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Microstructural investigations of mantle xenoliths from the Mt. Melbourne area were undertaken to reveal the
origin of S-wave splitting beneath northern Victoria Land, Antarctica. The six analyzed peridotites contain
various deformation features. The rotated olivine maxima of [100] and [010] into horizontal and vertical ori-
entations, respectively, are classified into five samples with a D-type crystallographic preferred orientation (CPO)
and one sample as an A-type CPO. The D-type olivine fabric can be explained by multiple slip systems of {Okl}
[100] at low-temperature and high-stress conditions; therefore, both compressional and extensional regimes
during subduction and rifting, respectively, could be applied in this study. With an assumption that olivine a-axes
are aligned along the direction of mantle flow to form maximum S-wave splitting, the observed delay time of
0.9-1.3 s beneath northern Victoria Land can be partially explained by the anisotropy in the mantle peridotites.
The remaining seismic anisotropy can be explained by the presence of melt pockets trapped along tectonic faults
that developed perpendicular to the fast S-wave splitting direction. This study therefore demonstrates that the
NE-SW-trending S-wave splitting beneath northern Victoria Land, Antarctica, results from the existence of both
mantle peridotites as well as melt pockets trapped along the tectonic faults.

2009; Mainprice, 2007; Nicolas and Christensen, 1987; Savage, 1999;
Silver, 1996; Skemer and Hansen, 2016; Tommasi and Vauchez, 2015).

1. Introduction

Knowledge of the rheology of the Earth’s interior is crucial to un-
derstanding important geological processes such as mantle convection
and the thermal evolution of our planet (e.g., Karato, 2008). In the
Earth’s upper mantle, plastic deformation of mantle materials results in
an anisotropic microstructure that usually occurs via the development of
crystallographic preferred orientations (CPOs). As the major mineral in
the upper mantle, olivine, is strongly anisotropic, the anisotropy in its
microstructure induces an anisotropy in the propagation of seismic
waves and can be documented by seismic observations. Thus, the study
of seismic anisotropy is a powerful tool for understanding the evolution
of the upper mantle, mantle flow patterns, mantle dynamics, and tec-
tonics (Ben Ismail and Mainprice, 1998; Hess, 1964; Jung and Karato,
2001; Jung et al., 2006; Karato et al., 2008; Long, 2013; Long and Silver,

Plastic deformation of olivine at different mantle conditions acti-
vates a variety of slip systems and induces different mechanisms for CPO
formation, such as deformation-induced lattice rotation, grain boundary
migration (Karato, 2008) and grain shape preferred orientation (Miya-
zaki et al., 2013), thereby resulting in different CPO patterns. Obser-
vations on olivine rocks deformed in natural systems and experimentally
deformed in laboratory settings at high pressures high temperatures
have revealed six types of CPOs (A-E and AG) in olivine (Holtzman et al.,
2003; Jung and Karato, 2001; Jung et al., 2006; Katayama et al., 2004;
Katayama and Karato, 2006; Mainprice, 2007). Deformation experi-
ments and numerical models suggest that the formation of olivine CPO is
controlled mainly by stress, temperature, and water contents (Karato
et al., 2008), but is also affected by other prevailing factors such as
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deformation geometry (Tommasi et al., 1999), the existence of partial
melts (Holtzman et al., 2003; Qi et al., 2018), grain shape alignment
during diffusion creep with the presence of secondary phases (Mar-
uyama and Hiraga, 2017; Miyazaki et al., 2013; Soustelle and Man-
thilake, 2017; Sundberg and Cooper, 2008), and deformation history
(Bernard et al., 2019; Boneh et al., 2015; Boneh and Skemer, 2014;
Kumamoto et al., 2019). The relationship between the CPO patterns of
olivine and its conditions of formation in the mantle has also been
applied to studies of natural mantle rocks and has aided the in-
terpretations of mantle dynamics (Cao et al., 2015; Karato et al., 2008).

Northern Victoria Land, Antarctica has experienced a series of tec-
tonic events, including subduction and rifting, and the mantle flow
beneath it reveals the dominant role of the mantle (mantle plumes or
small-scale mantle convection) in the formation of the Transantarctic
Mountains (Armienti and Perinelli, 2010; Faccenna et al., 2008; Kyle
et al., 1992; Rocchi et al., 2002, 2003, 2005). The observed seismic
anisotropy beneath northern Victoria Land, Antarctica shows wide-
spread fast S-wave polarization along a NE-SW direction (Fig. 1), which
differs from the direction of absolute plate motion (APM) and is inter-
preted to represent a lithospheric fabric formed during the Ross orogeny
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Fig. 1. Geological map of the Mt. Melbourne area, northern Victoria Land
(NVL), Antarctica, showing the location of the studied mantle xenoliths. The
rectangle in the upper left figure indicates northern Victoria Land in Antarctica.
The grey region crossing the Antarctic continent and purple shaded area in the
upper left figure denote the locations of the Transantarctic Mountains and the
West Antarctic Rift System, respectively. The Mt. Melbourne area belongs to the
Wilson Terrane, which is characterized by low- and medium-to high-grade
metasedimentary rocks with Granite Harbour Intrusives. Absolute plate motion
(APM) is from Gripp and Gordon (2002). The geological map is modified from
Estrada et al. (2016). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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(Barklage et al., 2009; Graw and Hansen, 2017; Pondrelli et al., 2006;
Salimbeni et al., 2010). Scattered shear wave splitting around the David
Glacier and minor polarization in the Ross Sea coastline are explained as
the products of regional tectonic events, such as the formation of the
Terror Rift (Graw and Hansen, 2017; Salimbeni et al., 2010). Although
seismological investigations have inferred a lithospheric fabric as the
origin of the anisotropy, there is no direct evidence for this explanation
from mantle rocks in this area. In this study, we document microstruc-
tures and petrofabrics in mantle xenoliths from the Mt. Melbourne area
in northern Victoria Land, Antarctica. Together with the equilibrium
temperature of the mantle xenoliths, we calculate their seismic prop-
erties using EBSD data and discuss the generation of S-wave polarization
in the region and its geological implications.

2. Geological background

The geological evolution of Victoria Land involved several episodes
of Phanerozoic tectonic events. The Ross Orogen and NW-SE- to
NNW-SSE-striking tectonic discontinuities within the Transantarctic
Mountains were formed by the subduction of the oceanic lithosphere
beneath the paleo-Pacific margin of Gondwana during the early Paleo-
zoic (Borg et al., 1987; Finn et al., 1999; Gibson and Wright, 1985;
Rocchi et al., 1998). During the Devonian to Triassic, the Kukri Pene-
plain developed following the Paleozoic Ross Orogen, and this was fol-
lowed by Jurassic magmatism (Schmidt and Rowley, 1986; Storey and
Alabaster, 1991). Amagmatic rifting occurred during the Cretaceous
with the formation of four elongate N-S-trending basins in the Ross Sea
and widespread denudation of the Transantarctic Mountains (Fitzgerald,
1994; Fitzgerald and Stump, 1997; Stump and Fitzgerald, 1992).
Widespread magmatic activity produced plutonic complexes, dike
swarms, and volcanoes during the Cenozoic (Rocchi et al., 2002). The
Meander Intrusive Group includes intrusive and subvolcanic bodies, and
the McMurdo Volcanic Group comprises eruptive products that contain
xenoliths of ultramafic rocks (Kyle, 1990).

The Melbourne province, which is a part of the McMurdo Volcanic
Group, contains active volcanoes such as Mt Melbourne, Mt Rittman,
and the Pleiades in northern Victoria Land (Fig. 1). These volcanoes are
generally regarded as genetically related to extensional alkalic mag-
matism in the West Antarctic Rift System that developed during the Late
Cretaceous (DiVenere et al., 1994; Luyendyk et al., 1996). Mount Mel-
bourne is an elongate N-S-trending stratovolcano located ~30 km
northeast of Jang Bogo Station (Fig. 1). Its latest eruption occurred in
either 1862-1922 CE, as estimated from snow accumulation rates and
the depth of burial of ash layers in ice cliffs (Lyon, 1986), or at ~1280
CE, based on comparisons of the major element compositions of tephra
layers in ice cores from over the last 10,000 years (Lee and Lee, 2017).
Recent volcanic activity, including fumarole ice towers and pinnacles,
has been observed in the summit area (Nathan and Schulte, 1967).
Seismological observations in northern Victoria Land show a general
trend of NE-SW-oriented fast S-wave polarization with an average delay
time of 0.9 + 0.04 s originated from lithosphere evaluated to be 81-135
km thick (Fig. 1) (Barklage et al., 2009; Graw and Hansen, 2017; Pon-
drelli et al., 2006; Salimbeni et al., 2010). APM is toward NNW-SSE
(Fig. 1) (Gripp and Gordon, 2002).

The generation and evolution of the lithospheric mantle in Victoria
Land have been investigated using chemical analyses of volcanic rocks
and mantle xenoliths (e.g., Martin et al., 2015). The major and trace
element compositions of Cenozoic basalts are similar to those of ocean
island basalt (OIB), with enrichment in most incompatible elements
(Nardini et al., 2009). ®He/*He ratios of crushed olivine, which are
similar to those in lithospheric mantle and mid-ocean ridge basalts
(MORB), and the HIMU-like whole-rock isotopic signature of the mantle
source exclude a plume-driven model. Nardini et al., 2009 proposed a
model to generate an appropriate mantle source in which lithospheric
domains were strongly metasomatized by small amounts of melt during
the Cretaceous amagmatic extension, followed by the eruption of
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magmas along NW-SE faults. Mantle xenoliths in the area are strongly
heterogeneous in terms of their whole-rock composition and mineralogy
(Panter et al., 2018). Geochemical and isotopic studies (Coltorti et al.,
2004; Martin et al., 2015; Melchiorre et al., 2011; Perinelli et al., 2006)
indicate that the mantle xenoliths have experienced partial melting,
melt-rock interactions, and mantle metasomatism.

3. Analytical techniques

The major-element compositions of olivine, orthopyroxene, clino-
pyroxene, and spinel were measured using a JXA-8530 field emission
electron probe microanalyzer at the Korea Polar Research Institute,
Incheon, Korea. Point analysis and X-ray maps were collected using an
accelerating voltage of 15 kV, a beam current of 10 nA, and a beam
diameter of 1 pm because of the presence of narrow clinopyroxene
lamellae in orthopyroxene. Natural silicates were used as standards, and
Phi-Rho-Z matrix corrections were calculated using a probe for the
Electron Probe Micro Analyzer (EPMA) program.

The samples for thin sections were cut into random orientations, as
the minerals in the mantle xenoliths lacked any clear structural in-
dicators in hand specimen scales. The samples were coated with a thin
layer of carbon (~10 nm) after mechanical and chemical polishing.
Measurements were conducted by automatic indexing of electron
backscatter diffraction (EBSD) patterns with an
Oxford-Nordlys-HKL-EBSD on a JEOL JSM-7100F Field Emission-
Scanning Electron Microscope (FE-SEM) housed at the Korea Institute
for Rare Metals (KIRAM), Incheon, Korea; this microscope used an
accelerating voltage of 20 kV, a step size of 50 pm, and a working dis-
tance of ~20 mm. The crystallographic orientation data of olivine,
orthopyroxene, and clinopyroxene were measured using automatic
montage mapping on whole area of the section (ca. 3.5 x 2.5 cm) and
then the raw data were processed to compile montaged maps using the
software Aztec. Noise reduction was conducted by the filling the non-
indexed pixels from 8 to 5 identical neighbors using the software
Channel 5 (e.g., Soustelle et al., 2013). The MATLAB toolbox MTEX was
used to plot CPOs of all indexed data on lower-hemisphere equal-area
projections employing ODF with half width of 20° and to calculate fabric
strengths (i.e., M- and J-indices) (Bunge, 1982; Mainprice et al., 2011;
Mainprice and Silver, 1993; Skemer et al., 2005). Please note that CPOs
were redefined by rotating the olivine [100] (a-axes) and [010] maxima
into horizontal (lineation) and vertical (foliation normal) directions,
respectively. The shape factor (K) as calculated from the eigenvalues
was applied to classify the shape of the crystallographic fabrics of olivine
(Vollmer, 1990), and the fabric-index angle (FIA), computed from the
P-wave property of a single olivine crystal, was applied for a quantita-
tive classification of the olivine CPO types (Michibayashi et al., 2016).
The software channel 5 was used to plot inverse pole figures of rotation
axes contouring with a half width of 5°.

The seismic properties of olivine aggregates and mantle xenoliths
(containing mostly olivine, orthopyroxene and clinopyroxene) were
calculated using the program ANISctf (Mainprice, 1990), employing the
densities and respective single crystal elastic constants (Cij) of olivine
(Abramson et al., 1997), orthopyroxene (Duffy and Vaughan, 1988) and
clinopyroxene (Collins and Brown, 1998) with the Voigt-Reuss-Hill
averaging scheme. The P-wave seismic anisotropy (AVp) is usually
defined as the difference between the maximum and minimum velocities
in two dissimilar propagating paths and is calculated using formula 200
X (Vpmax — VPmin)/(VPmax + Vpmin)- The S-wave seismic anisotropy (AVs)
is normally defined as the difference between two dissimilar velocities of
two orthogonally polarized S-waves individually propagating through
an anisotropic medium. Thus, the percentage of AVg is 200 x (Vg3 —
Vs2)/(Vs1 + Vss), in which Vg1 and Vs, are the faster and slower veloc-
ities, respectively.
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4. Results
4.1. Sample description and mineral chemistry

Six fresh mantle xenoliths (up to ~15 cm in a long axis) enveloped in
vesicular basalts were collected from an outcrop located ~25 km from
Mt Melbourne during the 2012-2013 Korean Antarctic mission
(74°28'37.9"S, 165°20'18.6"E; Fig. 1). The mantle peridotites are
mostly massive and lack any clear foliation or lineation in hand speci-
mens. The peridotites are classified as harzburgites and lherzolites by
modal abundances as dominant assemblages of olivine (68-89 vol%)
and orthopyroxene (8-26 vol%), with minor amounts of clinopyroxene
(2-7 vol%) and spinel (<1 vol%) (Table 1). Microstructures of the
studied peridotite xenoliths varied from an inequigranular interlobate to
an amoeboid texture in three harzburgites characterized by coarse
minerals and a scarcity of fine-grained recrystallized crystals. Three
lherzolites show a seriate interlobate to amoeboid texture identified by a
high abundance of fine-grained recrystallized crystals (mostly olivine
and less commonly pyroxene) and a clear shape-preferred orientation
(see the nomenclature of Moore, 1970; Passchier and Trouw, 2005)
(Fig. 2).

The observed grain sizes of olivine and orthopyroxene are widely
diverse from 0.1 to 5 mm, while clinopyroxene and spinel are usually
smaller than 400 pm. Porphyroclastic olivine commonly shows the de-
velopments of undulose extinction, subgrains, and occasionally 120°
triple junctions that are characterized by complex (e.g., curvilinear,
serrated, irregular and sometimes straight) grain boundaries (Figs. 2 and
3). Fine-grained olivine crystals situated between coarse olivines and/or
orthopyroxenes occur regularly in lherzolites as recrystallized grains
(Fig. 2b). Porphyroclastic orthopyroxene (up to ~6 mm) typically dis-
plays clinopyroxene lamellae, kink bands, interlobate to smoothly
curved grain boundaries and weak undulose extinction (Figs. 2 and 3).
Fine-grained crystals of clinopyroxene located between/within olivines
and orthopyroxenes show amoeboid grain boundaries (Fig. 3d). Clino-
pyroxene and spinel are usually spaced as irregular interstitial phases
(Figs. 2 and 3). Melt inclusions around fractures in olivine are common
in all samples.

The silicate minerals have high Mg# (100 x atomic Mg/(Mg +
Fe®*h)) of 89-91 for olivine, 90-92 for orthopyroxene, and 93-95 for
clinopyroxene. Spinel shows a moderate depletion in Cr# (100 x Cr/(Cr
+ Al)), ranging from 16 to 24 for lherzolite, and 32 to 34 for harzburgite.
Equilibrium temperatures using a Ca-in-orthopyroxene thermometer
(Brey and Kohler, 1990) were 880-920 °C for harzburgite and 860-880
°C for lherzolite (Table 1), indicating that the analyzed peridotites were
extracted from a relatively shallow depth. Orthopyroxene cores and rims
had similar Ca contents, and lower temperatures (~850 °C) were ob-
tained from recrystallized orthopyroxene crystals. Assuming a
geothermal gradient of dynamic rift (Chapman, 1986) yields a pressure
of 1.0-1.5 GPa.

4.2. Crystallographic preferred orientations of olivine, orthopyroxene,
and clinopyroxene

The rotated olivine CPOs in the studied mantle xenoliths present an
obvious fabric (Fig. 4a). Note that the pole figures are rotated such that
maxima of olivine [100] and [010] axes are horizontal and vertical,
respectively. The [100] axes form a strong point maxima, while [010]
and [001] axes form girdles or diffused point maxima. The distributions
of [001] axes are usually the weakest. The olivine [010] axes of the three
harzburgites and one lherzolite (JO4-F) show a clear girdle while those
of two lherzolites (JO4-A5 and -C) are ambiguous. The CPO patterns in
the two lherzolites are quantitatively distinguished in a later paragraph
of this section and in section 4.3.

Orthopyroxene and clinopyroxene show more dispersed CPOs than
olivine because of the poor indexation of pyroxene caused probably by
narrow clinopyroxene lamellae in orthopyroxene, the alteration, and the
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Table 1

Summary of samples and microstructural data.
Sample Rock type Mode (%)* T Q)" Olivine

Mean grain size (pm) Aspect ratio Fabric strength (CPO)
ol Opx Cpx N© M-index J-index

J04-B2 Harzburgite 83 16 2 900 652 2.1 887 0.17 5.70
JO4-D Harzburgite 89 8 3 880 678 2.2 425 0.19 7.97
JO4-E Harzburgite 83 16 3 920 476 2.0 1102 0.13 4.09
J04-A5 Lherzolite 71 23 6 880 531 2.1 947 0.12 3.16
J04-C Lherzolite 76 17 7 880 568 2.1 1078 0.26 8.35
JO4-F Lherzolite 68 26 5 860 444 2.2 1485 0.17 3.46

# Modal composition modified from EBSD map without spinel (<1%).

b Temperature from Ca-in-orthopyroxene thermometer (Brey and Kohler, 1990).

¢ Number of indexed grains from the EBSD analysis.

Fig. 2. Cross-polarized light photomicrographs showing representative (a) harzburgite (J04-B2) distinguished by an inequigranular interlobate to amoeboid texture
with coarse minerals and a scarcity of fine-grained recrystallized crystals and (b) lherzolite (JO4-F) characterized by a seriate interlobate to amoeboid texture with a
high abundance of fine-grained recrystallized crystals (mostly olivine and less commonly pyroxene) and a clear shape-preferred orientation. The white arrows present
subgrain boundaries. Mineral abbreviations follow those of Whitney and Evans (2010).

small grain size, especially for clinopyroxene (e.g., Soustelle et al.,
2013); alternately, the low abundances of these minerals in the analyzed
peridotites may have also contributed to this poor indexation. Ortho-
pyroxene in the studied peridotites tends to show the [100] axes as
aligned vertically and the [001] axes as developed horizontally (Fig. 4b).
Conversely, clinopyroxene displays more dispersed CPOs characterized
by weak multiple clusters in most of the poles (Fig. 4c). The formation of
CPOs of clinopyroxene and olivine (and orthopyroxene) in these peri-
dotites may not have been cogenetic. The interstitial grain shapes and
relatively weak CPOs of clinopyroxene suggest that they were formed at
a late stage.

The grain sizes of olivine calculated from the EBSD data are esti-
mated as 440-680 pm and are negatively correlated with the proportion
of orthopyroxene + clinopyroxene (Fig. 5a and Table 1). Fabric indices
(J- and M-indices) for olivine in the studied peridotites are computed as
J = 3.15-8.35 and M = 0.12-0.26 and negatively correlate with the
proportion of pyroxene (Fig. 5b and Table 1). The negative correlation of
mean grain size and the J-index with the proportion of pyroxene has

been noted in previous studies (Morales and Tommasi, 2011; Soustelle
et al., 2010, 2013). The fabric indices for orthopyroxene and clinopyr-
oxene studied here are J = 4.50-28.20 and M = 0.07-0.34 for ortho-
pyroxene, and J = 4.05-6.64 and M = 0.03-0.09 for clinopyroxene, with
no clear relationship with lithology or mineral content. The M-index of
clinopyroxene shows the lowest value (0.03-0.09) among the minerals.

The chosen reference frame is a key factor in analyzing microstruc-
tures because of the variable shapes of internal structures in different
planes (e.g., variable shapes of garnet according to orientation of planes:
Bell et al., 1998). Thin sections of the analyzed peridotites were pre-
pared in random orientations because the samples did not show a clear
foliation or lineation. Olivine [100] and [010] were rotated to the
horizontal (lineation) and vertical (foliation normal) directions,
respectively, after the EBSD measurements. Consequently, it was
necessary to clarify the rotated pole figures. The analyzed mantle xe-
noliths showed a clear development of olivine [100]-axis fabric and only
weakly developed distribution of [001] axes, suggesting that the dis-
tribution pattern of the [010] axes had to be defined. Calculated shape
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Fig. 3. Cross-polarized light photomicrographs showing representative microstructures of the analyzed spinel harzburgites and lherzolites. (a) Various shapes of
olivine grains including abundant undulose extinction in sample J04-A5. The black and white arrows present subgrain boundaries and 120° grain boundaries,
respectively. (b) Irregular grain boundary of olivine in sample J04-D. (c) Kink bands (red arrow) of porphyroclastic orthopyroxene in sample J04-C. (d) Micro-
structures of secondary olivine and orthopyroxene situated between porphyroclastic olivine and orthopyroxene in sample J04-E. Mineral abbreviations follow those
of Whitney and Evans (2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

factors (K) of olivine identifying clustered (>1) or girdled crystallo-
graphic fabric are listed in Table 2 and plotted in Fig. 6. K displays most
of the analyzed samples characterized by clustered [100] and girdled
[010] tendencies, except for sample J04-A5, which has both girdled
[100] and clustered [010] characteristics (Fig. 6a and b). The K values of
[001] show variable patterns that were likely caused by the extremely
weak intensity of the [001] pole (Figs. 4a and 6¢). Together with the
clear recognition of girdle-shaped [010] axes in harzburgites (Fig. 4a),
these data indicate sample J04-A5 as recording a point maximum of
[010] axes and the others as possessing a girdle of [010] axes.

Low angle boundaries (2-10°) are analyzed by plotting inverse pole
figures of rotation axes (misorientation axes) contouring with a half
width of 5° (Fig. 7). The rotation axes of olivine in all the analyzed
samples are distributed from [001] to [010], with the strongest intensity
located in [010]. Some samples (JO4-D, J04-C and JO4-F) show an
extremely weak intensity in [001].

4.3. Seismic properties and types of olivine

The averaged seismic properties of olivine aggregates and a rock
mass composed only of olivine, orthopyroxene, and clinopyroxene are
calculated by the summation of all analyzed EBSD data with averaged
modal abundances for a rock mass and are plotted in Fig. 8. The figure
shows that Vp maxima and maximum S-wave polarization of both
olivine aggregates and a rock mass are predicted to develop along a
horizontal direction, which is consistent with the orientation of the
olivine a-axes’ alignments (Figs. 4 and 8). The CPO pattern of the [010]
axes (i.e., point maxima or a girdle) in olivine does not significantly
influence the seismic properties. The calculated AVp and AVs of olivine

in each sample are 8.8%-9.1% and 6.7%-9.0%, respectively, with a Vp/
Vs ratio of up to 1.87 (Fig. 8a and Table 3). The calculated AVp and AVg
of a rock mass in each sample are 6.0%-10.7% and 5.1%-8.1%,
respectively (Table 3), with a Vp/ Vg ratio of up to 1.82 (averaged values
are in Fig. 8b). Detailed seismic properties of orthopyroxene and cli-
nopyroxene were not reported in this study because of indexation bias.

Studied olivine may be classified based on FIA, which are related to
the P-wave property of single olivine crystals (Michibayashi et al.,
2016). Calculations using EBSD data show FIAs of 51°-76°, indicating
that one sample (J04-A5) is classified as A-type olivine (orthorhombic)
and the others as D-type olivine (axial-[100]) (Fig. 9 and Table 3). These
results are consistent with the [010] girdle/cluster revealed by the shape
factor (K), thus confirming that the classification of olivine types by
shape factor and FIA methods is appropriate.

5. Discussion
5.1. Deformation conditions

Spinel peridotites around Mt. Melbourne (Barker Rocks and Greene
Point) were formed by magma mixing during the Ross Orogeny and its
reactivation during the opening of the West Antarctic Rift System
(~120 Ma) (Melchiorre et al., 2011). Perinelli et al. (2006) suggested
equilibrium temperatures ranging from 950 to 1050 °C and pressures of
1.0-1.5 GPa through use of a two-pyroxene geothermometer (Brey and
Kohler, 1990; Wells, 1977) and an olivine-clinopyroxene Ca-exchange
reaction (Brey and Kohler, 1990). Our thermometric employing
Ca-in-orthopyroxene geothermometer (Brey and Kohler, 1990) esti-
mates are relatively low (860-920 °C and 1.0-1.5 GPa) for potentially
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Fig. 4. Rotated crystal preferred orientations (CPOs) of olivine, orthopyroxene, and clinopyroxene in the analyzed mantle xenoliths. For preventing overestimation
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forming various deformation features such as undulose extinction,
subgrains of protogranular olivine and clinopyroxene lamellae, and kink
bands of protogranular orthopyroxene (Falus et al., 2008; Michibayashi
et al., 2007; Satsukawa and Michibayashi, 2014); thus, this topic war-
rants additional consideration.

Although Melchiorre et al. (2011) reported the possible presence of
garnet based on highly radiogenic Hf in clinopyroxene, the studied
spinel peridotites show the absence of the high-pressure aluminous
phase garnet; this suggests 2.5 GPa as the maximum pressure based on
the stability field of spinel, assuming temperatures lower than 1300 °C
(see Fig. 13 of Perinelli et al., 2006 and references in it). The absence of
low-pressure phase plagioclase yields 0.5-1.0 GPa as the minimum
pressure (Green and Ringwood, 1967). The estimated temperatures and
pressures of the analyzed samples calculated from a
Ca-in-orthopyroxene thermometer (860-920 °C and 1.0-1.5 GPa) may
indicate a ‘stagnant’ condition that is probably related with an exhu-
mation event at low temperature and a high stress mantle shear zone (e.
g., Tommasi et al., 1995). Around Mt. Melbourne, the different mineral

assemblages among spinel peridotites in this study and previous studies
could be attributed to juxtaposed mantle domains along the NNW-SSE
discontinuity.

5.2. Microstructures, slip systems, CPOs and deformation mechanisms

The studied mantle peridotites exhibit variable degrees of deforma-
tion by lithology. Spinel lherzolites are characterized by a large grain
size, the development of shape-preferred orientation, and relatively
abundant fine-grained recrystallized crystals, which is in contrast with
spinel harzburgites distinguished by a larger grain size (Fig. 2). With an
assumption that the proportion of pyroxene (orthopyroxene + clino-
pyroxene) results from the syn-kinematic percolation of Si-rich melts (e.
g., Soustelle et al., 2013), the pyroxene-enrichment produces a grain size
reduction, a decrease of the J-index, the development of a
shape-preferred orientation, and a flexibility of grain boundary move-
ments (Figs. 2 and 5, and Table 1). The estimated temperature in lher-
zolite, having enrichment in pyroxene, is slightly lower than
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Table 2
Eigenvalues and shape factor of olivine CPOs.

Sample M Ao Az Point Girdle Random In (A\/A2) In (Ao/23) Shape factor, K
[100]

J04-B2 0.648 0.210 0.142 0.506 0.137 0.425 1.126 0.394 2.860
J04-D 0.685 0.187 0.128 0.558 0.119 0.383 1.299 0.381 3.405
JO4-E 0.630 0.227 0.143 0.488 0.169 0.428 1.021 0.465 2.197
J04-A5 0.585 0.286 0.129 0.456 0.313 0.388 0.716 0.794 0.901
J04-C 0.731 0.170 0.098 0.633 0.144 0.295 1.457 0.551 2.643
JO4-F 0.692 0.201 0.108 0.584 0.186 0.323 1.238 0.621 1.993
[010]

J04-B2 0.603 0.339 0.058 0.544 0.562 0.175 0.574 1.763 0.326
J04-D 0.621 0.315 0.064 0.557 0.503 0.192 0.677 1.596 0.424
JO4-E 0.569 0.353 0.078 0.491 0.549 0.234 0.479 1.506 0.318
J04-A5 0.578 0.270 0.151 0.427 0.238 0.454 0.760 0.580 1.309
J04-C 0.664 0.286 0.050 0.614 0.471 0.150 0.844 1.742 0.484
JO4-F 0.547 0.354 0.099 0.448 0.511 0.296 0.435 1.278 0.340
[001]

J04-B2 0.459 0.378 0.163 0.296 0.429 0.490 0.195 0.838 0.232
J04-D 0.532 0.253 0.215 0.317 0.076 0.645 0.744 0.163 4.570
JO4-E 0.445 0.318 0.237 0.208 0.164 0.710 0.335 0.297 1.127
J04-A5 0.448 0.299 0.252 0.196 0.094 0.757 0.404 0.170 2.377
J04-C 0.598 0.239 0.164 0.434 0.149 0.492 0.918 0.375 2.448
JO4-F 0.446 0.352 0.202 0.244 0.301 0.605 0.236 0.557 0.424

harzburgite, thereby supporting the microstructural evolution via the
pyroxene-enrichment (Table 1). Even if cryptic metasomatism has been
widely reported in northern Victoria Land (Coltorti et al., 2004; Pelor-
osso et al., 2016; Perinelli et al., 2006, 2008, 2011), the relationship
between low Cr# in spinel and high Fo# in olivine indicates that the
peridotites experienced low-degree partial melting, thereby implying an
insignificant role for metasomatism in the studied xenoliths. The
discrepancy between pyroxene-enrichment and low-degree of partial
melting may suggest heterogeneity in the whole-rock composition and
mineralogy (Panter et al., 2018).

In the studied peridotites, the olivine [001] is the weakest, clearly
implying that [001] is unlikely the slip direction (Fig. 4a). The {Okl}
[100] as the dominant slip systems of the studied olivine is also sup-
ported by a high intensity distributed from [001] to [010] of low-angle
grain boundaries (Fig. 7). However, the highest intensity of rotation axes
is located in [010]; therefore, (001) and [100] could be considered as
slip plane and direction, respectively, in this study (Fig. 7). To consider
other olivine CPOs, the highest intensity of rotation axes in [010] could
indicate a (001)[100] slip system; therefore, the analyzed samples
should be defined as the E-type olivine fabric rather than the A-type
fabric (Fig. 7). Cao et al. (2015) explained a similar problem by the faster
and more extensive consumption of dislocations of (010)[100] slip

systems compared with (001)[100] slip systems during recovery pro-
cesses. Based on their approach, the slip systems of olivine must be {Okl}
[100] during the deformation, as supported by the obvious girdle pat-
terns in [010] (Figs. 4a and 6c¢). The {0k1}[100] slip systems of olivine
are characteristic of deformation at high temperature, relatively low
pressure, and variable stress (Bai et al., 1991; Cao et al., 2015; Carter
and Ave’Lallemant, 1970; Couvy et al., 2004; Durham and Goetze, 1977;
Jung and Karato, 2001; Jung et al., 2006; Mackwell et al., 1985;
Michibayashi et al., 2016; Raterron et al., 2007). Orthopyroxene has a
tendency to display a similar strength along the [100] and [001] axes,
with [010] as the weakest axis, which probably implies a (100) slip
plane with a [001] slip direction (Fig. 4b). The slip system of ortho-
pyroxene (100)[001] in the analyzed spinel peridotites can be prefer-
entially developed with low water and Al contents (Manthilake et al.,
2013; Naze et al., 1986). Orthopyroxene may show activation of the
(010)[001] and (100)[010] slip systems in the moderately to weakly
deformed peridotites, possibly reflecting high water and Al contents,
respectively (Manthilake et al., 2013).

The olivine CPOs in the analyzed spinel peridotites are identified as
D-/A-type fabric based on the shape factor (K) calculated quantitatively
by eigenvalues and the FIA estimated by the P-wave property of single
crystals (Figs. 6 and 9). The formation of D-type olivine has been
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intensity from [001] to [010]. Contour intervals indicated by multiples of uniform distribution (m.u.d.) are shown in legends.

explained by (1) the multiple slip systems of {0kl}[100] at low-
temperature and high-stress conditions relative to A-type olivine fabric
(e.g., Cao et al., 2015), (2) the (010)[100] slip system under transten-
sional deformation regimes (Tommasi et al., 1999), and (3) the (010)
[100] and (001)[100] slip systems at high temperature and low stress
conditions (Hansen et al., 2012, 2014a; Tommasi et al., 2000; Warren
et al.,, 2008). Our studied samples have lower pressure-temperature
limits of 1.0-1.5 GPa and 860-920 °C, a high intensity of girdled olivine
[010] in the pole figure, and a high intensity from [001] to [010] in the
inverse pole figure of rotation axes (Figs. 4a and 7, and Table 1); hence,
the first condition (low temperature and high stress) would be preferred
here. The formation of the analyzed mantle peridotite at the third con-
dition (high-temperature and low-stress) cannot be fully excluded
because of the possible genesis of McMurdo melts (Baker Rocks and
Greene Point around Mt. Melbourne) at 4 < P < 5 GPa (greater than 120
km) and 1350-1400 °C (Perinelli et al., 2006). The A-type olivine fabric

forms at high temperatures, low water contents, and low stress, as
inferred from previous experiments (Hansen et al., 2012; Jung and
Karato, 2001; Zhang and Karato, 1995) and natural observations (Falus
et al., 2011; Michibayashi and Mainprice, 2004; Park et al., 2014).
Olivine crystals in the studied peridotites show the development of
irregular grain boundaries, subgrains, and a shape-preferred orientation
(Figs. 2b and 3b), thus indicating high-temperature deformation by
dislocation creep. Interlobate through smoothly curved to amoeboid
grain shapes are characteristic of dynamic recrystallization by grain
boundary migration and grain boundary area reduction (Fig. 2). The
120° triple junctions that are occasionally observed are indicative of the
post-kinematic recovery process (Fig. 3a). Coarse-grained orthopyrox-
ene commonly displays a cooling-induced exsolution lamellae (Fig. 3c),
suggesting that primary orthopyroxene is indicative of a high tempera-
ture origin. The compositional and textural characteristics of olivine and
orthopyroxene suggest that both porphyroclastic minerals are primitive
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Table 3

Summary of seismic properties of olivine aggregates.
Sample VPx VPy | Seismic anisotropy (%)> FIA*

AV} Av%mm

J04-B2 8.92 8.20 7.98 8.9 7.62 73 (D)
J04-D 8.99 8.20 7.93 9.0 8.97 71 (D)
JO4-E 8.93 8.23 7.98 8.9 6.92 69 (D)
JO04-A5 8.89 8.32 7.97 8.8 6.67 51 (A)
J0o4-C 9.09 8.20 7.89 9.1 8.64 70 (D)
JO4-F 9.00 8.17 7.97 9.1 7.74 76 (D)

in origin.

5.3. Seismic anisotropy and implications for tectonic events

Exploration of the deep Earth using S-wave anisotropy data can be
powerful when combined with orientation data from minerals such as
olivine in the upper mantle (e.g., Karato et al., 2008). The averaged
seismic properties of both olivine and rock mass in this study show Vppax

and Vg polarizations that are parallel to a horizontal direction, which is
related to the alignment of olivine [100] axes (Figs. 4a and 8). Notably,
maximum shear-wave splitting occurs along the alignment of olivine
[100] axes (horizontal direction). The seismic properties of olivine
display identical patterns but stronger characteristics than those of rock
mass, indicating the dominant role of olivine in generating seismic
anisotropy (Fig. 8). The Vp/Vg ratio of 1.77-1.79 in the averaged rock
mass (up to 1.82 in sample J04-D) (Fig. 8b) fully satisfies the observed
Vp/Vs ratio of 1.79 in a previous study (mentioned in Park et al., 2015).

To more thoroughly understand S-wave splitting in the lithospheric
mantle, the thickness of anisotropic materials can be calculated using
the equation dt = AVg/<Vs> D, where dt is the delay time, AVg is the
anisotropy in a specific propagation direction, <Vg> is the average of
fast and slow velocities, and D is the thickness of the anisotropic layer.
Fig. 10 displays the thickness of anisotropic layers composed of pure
olivine and analyzed peridotites composed of olivine, orthopyroxene,
and clinopyroxene. For comparison, the thicknesses of anisotropic layers
composed of pure lawsonite (Kim et al., 2016), pure serpentine
(Katayama et al., 2009), and polymineralic (whole-rock) peridotites
(Cao et al., 2015; Soustelle et al., 2013) are also shown. In this study, an
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anisotropic layer comprising pure olivine (i.e., dunite) requires a
thickness of 49-94 km, which is thicker than serpentine (10-15 km) and
lawsonite (25-36 km), and weaker than olivine (95-137 km) in
Katayama and Karato, 2006. On the other hand, whole-rock (i.e.,
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harzburgite to lherzolite) requires a thickness of 69-123 km, that has
wide range including peridotites in other studies (Cao et al., 2015;
Soustelle et al., 2013). Assuming a lithospheric mantle beneath the study
area with a lithospheric thickness of 100 km, the seismic anisotropy
caused only by whole-rocks could partially explain the observed delay
times of 0.9-1.3 s (Pondrelli and Azzara, 1998).

The studied peridotites contain clear evidence for diverse degrees of
deformation. High-temperature deformation features can be described
as irregular grain boundaries of porphyroclastic olivine, clinopyroxene
exsolution lamellae in porphyroclastic orthopyroxene, and shape-
preferred orientations of both porphyroclastic olivine and orthopyrox-
ene (Figs. 2 and 3). Considering the limited volume of low temperature
deformation features such as fine-grained recrystallized crystals and a
120° triple junction with a low degree of partial melting, a deformation
during exhumation is insignificant. The D-type olivine fabric in this
study is preferentially explained by the multiple slip systems of {Okl}
[100] at low temperature and high stress conditions (Bystricky et al.,
2000; Jung et al., 2006; Zhang et al., 2000), and it may be related with a
large-scaled deformation event such as subduction or rifting (Figs. 4 and
7). The A-type olivine fabric occurred only in one of the lherzolites
(sample J04-A5); this may be explained by the heterogeneous charac-
teristics of syn-kinematic percolation of Si-rich melts during the tectonic
event as related to the formation of the D-type olivine fabric, or the
presence of heterogeneous post-deformation annealing associated with
small-scale magmatism.

Melchiorre et al. (2011) reported highly radiogenic Os from mantle
peridotites in the northern part of Mt. Melbourne (Barker Rocks and
Greene Point), thereby suggesting the mixing of mafic magmas
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Fig. 10. Thickness of an anisotropic layer composed of (a) olivine and (b) whole-rocks versus delay time. The thicknesses of anisotropic layers composed of lawsonite
(AVs = 14.7%, <Vs> = 4.10 km/s; Kim et al., 2016), serpentine (AVg = 35.9%, <Vs> = 4.13 km/s: Katayama et al., 2009) and olivine (AVs = 4.5%, <Vs> = 4.75
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(b) Formation of olivine CPO by an extension during rifting
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Fig. 11. Schematic models of olivine CPO formation in tectonic settings of (a) a simple corner flow in the subduction zone, and (b) extension during rifting. The

models are modified from Panter et al. (2018).

characterized by 20-35% of eclogitic material during the Ross Orogeny
(550-600 Ma) and the reactivation during the opening of the West
Antarctic Rift System (~120 Ma). Although it is difficult to constrain the
age of the analyzed samples in this study, both compressional and
extensional (transtenssional) regimes occurring during subduction and
rifting, respectively, cannot be excluded based on low temperature and
high stress conditions in the subduction zone and the presumable strong
influence of metasomatism during the opening of the West Antarctic
System. Based on an assumption that maximum shear-wave splitting
occurs by identical alignments of olivine [100] axes and the mantle flow,
two tectonic models are suggested in this study (Fig. 11). Considering
the NE-SW-trending S-wave splitting with a fast polarization direction
that is nearly perpendicular to the Transantarctic Mountains (Barklage
et al., 2009; Graw and Hansen, 2017; Pondrelli et al., 2006; Salimbeni
et al., 2010), a simple corner flow model in the subduction zone can
explain the formation of the trench-perpendicular seismic anisotropy
(Fig. 11a). During the formation of the West Antarctic Rift System, the
extension of the lithospheric mantle could have resulted in fast shear
wave splitting in the direction of mantle flow (Fig. 11b). Both models
can explain the regional S-wave splitting beneath northern Victoria
Land, that shows an average delay time of 0.9 + 0.04 s generated from
lithosphere estimated to be 81-135 km thick. They however cannot
explain the occurrence of local shear wave splitting, such as that beneath
the Ross Sea coast, that displays an average delay time of 1.5 + 0.08 s
originated from asthenosphere estimated to be 135-225 km thick (Graw
and Hansen, 2017).

Models involving mantle plumes or small-scale mantle convection
have been proposed to explain the formation of the Transantarctic
Mountains (Armienti and Perinelli, 2010; Faccenna et al., 2008; Kyle
et al., 1992; Rocchi et al., 2002, 2003, 2005). In both cases, seismo-
logical surveys suggest low-velocity anomalies and the existence of melt
in the mantle (Barklage et al., 2009; Gupta et al., 2009; Hansen et al.,
2014b; Morelli and Danesi, 2004; Park et al., 2015; Sieminski et al.,
2003). Melt-induced seismic anisotropies have been reported by Naka-
jima et al. (2005) using a quantitative interpretation of both P- and
S-wave velocity structures and by Satsukawa et al. (2011) based on
microstructural investigations on peridotite xenoliths. The Cr# values of
the spinel in the analyzed samples was estimated as 0.15-0.31, corre-
sponding to a <7% melt (e.g., Park et al., 2020). The study area contains
abundant tectonic faults that are oriented perpendicular to the direction
of fast shear wave splitting and can generate a weak seismic anisotropy
(Fig. 12). The observed delay time of 0.9-1.3 s (Pondrelli and Azzara,
1998) requires seismic anisotropies of 17%-25% assuming a litho-
spheric mantle that is 100 km thick. The AVs caused by trapped melts
parallel to APM in this study are estimated as 10%-18% if we assume
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shape ratios of between 5:5:1 and 10:10:1 and a melt fraction of 7%
(Vauchez et al., 2000). We suggest therefore that the existence of melt
trapped along faults can partially explain the generation of seismic
anisotropy beneath northern Victoria Land. The summation of seismic
anisotropy caused by the presence of both mantle peridotites (5% from
J04-A5 and 8% from J04-D) and melt-pockets (10%-18%) is essential to
fully explain the seismic anisotropy of 17%-25% that is estimated from
100 km thick lithospheric mantle, with an observed delay time of
0.9-1.3 s (Pondrelli and Azzara, 1998).

6. Conclusions

The NE-SW-trending S-wave splitting widely observed in northern
Victoria Land, Antarctica, is usually explained by the presence of melt-
pockets developed along large-scale tectonic faults or the existence of
lithospheric fabric. We first report the origin of seismic anisotropies
calculated directly from mantle xenoliths around Mt Melbourne in
northern Victoria Land and summarize the following conclusions.

1. The studied mantle xenoliths are classified into three harzburgites
and three lherzolites based on the mineral abundances of major
minerals (olivine, orthopyroxene, clinopyroxene). The irregular
grain boundaries of porphyroclastic olivine and clinopyroxene
exsolution lamellae in porphyroclastic orthopyroxene are observed
in both lithologies, but the shape-preferred orientations of both
porphyroclastic olivine and orthopyroxene microstructures are
characterized only in spinel lherzolites.

2. Because of a lack of structural indicators in the sample specimens,
the olivine [100] and [010] are rotated into a horizontal and vertical
orientations, respectively, after the EBSD measurements. The shape
factor K calculated from eigenvalues defines an ambiguous [010] of
olivine into a girdle or a cluster; hence, one sample is classified as an
A-type olivine and the others as D-type olivine. The calculated FIAs
are 51°-76°, with one sample classified as an A-type olivine and the
others as D-type olivine. These consistent results using both quanti-
tative methods provide an appropriate definition of olivine for
massive mantle xenoliths that lack structural indicators.

3. Microstructures of porphyroclastic olivine (complex shape of grain
boundaries) and orthopyroxene (exsolution lamellae) provide evi-
dence for the main deformation event. The limited volume of fine-
grained recrystallized crystals and the relationship between low
Cr# in spinel and high Fo# in olivine are indicative of low-degree
partial melting that suggests an insignificant influence of meta-
somatism. The dominance of D-type olivine CPOs and only one
sample showing an A-type CPO are explained by multiple slip
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Generation of melt-pockets along faults

Northern Victoria Land  Northern Basin

Ast S-wave splitting

Adare Basin E
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Continental crust

Lithospheric
mantle

Melt // APM Melt // AV

Fig. 12. Schematic model of the influence of melt pockets on anisotropy. Melt
pockets (red color) parallel to the APM (white arrow) can generate 10%-18%
AVg, assuming shape ratios of 5:5:1 to 10:10:1 and 7% melt (Vauchez et al.,
2000). APM = absolute plate motion (Gripp and Gordon, 2002). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

systems of {0k1}[100] at low temperature and high stress conditions.
The mixing of mafic magmas involving 20-35% of eclogitic materials
during the Ross Orogeny (550-600 Ma) and the reactivation during
the opening of the West Antarctic Rift System (~120 Ma) have been
suggested by highly radiogenic Os from mantle peridotites (Barker
Rocks and Greene Point) in the northern part of Mt. Melbourne.
These results allow the interpretation that both compressional and
extensional regimes during subducting and rifting, respectively,
could explain the formation of D-type olivine fabric in the study area.
Relatively low estimated equilibrium temperatures of 860-920 °C
calculated using a Ca-in-orthopyroxene thermometer may be
explained by the ‘stagnant’ condition that is probably related with an
exhumation event at low temperature and high stress mantle shear
zone.

4. The averaged seismic properties of olivine aggregates and whole-
rocks (olivine + orthopyroxene + clinopyroxene) are characterized
by a maximum splitting of S-wave propagation parallel to olivine a-
axes. With assumptions that olivine a-axes are aligned along the
mantle flow to generate maximum S-wave splitting and the thickness
of lithosphere should be 100 km, the observed delay time of 0.9-1.3 s
beneath northern Victoria Land may be explained partially (up to
1.1 s) by the anisotropy in the peridotite xenoliths. Confirmation of
the existence of melts trapped along faults is needed to explain the
rest of the observed S-wave splitting. Therefore, our findings suggest
the seismic anisotropy beneath northern Victoria Land can be
explained by the existence of both mantle peridotites and melt-
pockets along large-scaled NW-SE-trending faults. Additional
microstructural studies on peridotite xenoliths from other areas
should be evaluated for a more thorough understanding of the origin
of the NE-SW-trending S-wave splitting beneath northern Victoria
Land, Antarctica.
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