diopside is a rarely reported feature in nature. Previously, several types of diopside
CPOs have been reported in naturally deformed rocks: (1) (010) poles aligned
normal to the foliation and [001] axes parallel to the lineation (Jung et al., 2014; Park
et al., 2020), and (2) (100) poles normal to the foliation and [001] axes parallel to

the lineation (Liu et al., 2020a; Skemer et al., 2006). Our results were roughly

151



consistent with the second type of diopside CPO, however a strong alignment of [001 ]

axes subparallel to the lineation was observed only in the sample 3096A (Fig. 4.8).

Ingrin et al. (1992) reported that the (100)[001] slip system of diopside was
the easiest dislocation slip at the experimental temperature conditions of 800 —
900 °C. At the high temperature conditions, dislocation creep of diopside at the high
temperatures of T = 800 — 900 °C might cause the strong alignment of (100) poles
perpendicular to the foliation, prior to the serpentinization (T < 700 °C where
antigorite is stable). It would be an evidence for the pre-Alpine extensional tectonics
in the MSP area, which was also consistent with the plastic deformation of Cpx
porphyroclasts observed in the Val Malenco peridotite massif (Liu et al., 2020a). The
GROD patterns of porphyroclastic diopside (Figs. 4.9a and 4.9g) indicated the
initiation of dislocation creep at the margins of porphyroclasts. Therefore, the CPO
of recrystallized diopside grains would be initially formed by dominant (100)[0vw]
dislocation glide at the margins of porphyroclastic diopside. However, diopside
cannot coexist with antigorite in such high temperature conditions. In addition, the
CPO of porphyroclastic diopsides showed a weak CPO of (100) poles (Fig. 4.7a2),
thus the dislocation creep of diopside cannot fully explain the strong CPO of (100)

poles in the diopside serpentinites.

The alignment of (100) poles of diopside was changed from “oblique to the
foliation” in the WFAs to “normal to the foliation” in the SFAs (Fig. 4.7). In a
recrystallized zone adjacent to diopside porphyroclasts, the recrystallized small
diopside grains showed the orientations of (100) poles subnormal to the foliation,

regardless of the orientation of its parent porphyroclastic diopside (Fig. 4.13b). As
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the large-area diopside CPO contained the oblique diopside CPO in the WFAs and
the strong CPO of (100) poles in SFAs, it would cause the girdle type CPO of
diopside in thin section scale (Fig. 4.8). As the SFAs were dominant in all
serpentinite samples, the strong (100) maxima normal to the foliation would seem to

be dominant (Fig. 4.8).

The diopside CPO in the WFAs was strong (Fig. 4.7a2), however the
diopside CPO in the SFAs was weaker and could be related to dynamic
recrystallization. Recrystallized small diopside crystals displayed low GROD and
GOS values (Fig. 4.7), implying the release of intracrystalline strain after dynamic
recrystallization. The recrystallized diopside grains showed a much lower Al content
than that of porphyroclastic diopside (Table 4.2), implying a possible contribution
of dissolution-precipitation creep in diopside during the syn-kinematic
recrystallization. The chemical change between primary clinopyroxene and
metamorphic clinopyroxene has been also observed in other natural serpentinites (Li
et al., 2004; Liu et al., 2020a). Such compositional change can form the strain
shadow or pressure shadow texture around porphyroclasts (Figs. 4.9¢ and 4.13b),
by an adjustment to new equillibrium (Liu et al., 2020a). Liu et al. (2020a) also
showed the (100) clusters of diopside neoblasts subnormal to the foliation regardless
of the orientation of porphyroclastic Cpx, however in that study, the CPO of diopside
was described by a limited number of grains (only one case of porphyroclastic Cpx

and surrounding neoblasts in one sample were analyzed) (Liu et al., 2020a).

On the other hand, grain boundary rotation and/or phase boundary sliding

can be also active to form the diopside (100) alignment normal to the foliation in
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SFAs, accompanied by dominant basal glide of antigorite (001) plane parallel to the
foliation. If topotaxy between (001)atg and [100]di is dominant during the syn-
kinematic serpentinization of diopside and recrystallization of diopside and
antigorite, the preferential basal glide of antigorite (001) poles could influence the
phase boundary sliding of recrystallized diopside with recrystallized anigorite.
Regardless of coexisting olivine CPOs and topotaxy type of antigorite [001] axes
with olivine crystallographic axes, previous studies commonly showed strong
maxima of antigorite [001] axes normal to the foliation (Bezacier et al., 2010a; Horn
et al., 2020; Morales et al., 2018). It inferred that basal (001) glide of antigorite is
mostly important to form the final CPO of antigorite, however, topotaxy of antigorite
would be still effective until the end of synkinematic serpentinization. It suggested
that the parent mineral (ex. olivine or diopside) would be deformed by grain rotation
or phase boundary sliding along the easiest movement of antigorite basal (001)
planes, after or simultaneously with the topotactic growth of antigorite. Therefore,
the topotaxy between antigorite and diopside would be also active during

serpentinization and recrystallization in SFAs.

4.5.3.4. Deformation of antigorite

Antigorite CPOs showed the strong alignment of their [001] axes normal to
the foliation (Fig. 4.8). Numerous subgrain boundaries in antigorite grains (Figs.
4.6al and 4.6bl), strong concentration of misorientation axes of subgrain
boundaries (Figs. 4.6a4 and 4.6b4), high GROD values of coarse-grained antigorites

replacing diopside porphyroclasts (Figs. 4.9f and 4.9h) suggest that dislocation
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creep is a major deformation mechanism of antigorite in the MSP diopside
serpentinites. Combined with the antigorite CPO, however, dislocation activity
might not be the only dominant deformation mechanism for antigorite in the MSP
serpentinites. The subgrain rotation axes of antigorite were mostly parallel to the
antigorite (010) poles in both WFAs and SFAs (Figs. 4.6a4 and 4.6b4). If dislocation
activity was the most dominant deformation mechanism, the slip system of antigorite
inferred by the subgrain rotation axis should be (001)[100] slip system. However,
this contrasted to the CPO results displaying a girdle distribution of (100) poles (Fig.
4.8), implying the contribution of other deformation mechanism to form the strong
antigorite CPO. The euhedral grain shape and low GOS values of antigorite (except
for some coarse-grained antigorite) implied that antigorites were also deformed by

nondislocation-dominated mechanism.

Despite of the easiest basal glide of (001) plane of antigorite parallel to the
rock foliation, a girdle distribution of [001] axes of antigorite has been observed in
some studies. Those studies have suggested that topotactic growth from coexisting
oriented olivine grains can cause the [001] girdle CPO type of antigorite (Amiguet
et al., 2014b; Boudier et al., 2010; Brownlee et al., 2013; Horn et al., 2020).
Crystallographic relationships by topotaxy between antigorite and olivine has been
already identified, and their CPOs were found to be closely related; for example,
(001)Atg // [010]OI1 and [010]Atg // [001]Ol (Bezacier et al., 2010a; Boudier et al.,
2010; Soda and Wenk, 2014), (010)Atg // (100)Ol1 and [100]Atg // [001]O1 (Horn et
al., 2020; Morales et al., 2018). However, any orientation relationship between

antigorite and clinopyroxene in serpentinized ultramafic rocks has been unknown.
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There is a report on the topotaxy between antigorite and orthopyroxene by

dehydration of serpentinites : (001)Atg // [100]Opx (Padrén-Navarta et al., 2015).

In Discussion Chapter 5.2., the possible topotaxy of antigorite after parent
diopside was suggested as an important deformation mechanism of antigorite. WFAs
displayed the CPO of antigorite [001] axes oblique to the foliation (Fig. 4.6a2),
following the CPO of diopside [100] maxima (Fig. 4.7a2). Such parallelism was
continuously observed in the SFAs (Figs. 4.6b2 and 4.7b2). It would be strongly

affected by the topotaxy (001)atg // (100)di during the serpentinization of diopside.

The girdle CPOs of antigorite [001] axes were observed in large-area CPOs
in this study (Fig. 4.8) and have been observed in weakly deformed serpentinites
(Brownlee et al., 2013; Hirauchi et al., 2010) or olivine-rich layer in natural
serpentinites, implying the participation of grain rotation in low-strain conditions or
topotaxy with olivine or dissolution-precipitation creep (Hirauchi et al., 2021; Liu et
al., 2020b; Tulley et al., 2022). In the MSP serpentinite samples, several antigorite
lenses displayed an interpenetrating texture (Fig. 4.2a) implying the contribution of
dissolution process. However, no chemical zoning of antigorite grains was observed.
It indicated that the dissolution-precipitation creep was not a major deformation

mechanism for antigorites.

Grain rotation and/or phase boundary sliding of antigorite in olivine-rich
layer has been suggested as a deformation mechanism to form a girdle of [001] axes
(Liu et al., 2020b). In this study, antigorite-rich matrix is volumetrically larger than
the diopside-rich aggregates in thin sections and antigorite grains shared their grain

boundaries with the adjacent antigorites in the antigorite-rich matrix, thus grain
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boundary rotation can play an important role to form the thin-section scale CPO of
antigorite. In the diopside aggregates, a lot of antigorite grains shared their grain
boundaries with diopside grains. Thus, antigorite-diopside phase boundary sliding

would be also important to form the antigorite CPO.

The strong alignment of antigorite [001] axes normal/subnormal to the
foliation has been regarded to be formed by dominant basal glide of (001) plane of
planar antigorite crystals. In the SFAs, antigorite grains showed the stronger CPO of
[001] axes normal to the foliation, the smaller grain sizes, and the much lower GOS
values (Fig. 4.6) compared to those in WFAs. Those features suggested that grain
size reduction of antigorite in SFAs would relax the intragranular strain of antigorite,

and enhance the basal (001) glide parallel to the foliation.

The large-area CPOs of antigorite showed a strong alignment of antigorite
[001] axes subnormal to the foliation and both (100) and (010) poles aligned as a
girdle subparallel to the foliation (Figs. 4.8b and 4.8¢). Such a CPO of antigorite has
been accounted by activation of both (001)[010] and (001)[100] slip system (Jung,
2011; Liu et al., 2020b; Padron-Navarta et al., 2012). The girdle CPO of antigorite
can show different intensities of (100) and (010) maxima, reflecting the relative
contribution of antigorite (001)[100] and (001)[010] dislocation creep system,
respectively (Padron-Navarta et al., 2012). In this study, the pfJ index of antigorite
(010) poles were higher than that of (100) poles in thin section scales of all
serpentinite samples, indicating the possible stronger contribution of (001)[010] slip
system than (001)[100] system. This contrasts to the subgrain boundary analysis

which showed the predominance of [010]-axis-parallel rotation axes (Fig. 4.6),
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implying the activation of the strong (001)[100] slip system. Our data indicate that
antigorite in the MSP serpentinites was deformed mainly by (001)[hk0] dislocation

creep, accompanied by subgrain boundary rotation.

In the antigorite-rich matrix, some antigorite lenses were observed showing
interpenetrating texture (Fig. 4.2a). Some antigorite grains replacing diopside
porphyroclasts showed an oblique alignment to the foliation, forming a “strain
shadow” at the margins of the porphyroclasts (Fig. 4.9h). The interpenetrating fabric
and strain-shadow-like structure of antigorite implied a low-strain environment and
dissolution-precipitation creep (Hirauchi et al., 2021; Tulley et al., 2022). However,
the coarse-grained antigorite forming the strain shadow displayed especially high
GROD values (Figs. 4.9f and 4.9h), indicating that those antigorite grains were
mainly deformed by dislocation creep with a minor contribution of dissolution-

precipitation creep.

4.5.3.5. Deformation history of syn-kinematic serpentinization in the

MSP serpentinites

Microtextural observations revealed that the serpentinite schists were
deformed by the combination of various deformation mechanisms. The series of
intracrystalline deformation in the MSP serpentinites can be summarized: (1)
dislocation creep of diopside porpyroclasts at high-temperature conditions, (2)
topotactic growth of antigorite adjacent to diopside with decreasing temperature, (3)

dynamic recrystallization of diopside and antigorite, (4) phase boundary sliding and
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grain rotation of antigorite and diopside at low temperature, accompanied by minor

dissolution-precipitation.

Dislocation creep of diopside can take place at the temperature of T >
800 °C (Amiguet et al., 2009; Ingrin et al., 1992). In the margins of diopside
porphyroclasts, high GROD values and the presence of subgrain boundaries are clear
indicators for the activation of dislocation creep of diopside at the high-temperature

conditions.

Because no olivine and orthopyroxene were observed in the serpentinite
samples, the serpentinization would have occurred at the temperature lower than
550 °C (Fig. 4.4). The Al-contents of antigorite indicated that the serpentinization
occurred at the pressure conditions of ~ 26 kbar (Fig. 4.4). Such P-T conditions were
similar to the peak metamorphic conditions of Mesozoic metaophiolites and
metasediments (P = 22 — 26 kbar and T = 220 — 260 °C) overlying the MSP
serpentinite basement (Brovarone et al., 2011). The dislocation-based deformation
of diopsides might take place at much higher temperatures before the formation of
the MSP serpentinites. During the syn-kinematic serpentinization, diopside might be
recrystallized accompanied by dissolution-precipitation creep. Combination of
serpentinization and dissolution-precipitation creep would be capable of strain
localization in diopside serpentinites by fluid-assisted process (Liu et al., 2020a).
The strain localization would be important for the occurrence of aseismic events

and/or exhumation of rocks along hydrated subduction zone interface.
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4.5.4. Serpentinization and stability field of the samples in

MSP area

For Alpine orogen, previous studies have shown that the serpentinization of
Alpine ultramafic rocks occurred during the pre-Alpine emplacement of mantle
rocks into shallow crustal levels (Katzir et al., 2022), and the serpentinization of
clinopyroxene (diopside) would take place in mantle wedge P-T conditions in supra-
subduction zone settings (Liu et al., 2020a). Diopside-bearing serpentinites would
be stable in metamorphic conditions from greenschist facies to eclogite facies in
Ca0-MgO-SiO2 system (Evans, 1977), and previous petrological studies have
shown the high-pressure stability of antigorite with diopside (Blanco-Quintero et al.,
2011; Menzel et al., 2019; Padron-Navarta et al., 2013). This is consistent with the
pseudosection results of the MSP serpentinite sample (sample 3096core) where
diopside + antigorite assemblage was stable at the pressures up to P = 40 kbar and
temperatures up to T = 650 °C (Fig. 4.4). The Al content of antigorite in the
serpentinite sample (3096core) indicates that the serpentinization and deformation
would have occurred during the peak metamorphism of the MSP area, which
recorded the P-T conditions of P = 2.2 — 2.6 GPa and T = 490 — 550 °C. For the
sample 3096A, the lower Al content of antigorite and the presence of talc indicated
that the syn-kinematic serpentinization would occur at much higher-pressure
conditions up to 3.7 GPa. The comprehensive results suggest that the diopside +
antigorite assemblage can be stable at high-P-low-T mantle wedge, which can

represent the low-temperature and high-pressure subduction zones.
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4.5.5. Implications of diopside and antigorite for seismic

anisotropy in subduction zones

The seismic anisotropies of polycrystalline antigorite have been reported in
many previous studies, ranging AVp = 5.7 —46.3 % and max AVs = 4.9 — 50.5 %,
which were significantly varied depending on their CPO strength (Jung, 2017).
Compared to the other study areas, the diopside serpentinites from MSP showed
relatively low seismic anisotropy values of antigorite (AVp = 10.3 — 16.4 %, max
AVs = 7.2 — 14.3 %; Table 4.3). However, the antigorite aggregates in this study
showed much higher seismic anisotropies than those of diopside aggregates (AVp =
4.1 %, max AVs = 2.4 % in average), although the CPO strength of antigorite (M =
0.4 — 0.7) is similar to that of diopside (M = 0.3 — 0.7) (Table 4.1). It implied that
CPO of antigorite is important for the high seismic anisotropy of serpentinites,

compared to that of diopside.

For a detailed study about the effect of antigorite and diopside CPOs on
seismic properties in subduction zones, the delay time, fast S-wave polarization
directions, and Vp/Vs ratio of both antigorite and diopside were calculated using
their CPOs with a geographical reference frame for a subduction zone (Fig. 4.14).
When the diopside serpentinite was strongly foliated by a high-angle to the Earth
surface (e.g. high-angle subduction interfaces or high-angle faults developed in
subducting slab; a area in Fig. 4.14), antigorite aggregates showed a long delay time
(dt=0.25 - 0.3 s) but diopside aggregates showed a very short delay time (dt=0.01

s). In the same geometry (a area), both antigorite and diopside showed trench-
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parallel polarization direction at the dip angle of 6 > 50°. When the subducting slab
is moderately dipping (6 = 20 — 50°) (b area in Fig. 4.14), antigorite aggregates
showed trench-normal polarization directions but diopside aggregates showed
trench-oblique polarization directions. When the slab dip angle is small 6 < 20° (¢
area in Fig. 4.14), antigorite aggregates showed trench-parallel polarization with
short delay time, and diopside aggregates showed trench-oblique polarization with
long delay time which is still much shorter than the delay time of antigorite. By
adding antigorite aggregates to diopside aggregates (Atg 50 vol % + Di 50 vol %) at
high-angle subducting angle (a area), its delay time increased and Vp/Vs ratio also
increased, however the fast polarization direction remained as trench-parallel. These
comparisons revealed the importance of antigorite CPO for strong trench-parallel
anisotropy and high Vp/Vs ratio observed in high-angle cold subduction zones (Long,

2013).
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Figure 4.14. The 3-dimentional seismic properties of antigorite and diopside CPO
on delay time between fast S-wave and slow S-wave (Delay time), fast S-wave
polarization direction (Vs pol.) and the ratio between P-wave velocity and fast S-
wave velocity (Vp/Vs ratio) using representative large area CPO data (sample
3096c¢ore). In the uppermost left, the schematic rock geometry is illustrated to show
how the serpentinite (X—Y plane = foliation, dots and lines = lineation) is rotated
with respect to the incoming S-waves (red solid line). For simplicity, X is assumed
to be parallel to the subducting direction and Y parallel to the strike of the
hypothetical trench. Rotation of mineral aggregates around X and Y from 0 degree
to 90 degrees was considered to display the effect of the dipping foliation (X-Y plane)
in subduction zones. An anisotropic layer thickness of 10 km and a vertically incident
S-wave were assumed for the calculation. All contoured plots are illustrated by a
color range from blue to red. In the plots of delay time, blue color and red color
indicate short delay times and long delay times, respectively. In the plots of Vs1 pol.,
blue color and red color indicate trench-parallel polarization directions and trench-
normal polarization directions, respectively. In the plots of Vp/Vs ratio, blue color

and red color indicate low Vp/Vs ratios and high Vp/Vs ratio, respectively.
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Olivine is also one of the major minerals in subduction zones with a B-type
CPO in water-rich condition (Jung and Karato, 2001). To understand the combined
effect of olivine, serpentine, and diopside CPOs on seismic properties in subduction
zones, this study used a B-type CPO of olivine (Jung et al., 2014) and compared with
the results of antigorite and diopside (Fig. 4.15). The results showed that the
contribution of antigorite increased the delay time and Vp/Vs ratio, and caused
trench-parallel polarization directions at a high-angle subduction zone (« area in Figs.
4.15a and 4.15b). Those patterns remained regardless of the contribution of diopside
(Atg 40 vol% + Ol 30 vol% + Di 30 vol%) (Fig. 4.15¢). The results suggested that
antigorite is an important factor to cause strong trench-parallel anisotropy in cold

subduction zones.
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Figure 4.15. The 3-dimentional seismic properties of olivine, diopside and antigorite
CPO on delay time, Vsl polarization directions, and Vp/Vs ratio. Assumptions for
rock mineral assemblage of (a) olivine 100 vol%, (b) antigorite 50 vol% + olivine
50 vol%, and (c) antigorite 40 vol% + olivine 30 vol% + diopside 30 vol% were
described. CPO data of antigorite and diopside (sample 3096core in this study) and
an B-type olivine CPO in sample 374 (Jung et al., 2014). The geometric reference

frame and color code are the same as in Fig. 4.14.
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4.6. Conclusions

In this chapter, microstructures and seismic anisotropies of antigorite and
diopside in the serpentinized basement of MSP area in Alpine Corsica, France, were
studied. CPO results showed strong maxima of antigorite [001] axes normal to the
foliation, and diopside [100] axes normal to the foliation with a weak girdle. Detailed
EBSD study showed that [001] axes of antigorite were preferentially aligned parallel
to the (100) poles of diopside, indicating that the CPO formation of antigorite was
influenced by a topotactic growth from diopside. The EBSD study on strongly
foliated areas showed that the CPO of (100) poles of diopside was influenced by
phase boundary sliding and grain rotation following the antigorite (001) basal glide.
The high GROD values in the margins of porphyroclastic diopside and the low GOS
values of small diopside grains indicated that dislocation creep of diopside would
cause dynamic recrystallization of diopside porphyroclasts starting in the margin of
porphyroclasts. The analysis of subgrain rotation axis of minerals and different
chemical compositions between porpyroclastic diopside and recrystallized diopside,
indicate a contribution of dissolution-precipitation to the CPO formation of diopside
and antigorite. The CPO-induced seismic properties of antigorite showed that syn-
kinemtaic serpentinization in mantle wedge would be important for strong trench-
parallel seismic anisotropies and high Vp/Vs ratio observed in cold subduction zones.
On the other hand, it was found that the strong diopside CPO in the foliated

serpentinites would decrease the delay time of S-wave.
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CHAPTER 5. Summary and conclusion

Deformation microstructures of talc, chloritoid, and serpentine in naturally
deformed rocks were studied to understand the effect of hydrous minerals on the
seismic properties observed in subduction zones. Presented are the studies of talc
CPO and its seismic anisotropy, especially P-wave anisotropy in subduction zones
(Chapter 2), chloritoid CPO and its seismic properties (Chapter 3), and antigorite

CPOs which were developed with diopside CPOs (Chapter 4).

In Chapter 2, the metabasaltic Grt-Cld-Tlc schist samples from Makbal
complex (Kazakhstan-Kyrgyzstan) and metasomatic talc schist samples from Unst
Island (Scotland) were analyzed by EBSD technique to measure the CPOs of talc
and determine the effect of talc CPO on seismic anisotropy in subduction zones. The
CPO of talc was characterized by strong maxima of [001] axes normal/subnormal to
the foliation. The CPO-induced P-wave anisotropy of talc was very high (AVp = 67
— 72 %) and the radial anisotropy of P-wave of talc was negative at the high-angle
subduction geometries. It was found that the strong CPO of talc would be important

for interpreting the P-wave anisotropy in subduction zones.

In Chapter 3, elastic properties of chloritoid were first calculated and the
CPO of chloritoid was measured in the Grt-Cld-Tlc schsit samples from Makbal
complex (Kazakhstan-Kyrgyzstan). The elastic anisotropy of single-crystal
chloritoid showed a high elastic anisotropy of chloritoid reflected by AVp = 22 %
and max AVs = 47 %. The CPO of chloritoid showed strong concentration of [001]

axes subnormal to the foliation. The P-T stability of chloritoid was re-evaluated by
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pseudosection studies, which revealed the wide stability of chloritoid up to the
blueschist-facies metamorphic condition. The results of seismic anisotropies of
chloritoid suggested that the CPO of chloritoid would influence the trench-parallel
seismic anisotropy in high-pressure-low-temperature conditions in subduction zone
interfaces, in association with glaucophane and phengite in blueschist-facies

conditions.

In Chapter 4, deformation microstructures of antigorite and diopside in the
serpentinized basement of MSP area in Alpine Corsica (France) were studied to
investigate the deformation mechanism of serpentine in diopside serpentinites. The
CPO of antigorite showed strong maxima of antigorite [001] axes normal to the
foliation with a weak girdle. Detailed EBSD study showed that [001] axes of
antigorite were preferentially aligned parallel to the alignment of (100) poles of
diopside. The CPO-induced seismic anisotropy of antigorite showed the strong
trench-parallel S-wave anisotropy in high-angle subduction geometries, and the
participation of diopside CPO decreased the delay time of serpentinites. The results
indicate that the CPO of serpentine can be influenced by a topotaxy from the CPO
of diopside in mantle rocks, and the strong trench-parallel anisotropy can be caused

by antigorite CPO formed by syn-kinematic serpentinization in subduction zones.
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