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The Mertz shear zone (MSZ) is a lithospheric scale structure that recorded mid-crustal deformation during the
1.7 Ga orogeny. We performed a microstructural and crystallographic preferred orientation (CPO) study of sam-
ples from both mylonites and tectonic boudins that constitute relics of the Terre Adélie Craton (TAC). The defor-
mation is highly accommodated in the MSZ by anastomosed shear bands, which become more scattered
elsewhere in the TAC. Most of the MSZ amphibolite-facies mylonites display similar CPO, thermal conditions, in-
tensity of deformation and dominant shear strain. Preserved granulite-facies boudins showboth coaxial and non-
coaxial strains related to the previous 2.45 Ga event. This former deformation is more penetrative and less local-
ized and shows a deformation gradient, later affected by amajor phase of recrystallization during retrogression at
2.42 Ga. Both MSZ samples and granulite-facies tectonic boudins present microstructures that reflect a variety of
deformation mechanisms associated with the rock creep that induce contrasted CPO of minerals (quartz, feld-
spar, biotite, amphibole and orthopyroxene). In particular, we highlight the development of an “uncommon”
CPO in orthopyroxene fromweakly deformed samples characterized by (010)-planes oriented parallel to the fo-
liation plane, [001]-axes parallel to the stretching lineation and clustering of [100]-axes near the Y structural
direction.
Lastly, we computed the seismic properties of the amphibolite and granulite facies rocks in theMSZ area in order
to evaluate the contribution of the deformed intermediate and lower continental crust to the seismic anisotropy
recorded above the MSZ. Our results reveal that (i) the low content of amphibole and biotite in the rock forma-
tions of the TAC, and (ii) the interactions between the CPO of the different mineralogical phases, generate a seis-
mically isotropic crust. Thus, the seismic anisotropy recorded by the seismic stations of the TAC, including the
MSZ, must be due to mantle rather than crustal structures.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Lithospheric scale shear zones are described as localization areas
where the deformation is localized between adjacent terrains and dom-
inated principally by simple shear. In association with faults in the
upper crust, they profoundly influence the formation and the evolution
of mountain belts and sedimentary basins (Alsop and Holdsworth,
2004). They are thus key regions that provide us insights into deforma-
tion, rheology and dynamics of the lithosphere (Burov, 2011; Vauchez
et al., 2012).

Depending on the interplay of different physical parameters such as
far-field forces, lithology, pressure and temperature conditions, fluid
transfer and strain rate, various deformation mechanisms can be acti-
vated. This has a strong influence on the resulting microstructures,
such as grain shape and size, and crystallographic preferred orientation
. Lamarque).
associated with dominant slip systems in minerals undergoing disloca-
tion creep deformation (Nicolas and Poirier, 1976; Passchier and Trouw,
1996; Vauchez et al., 2012).

The Mertz shear zone (MSZ) in Antarctica is a lithospheric shear
zone that separates the 2.4 Ga old granulite and amphibolite facies ter-
rains to thewest from a 0.5 Ga old intrusive complex related to the Ross
Orogeny to the east. Available geochronological data (40Ar/39Ar on
amphibole and biotite) show that the MSZ was active at 1.7 and
1.5 Ga in amphibolite and greenschist facies conditions, respectively
(Di Vincenzo et al., 2007; Duclaux et al., 2008). Older granulite-facies ac-
tivity at 2.4 Ga was suggested by Kleinschmidt and Talarico (2000) for
the MSZ. However, Duclaux et al. (2008) interpreted this Neoarchean
age (2.4 Ga) as being related to a regional orogenic tectonothermal
event. This Neoarchean Siderian orogenic event is recorded over the en-
tire eastern region of the Terre Adélie Craton (Ménot et al., 2005, 2007;
Duclaux et al., 2008). The deformation of the Terre Adélie Craton (TAC)
occurred during Neoarchean to Palaeoproterozoic times. This was a
critical period in the Earth's evolution (Hamilton, 1998) which included
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the transition from Archean geodynamics, with heat loss mostly associ-
ated with massive magmatic transfer from a mantle which was much
hotter than at present, to modern style geodynamics related to plate
tectonics (Lee et al., 2008; Dhuime et al., 2012). The MSZ constitutes
one of the oldest known shear zones preserved from the early period
of modern plate tectonics through its 1.7 Ga activation. It could have
been contiguous with the Kalinjala or Coorong shear zones (South
Australia) before the SouthernOceanopeningduring theCretaceous pe-
riod (Talarico and Kleinschmidt, 2003; Gibson et al., 2013). Despite its
very old age (1.7 to 1.5 Ga), MSZ activity was not associated with volu-
minous magma injection and differs strikingly from younger
Neoproterozoic and Cambrian shear zones for example in Madagascar
(Grujic and Mancktelow, 1998; Martelat et al., 1999). Other examples
of shear zones from Palaeo- to Mesoproterozoic times in Colorado
(Anderson and Cullers, 1999; Shaw et al., 2001), from Neoproterozoic
times in South-Africa (Kisters et al., 1998), from Pan-African times in
North Africa (Boullier and Bertrand, 1981), in West-Africa (Adissin
Glodji et al., 2014) and in North-East Brazil (Tommasi et al., 1994;
Neves and Vauchez, 1995; Neves et al., 1996, 2000), and more recently
during the Cretaceous in New Zealand (Barker et al., 2010), are com-
monly associated with high magma production and emplacement (see
Brown and Solar, 1998 for a synthesis of deformation and linked melt
production).

Knowledge of the deep structures' continuity (potentially down to
the mantle) allows a better understanding of the deformation distribu-
tion across the lithosphere and therefore its rheology. However, the lack
of mantle-derived melt injection during the activation of the MSZ does
not provide an argument for a possible continuity of the deformation
down to the mantle. Structural studies show that amphibolite and
retrogressed granulite are both affected by the 1.7 Ga deformation
(Pelletier et al., 2002; Ménot et al., 2005; Gapais et al., 2008), but no
lower crust or mantle xenoliths were found. These observations only
argue that the MSZ penetrates at least down to the intermediate crust.
Because of the lack of geological evidence, other tools have to be used
to image the deep structure of the shear zone.

A geophysical approach can provide alternative information. SKS-
wave anisotropy is an efficient tool for mappingmantle structure defor-
mation (Silver, 1996), as SKS samples an entire vertical section through
both asthenosphere and lithosphere. For the Terre Adélie and George V
Land region, no clear continuation of theMSZ into the lithosphericman-
tlewas observed from the SKS-wave anisotropy study of Lamarque et al.
(2015) despite a strong variation in crustal thicknesses on both sides of
theMSZ highlighted by the airborne gravity study of Jordan et al. (2013)
and receiver function analysis of Lamarque et al. (2015). In order to fully
interpret the seismic recordings for the MSZ, it is therefore necessary to
determine the crustal contribution of the SKS-wave anisotropy
measurements.

The present study focuses, firstly on the description of deformation
processes based on analysis of micrometric to millimetric scale struc-
tures. It wasperformed byboth optical analysis and electron backscatter
diffraction (EBSD) crystallographic preferred orientation (CPO) mea-
surements in samples from the strongly deformed domains of the
MSZ (mylonites) and from the less affected areas outside the shear
zone where numerous tectonic boudins are preserved. Subsequently,
CPO measurements and modal compositions allow us to calculate the
contribution of the crust, in particular the onedue to theMSZductile de-
formation. Results are compared to the SKS-wave anisotropy measure-
ments of the TAC performed by Lamarque et al. (2015).

2. Geological settings

TheMertz shear zone (MSZ) is amajor structure clearly visible at the
Correll Nunatak (67°35′S, 144°16′E; Stillwell, 1918; Di Vincenzo et al.,
2007; Ménot et al., 2007), Fig. 1. The MSZ activation occurred during
the 1.7 Ga tectono-metamorphic event (Di Vincenzo et al., 2007;
Duclaux et al., 2008), synchronously with the structuration of the
Dumont d'Urville and Cape Hunter sedimentary basins, the activation
of the Zélée shear zone (141°E) and the development of a network of
anastomosed narrow shear zones that have affected the Neoarchean
basement, which is still visible at Stillwell Island for example.

The MSZ marks the boundary between the Neoarchean to
Palaeoproterozoic TAC and a metasedimentary complex intruded
by a 0.5 Ga-old granitic suite related to the Ross Orogeny (Fanning
et al., 2002; Di Vincenzo et al., 2007).

At Correll Nunatak, themylonitic foliation is decimetre-thick sub-
vertical and oriented N340° to N–S. The mineral lineation is found to
be gently dipping and most of shear markers clearly indicate a dex-
tral shear sense (Kleinschmidt and Talarico, 2000; Talarico and
Kleinschmidt, 2003; this study). From mineral assemblage observa-
tions, the MSZ might represent a mid-crustal strike-slip fault that
could have accommodated large horizontal displacements during
successive shearing events at 1.7 and 1.5 Ga in amphibolite and
greenschist facies conditions, respectively (Di Vincenzo et al., 2007;
Duclaux et al., 2008). However, the last activation of the MSZ at
1.5 Ga was discussed by Ménot et al. (2005), who suggested that a
younger age (maybe post-Ordovician) cannot be formally ruled out
because Palaeozoic rocks are found to be juxtaposed east of the MSZ.

Within the MSZ, some tectonic boudins preserve such Neoarchean
penetrative structures of the TAC. They are predominantly composed
of felsic to mafic orthogneiss and granite intruding metasedimentary
country rocks. This 2.55–2.44 Ga old continental crustal segment
(Oliver and Fanning, 2002; Duclaux et al., 2008) exposes two distinct
tectonic units (Port Martin and East Commonwealth Bay) that were
metamorphosed under amphibolite and granulite facies conditions re-
spectively, and represent intermediate to deep crustal sections (Ménot
et al., 2005), Fig. 1.

More detailed geological settings are presented in the Supplementa-
ry materials (Appendix 1) with a structural description of the studied
outcrops.

3. Microstructures

3.1. Methods

Westudied 20 samples located at Correll Nunatak in the amphibolite
facies unit and at Aurora Peak, Murchison Mount, Cape Gray and
Stillwell Island in the granulite domain (Fig. 1). We grouped the
samples according to their deformation microstructures (strongly,
moderately and weakly deformed samples) then, we selected one
or two representative samples from each group.

Crystallographic orientations were measured by electron backscat-
ter diffraction (EBSD) technique using a scanning electron microscope
JEOL JSM 5600 at the University of Montpellier and a JEOL JSM 6500F
at the Ecole des Mines at Saint-Etienne. Polished thin sections were
made parallel to the lineation and perpendicular to the foliation (XY
plane). Electron backscatter diffraction patterns (EBSPs) were acquired
at an accelerating voltage of 17 kV and a working distance of about
25 mm. They were manually or automatically (step size of 10 μm) ac-
quired and indexed using the Channel 5 software fromHKL Technology,
Denmark. For analysis, 5–7 Kikuchi bands werematched with expected
EBSPs. The accuracy of the crystallographic orientation of eachmeasure-
ment is typically lesser than 1°.

Crystallographic orientations are displayed using pole figures, with
equal area lower hemisphere projections, where the sample lineation
is represented by X, the foliation plane is represented by (XY) and the
direction normal to the foliation plane by Z. The fabric strength is quan-
tified by using the dimensionless J-index (Bunge, 1982), which is equal
to 1 for a randomdistribution and tends toward infinity for a single crys-
tal orientation.

In some samples, foliation plane and lineation direction were not
easy to identify. In order to replace EBSDmeasurements in the structur-
al frame (X, Y, Z),we usedmagnetic foliation and lineation identification
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Fig. 1. A: Location of Terre Adélie and George V Land in the Antarctic continent. B: Link between south Australia and Antarctica. TAC= Terre Adélie Craton, GC= Gawler Craton, MSZ=
Mertz shear zone, KSZ = Kalinjala shear zone, CSZ = Coorong shear zone. C: Synthetic geological map of the Terre Adélie Craton (after Ménot et al., 2007). Purple areas are
Palaeoproterozoic terrains, which correspond to the Dumont d'Urville and Cape Hunter basins; green and brown areas are Neoarchean terrains, green being intermediate to upper
amphibolitic crust and brown granulite facies crust. Orange area represents the Paleozoic crust, mainly composed of granitoids. The darkest colours correspond to outcrops. MSZ denotes
the Mertz shear zone and ZSZ denotes the Zélée shear zone. Directions of field-measured structures are drawn in black. Locations of studied samples are marked by red stars. See also
Ménot et al. (2007) and Ménot (to be published) for more complete geological description. (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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using anisotropy of magnetic susceptibility (AMS) technique. The AMS
was measured using a MFK1 Kappabridge instrument (AGICO, Brno)
at the University of Saint-Étienne (France). We evaluate the three prin-
cipal susceptibility axes (K1, K2 and K3with K1≥K2≥ K3) of the AMS el-
lipsoid in a low-magnetic field (200 A ∙m−1). The K1 and K3 axes can be
associated with the magnetic lineation and the magnetic foliation pole,
respectively. We performed measurements on cubes, one of the faces
being parallel to the corresponding thin section. In metamorphic rocks
magnetic foliation and lineation generally correspond closely to the tec-
tonic structures (Borradaile and Henry, 1997; Egydio-Silva et al., 2005;
personal observations in mylonites from Correll) and we can thus dis-
cuss crystallographic fabrics in relation to the structural framework.

3.2. Microstructures from various rock types

Wedescribemicrostructures fromboth theNeoarchean granulite fa-
cies condition deformation and the Palaeoproterozoic amphibolite to
greenschist facies conditions deformation related to the MSZ. To study
Neoarchean deformation, we selected samples from East Common-
wealth Bay (Aurora, Murchison, Stillwell, Cape Gray) where the lower
crustal structure is well preserved. Four strongly deformed rocks
(GD06-28 and RPM98-114 from Aurora, RPM98-101 from Murchison
and RPM98-138 from Stillwell) and five moderately deformed rocks
(RPM98-121, GD06-25, RPM98-122 and RPM98-126 from Aurora and
RPM98-169B from Cape Gray) were also analysed. Moreover, three
weakly deformed rocks were studied: two from a granulite facies pre-
served core at Aurora (RPM98-118 and RPM98-120) close to the MSZ,
and another far from the MSZ at Cape Pigeon (RPM98-166). The MSZ
Palaeoproterozoic tectonic event is studied at Correll Nunatak (Di
Vincenzo et al., 2007) using six mylonite samples (RPM98-106, GD06-
07, GD06-08, GD06-10, GD06-12 and GD06-16), and using sample
12-CJB-12D from a localized shear zone in the anatectic granites of
Stillwell Island. Name, location andmodal composition of selected sam-
ples are indicated in Table 1. Mineral abbreviations are from Whitney
and Evans (2010). Modal compositions were evaluated from both auto-
matic EBSD analyses and images analyses (photographs of thin
sections). Figs. 2 and 3 show the structural context of the outcrops
and photographs of corresponding thin-sections, respectively. Detailed
petro-microstructural descriptions of studied samples are given in Sup-
plementary materials (Appendix 2). We focus below on minerals for
which EBSD measurements were carried out.

3.2.1. Neoarchean deformations

3.2.1.1. Strongly deformed rocks. Quartz is present as isolated grains in
RPM98-114, as aggregated grains in RPM98-101 and as ribbons in
GD06-28. In all samples, the grain size is about 0.05 to 0.5 mm and all
crystals present irregular and lobed grain boundaries with evidence of
plastic deformation (undulose extinction, for example). Feldspar
grains are recrystallized with grain angles of 120° (around 0.1 to
0.3 mm in grain size) in sample GD06-28. In the two others samples,
few porphyroclasts (about 0.1 mm in size) show evidence of plastic
deformation whereas recrystallized grains have textural equilibrium
(0.01–0.02 mm). Orthopyroxene mainly consists of recrystallized
grains (around 0.05 mm) aligned along the foliation (XY) plane in
sample GD06-28 whereas it is present as isolated porphyroclasts of
0.1–0.2 mm with some associated recrystallized grains in sample
RPM98-114. In both samples, orthopyroxene grains do not show ev-
idence of kinking but are slightly affected by a late amphibolitization,
along fractures and cleavage. In sample RPM98-114, biotite (0.1 to
0.2 mm long) also occurs as a late recrystallization phase around
orthopyroxene.

3.2.1.2.Moderately deformed rocks.Quartz grains in all samples have very
irregular and lobed grain boundaries aswell asmarked undulose extinc-
tion. They are aggregated and tend to form polycrystalline ribbons. In
some cases, they can contain small inclusion of feldspar and biotite.
Feldspars are mainly present in moderately deformed samples as re-
crystallized grains (0.05 to 0.2 mm) with equilibrated textures. In sam-
ples RPM98-121 and RPM98-138, few porphyroclasts are preserved and
show evidence of plastic deformation (undulose extinction, curved and
bevelled twins). Biotite grains, when present, are mainly aligned along



Table 1
Petrology, sample name, location and modal composition (%) of the 18 selected samples (3 strongly, 3 moderately and 2 weakly deformed rocks). Opx = orthopyroxene, Pl = feldspar
plagioclase, KF = K-feldspar, Ox = oxide, Bt = biotite, Qtz = quartz, Am= amphibole, Gt = garnet, Cpx = clinopyroxene, Sill = sillimanite.

Petrology Sample name Location Mineralogy

Opx Pl KF Ox Bt Qtz Others

Granulite facies samples (2.4 Ga)
Strongly deformed rocks
Gneiss with Opx + Pl GD06-28 Aurora 12 40 4 1 b1 43

RPM98-114 Aurora 5 45 5 5 b1 39 Gt b 1
Gneiss RPM98-101 Murchison b1 29 59 b1 12
Moderately deformed rocks
Granulite RPM98-121 Aurora b1 62 4 2 b1 31 Cpx b 1
Granulite GD06-25 Aurora 1 32 22 1 44
Gneiss RPM98-122 Aurora 2 26 3 b1 3 51 Gt 14
Gneiss RPM98-138 Stillwell 33 35 3 5 10 Sill 13

Gt b 1
Weakly deformed rocks
Gneiss with Opx + Pl RPM98-118 Aurora 15 70 3 5 5 b1 Amp b 1

Cpx b 1
RPM98-120 Aurora 15 71 5 5 2 Amp b 1

Cpx b 1
RPM98-166 Cape Gray 16 66 13 3 1 b1 Amp b 1

Cpx b 1

Amphibolite facies samples (1.7 Ga)
Strongly deformed rocks
Granodioritic orthogneiss RPM98-106 Correll 27 48 b1 24 Cpx b 1
Orthogneiss GD06-07 Correll 50 8 b1 6 15 Amp 21

GD06-08 Correll 46 12 10 5 Amp 27
GD06-10 Correll 39 38 6 12 Amp 5
GD06-12 Correll 41 37 b1 1 Amp 20
GD06-16 Correll 33 1 b1 5 6 Amp 55
GD06-18 Correll 40 25 12 8 Amp 15

Moderately deformed rocks
Granite 12-CJB-12D Stillwell 21 13 8 56 Amp b 1
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the foliation plane and can bemeasured from 0.1–0.2 mm long (sample
RPM98-121) to 1.0–1.2 mm long (sample RPM98-122). Orthopyroxene
is present in sample GD06-25 as grains about 1 mm aligned along the
foliation (XY) plane, and in sample RPM98-122 as isolated grains of
0.1–0.2 mmwith no evidence of kinking and with texturally equilibrat-
ed grain boundaries.

3.2.1.3. Weakly deformed rocks. Orthopyroxene grains are rounded with
a grain size of 0.5–2.0 mm. They do not present evidence of kinking nor
alteration although they are fractured. They occur as isolated grains or
as cluster of 4–5 grains generally aligned along the foliation (XY)
plane. Late-stage biotite and quartz symplectites are concentrated
Correll Aurora and M

Granulite-facies core

Amphibolite-facies core

 Granulite or 
amphibolite-facies 
foliation before 2.45 Ga

Fig. 2.Vertical cross-sections of outcrops from Correll, Aurora andMurchison, Stillwell and Cape
and amphibolite-facies (Correll Nunatak) cores formed at 2.8–2.6 Ga, which constitute the w
imprinted between 2.6 and 2.45 Ga, 3/ the amphibolite-facies foliation associated with the ret
with the development of the dome-basin structures. At Correll Nunatak, this deformation
greenschist-facies conditions of deformation occurring between 1.7 and 1.5 Ga, related to the
1.7 Ga amphibolite deformation at Correll (samples RPM98-106, GD06-07, GD06-08, GD06-1
and ellipses correspond to granulite deformation prior to 2.45 Ga at Aurora (samples GD06-2
RPM98-138) respectively, cross and squares correspond to granulite core at Cape Gray (samp
interpretation of the references to colour in this figure legend, the reader is referred to the we
around orthopyroxene grains or along their fractures. These biotite
grains are not aligned along the foliation (XY) plane as their crystalliza-
tion from orthopyroxene grains occurred after the 2.4 Ga granulite tec-
tonic event. Plagioclase grains are bigger than the ones in strongly and
moderately deformed samples (about 1 mm). The polygonal grain
boundaries, with angles around 120°, suggest a large degree of recrys-
tallization. In samples RPM98-166 and RPM98-118 we clearly distin-
guish two generations of plagioclase: the first one is represented by
the porphyroclasts and the second one by the neoblasts. In sample
RPM98-166 plagioclase neoblasts are in textural equilibrium but some
porphyroclasts present irregular grain boundaries and bevelled twins,
suggesting plastic deformation. Plagioclase porphyroclasts from sample
urchinson Stillwell and Cape Gray

Amphibolite-facies 
retrogressed foliation 
2.42 Ga

Amphibolite to 
greenschist-facies 
foliation (1.7-1.5 Ga)

Gray.We distinguish: 1/ the granulite-facies (Aurora Peak, Stillwell Island and CapeGray)
eakly deformed rocks, 2/ the preserved granulite-facies or amphibolite-facies foliation
rogression in the lower and intermediate crust at 2.45 Ga. This deformation is associated
could have been entirely reworked during the MSZ activation, 4/ the amphibolite to
MSZ. Red symbols refer to samples presented in Fig. 3: stars and triangles correspond to
0, GD06-12, GD06-16, GD06-18) and Stillwell (sample 12-CJB-12D) respectively, circles
8, RPM98-114, RPM98-101, RPM98-121, GD06-25, RPM98-122) and at Stillwell (sample
le RPM98-166) and at Aurora (samples RPM98-120 and RPM98-118) respectively. (For
b version of this article.)
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Fig. 3. A/ Photographs of the Neoarchean granulite-facies thin-sections. B/ Photographs of the Palaeoproterozoic amphibolite-facies thin-sections. See Fig. 2 for structural context.
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RPM98-118 show little evidence of plastic deformation. Lastly, sample
RPM98-120 contains only a few recrystallized grains and the plagioclase
porphyroclasts do not show plastic deformation structures.

3.2.2. Palaeoproterozoic deformation

3.2.2.1. Strongly deformed rocks: mylonites from the MSZ. All samples are
characterized by coexisting large porphyroclasts andmylonitic bands of
highly deformed minerals. Porphyroclasts are mainly K-feldspar grains
(microclines) with undulose extinction and around 1 mm in size.
Some porphyroclasts are made of plagioclase and amphibole grains
and assemblages of quartz, feldspar and biotite replace others. Fine
grains (less than 0.1 mm) of biotite, amphibole, plagioclase and quartz
constitute deformation bands around the porphyroclasts and define
the foliation. Quartz forms irregular ribbons showing evidence of grain
boundary migration such as lobed edges and/or plastic deformation
(undulose extinction) depending on the sample.

The microstructure of sample GD06-18 slightly differs with the foli-
ation defined by biotite alignment (0.3 to 1 mm long). Quartz is aggre-
gated in areas containing porphyroclasts (about 0.3 mm) and neoblasts
(0.05 mm) formed by dynamic recrystallization (subgrain rotation).

3.2.2.2. Moderately deformed rock: localized shear zone. The deformation
is mainly localized into shear bands composed of biotite and small
neoblast grains of quartz and feldspar (less than 0.2 mm). Biotite grains
are mainly aligned along the foliation (XY) plane but another direction
at 45° is also observed (SC structures). Bands of larger quartz and feld-
spar grains (0.3–0.5 mm) are characterized by partial recrystallization
with equilibrated structures (120° angles) for feldspar. The recrystalli-
zation was not complete as some grain boundaries are irregular.
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3.3. Crystallographic preferred orientations

3.3.1. Quartz
The quartz CPOs are presented in Fig. 4. First, we present results of

quartz CPO from samples collected in the Neoarchean granulite facies
tectonic boudins. The fabric strength of GD06-28 (Jindex = 4.9) is sig-
nificantly higher than for other samples (Jindex b3.5). The quartz
CPOs of sample GD06-28 are characterized by [11–20]-axes ([a]-axes)
oriented in a girdle in the (XZ) plane with a stronger concentration at
about 25° to the lineation X-axis. The [0001]-axes ([c]-axes) tend to
form a girdle along a plane that passes through the Y-axis, at an angle
of 30° to the (XZ) plane. The maximum concentration of [0001]-axes
is clearly defined close to Y. The axis distribution characteristics of sam-
ples RPM98-114 and RPM98-101 are close to those of sample GD06-28,
with [11–20]-axes oriented in a girdle in the (XZ) plane with the max-
imum concentration close to the lineation X-axis and [0001]-axes
with two point maxima, the most concentrated close to the Y-axis,
and the second one oriented at about 30° to the Z-axis. Moderately de-
formed sample RPM98-121 has the quartz [11–20]-axes oriented close
to the lineation and the c-axes oriented in a girdle in the YZ plane. The
maximum concentration of [0001]-axes in this sample is at 20° to the
Z-axis. Moderately deformed quartz [0001]-axes of the Neoarchean
sample GD06-25 form an incomplete and asymmetric cross girdle
with an opening angle about 90°. The maximum concentration of [11–
20]-axes is extremely low, oriented at around 10° to the lineation.
Quartz fabrics from the moderately deformed samples RPM98-122
and RPM98-138 are very weak. The [0001]-axes are in a girdle around
the (XY) plane with maximum concentration at 30° to the X-axis, and
weakly clustered around the Y-axis, respectively. The [11–20]-axes do
not have a clear orientation.

All the mylonite samples from the 1.7 Ga amphibolite event present
a similar quartz CPO, except for sample GD06-18. The [0001]-axes are
mainly in girdle around the (YZ) plane with maximum concentrations
ranging between 3 and 5. The maximum concentrations are located
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Fig. 4. Quartz CPOs are shown for strongly and moderately deformed samples in both 2.4 Ga g
hemisphere projections. Foliation is marked by a black line when clearly observed and by a d
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close to the Y-axis for samples GD06-07, GD06-08 and GD06-12, and
at 20 to 40° from the Y-axis in samples RPM98-106, GD06-10 and
GD06-12. The [11–20]-axes are in a girdle around the (XZ) plane for
all these samples, with maximum concentrations oriented at a low
angle to the X-axis (from 0 to 30°). In sample GD06-16, the concen-
tration of [11–20]-axes is extremely weak. Samples GD06-08 and
GD06-10 have [0001]-axes more concentrated around the Y-axis
than the other samples. Sample GD06-18 has a different quartz
CPO, with [0001]-axes oriented parallel to the Z-axis and [11–20]-
axes parallel to the X-axis. Finally, sample 12-CJB-12D, which was
moderately deformed during the Palaeoproterozoic amphibolite fa-
cies tectonic event, shows poorly concentrated [0001]-axes (maxi-
mum density b 3) in a girdle at 30–50° angle to the foliation plane,
with a maximum at 30° to the Y-axis. The [11–20]-axes tend to be
oriented in a girdle around the (XZ) plane but the maximum density
is low and the fabric is weak.

3.3.2. Feldspar
Feldspar constitutes the main phase (from 30 to 70%) of all studied

samples and plagioclase is more abundant than K-feldspar. We present
the CPO for plagioclase in Fig. 5. They are low, almost isotropic, with
maximal density from 1.79 to 2.97.

In the Neoarchean domain, all strongly and moderately deformed
granulite facies samples display quasi-isotropic feldspar fabrics
(Fig. 5). The maximum concentration (M.D.) of [100]-axes, (010)-
poles and (001)-poles ranges from 2.1 to 2.5 with no clear relation to
the structural framework. Samples with the clearest feldspar CPO in re-
lation to the structural framework are RPM98-118, RPM98-120 and
RPM98-166 from the weakly deformed group. In these samples, poles
of (010) are parallel to the magnetic foliation pole and [100]-axes are
parallel to the magnetic lineation. The (001)-poles are not clearly ori-
ented in relation to the structural framework.

In samples deformed at 1.7 Ga under amphibolite facies conditions,
feldspar CPOs are also extremely low and show no clear relation to
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the tectonic foliation. GD06-16 is the sample with the most clearly de-
fined feldspar CPO. It presents a densitymaximumof (010)-poles paral-
lel to the foliation plane and [100]-axes parallel to the lineation.

3.3.3. Biotite and amphibole
The CPOs for biotite and amphibole are displayed in Fig. 6. The biotite

crystal CPOs were measured in the Neoarchean domain for the moder-
ately deformed samples RPM98-122 and RPM98-138 and for the weak-
ly deformed samples RPM98-166 and RPM98-120. In the amphibolite
facies samples from Palaeoproterozoic shear zones, strongly deformed
samples GD06-07 and GD06-16 aswell asmoderately deformed sample
12-CJB-12D are all biotite-bearing. In both granulite and amphibolite fa-
cies domains, strongly and moderately deformed samples present clear
biotite fabrics, with [001]-axes ([c]-axes) clustering more strongly than
the other crystallographic axes and oriented perpendicular to the folia-
tion. Axes [100] and [110] tend to be oriented in a girdle in the foliation
plane. The biotite CPOs from weakly deformed samples present differ-
ent patterns. Sample RPM98-166 shows biotite [001]-axes concentrated
in a two point maxima oriented at a high angle to the foliation and lin-
eation. Sample RPM98-120 shows biotite [100]-axes close to the mag-
netic lineation, [110]-axes oriented at 30° to the magnetic foliation
and [001]-axes that tend to be close to themagnetic K2 (Y-axis), i.e. per-
pendicular to magnetic lineation and within the magnetic foliation
plane.

Amphibole is only present in the Palaeoproterozoic amphibolitic
mylonites.Wemeasured the amphibole CPO in strongly deformed sam-
ples GD06-07, GD06-08, GD06-12 and GD06-16. For all samples, the
[001]-axes are parallel to the stretching lineation. In sample GD06-07,
both (100) and (010) tend to be oriented parallel to the foliation. In
sample GD06-08, amphibole (100) is oriented parallel to the foliation.
In samples GD06-12 and GD06-16, (100) for amphibole presents two
maxima close to Y and Z. In all four samples, maximum densities are
higher for (100)- than for (010)-poles.

3.3.4. Orthopyroxene
Orthopyroxene is amain phase in granulite rocks but is not present in

amphibolites from the 1.7 Ga shear zones. The CPOs for orthopyroxene
are displayed in Fig. 7. Strongly deformed Neoarchean samples GD06-
28 and RPM98-114 show a preferred orthopyroxene orientation charac-
terized by (100) oriented parallel to the foliation plane, [001] parallel to
the stretching lineation and clustering of [010] near the Y structural direc-
tion. Others samples have different fabrics. The moderately deformed
sample GD06-25 shows a preferred orientation of orthopyroxene with
(010) oriented parallel to the foliation plane, [100]-axes parallel to the
stretching lineation and [001]-axes oriented in the foliation plane with
two density maxima close to the Y-axis. The orthopyroxene CPOs for
the moderately deformed sample RPM98-122 are very interesting:
[001] is clearly parallel to the stretching lineation, but both (100)- and
(010)-poles have concentrations perpendicular to the foliation plane.
Weakly deformed RPM98-166 and RPM98-120 samples show a clear
preferred orthopyroxene orientation with (010) oriented parallel to the
foliation plane, [001]-axes parallel to the stretching lineation and cluster-
ing of [100]-axes near the Y structural direction. The last weakly de-
formed sample RPM98-118 has orthopyroxene (010) oriented parallel
to the foliation, as in the other weakly deformed samples. However,
[001]-axes are oriented in a girdle in the foliation planewith amaximum
density close to the K2magnetic axis (Y-axis). Orthopyroxene [100]-axes
do not show any orientation with respect to the magnetic framework.

4. Seismic properties of the crust affected by the MSZ

4.1. Methods of modelling

In order to evaluate the impact of the crystallographic preferred
orientation of deformed minerals on seismic anisotropy in the deep
continental crust, we computed seismic properties of amphibolite and
granulite facies rocks from the TAC. Computations were performed
using the single crystal elastic stiffnessmatrix, the CPO of themainmin-
erals and density using the Mainprice (1990) software through the
Voigt–Reuss–Hill averaging system. Input parameters are as follows:

(1) Mineral proportions and compositions of amphibolite and gran-
ulite facies rocks of the TAC were estimated from thin sections
using automatic EBSDmapping, image analysis, and calculations
from microprobe data on minerals and based on whole-rock
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chemistry. Modal abundance was estimated from the 18 studied
samples, with corroboration from previous estimations from
field, microstructural and geochemical studies (Pelletier, 2001).
Mineral proportions are detailed in the Supplementary material
(appendix 3).

(2) EBSD-measured CPO of representative minerals from strongly
and moderately deformed samples. CPO for feldspar is from
sample RPM98-120, for quartz is from RPM98-114, for amphi-
bole from GD06-16, for biotite CPO from RPM98-122 and for
orthopyroxene from GD06-28, based on the commonly found
(100)[001] fabric. Spinel, garnet, clinopyroxene, sillimanite and
cordierite were considered as being isotropic.

(3) Single crystal elastic constants and density data for hypersthene
were calculated from data in Bass and Weidner (1984) and
Weidner et al. (1978). Other crystal elastic constants are taken
from Aleksandrov et al. (1974) for plagioclase, McSkimin et al.
(1965) for quartz, Aleksandrov andRyzhova (1961) for amphibole
and biotite, Li et al. (1995) for oxide (spinel), Babuska et al. (1978)
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for garnet, Collins and Brown (1998) for clinopyroxene, Vaughan
and Weidner (1978) for sillimanite and Haussühl et al. (2011)
for cordierite.
4.2. Results

P-wave velocities, P- and S-wave anisotropy and the orientation of
the fast S-wave polarization plane are presented in Fig. 8. Firstly we
show results for various aggregates composed of 100% plagioclase,
100% quartz, 100% amphibole, 100% biotite and 100% orthopyroxene
and then for the amphibolite and granulite facies, taking into account
the rocks types and modal contents described in the Supplementary
materials (Appendix 3).

For the plagioclase aggregate, the P-wave anisotropy is low (2.9%).
Themaximum of P-wave velocity is close to the perpendicular to the fo-
liation (Vpmax = 6.7 km ∙s−1) and the minimum of the P-wave velocity
is parallel to the lineation (Vpmin= 6.5 km ∙s−1). ThemaximumS-wave
anisotropy is also very low (1.6%) and close to 0 in the case of an S-wave
propagating parallel to Y. For the quartz aggregate, the P-wave anisotropy
Fig. 8.Representative patterns of calculated seismic properties of the TAC crust affected by theM
(XY plane) is vertical and lineation (X) is horizontal in the foliation plane. The seismic proper
direction as 100 ∗ (Vs1 − Vs2) / [(Vs1 + Vs2) / 2] where Vs1 and Vs2 are the fast and slow
interpretation of the references to colour in this figure legend, the reader is referred to the we
is relatively strong (6.3%) and the slowest (5.9 km ∙s−1) direction of prop-
agation is close to the structural axe Y. Themaximum S-wave anisotropy
is 6.6% and tends to 3.0% close to the structural axe Y. For S-waves prop-
agating parallel to the structural axe Y, the VS1 polarization planes de-
scribe an angle of about 20° to the foliation. Amphibole aggregate
shows strong P-wave anisotropy (11.4%), with the lowest velocity of
about 6.5 km ∙s−1 perpendicular to the foliation and the highest velocity
of about 7.3 km ∙s−1 parallel to lineation. ThemaximumS-wave anisotro-
py is very high (6.9%) and greater than 5.0% for an S-wave propagating
parallel to the Y-axis. The polarization planes of the speed velocity
waves (Vs1) are oriented parallel to the foliation. For the biotite aggre-
gate, the P-wave anisotropy is remarkably strong, about 21%with a veloc-
ity of 5.4 km ∙s−1 for a P-wave propagating parallel to Y. The maximum
S-wave anisotropy is also the strongest one (21.1%) and it is maximal
for an S-wave propagating parallel to Y. The orientation of the fast
S-wave polarization plane shows a low angle to the foliation plane. Final-
ly, the orthopyroxene aggregate shows a low P-wave anisotropy (1.4%)
with a velocity of 7.3 km ∙s−1 for a P-wave propagating parallel to Y.
The maximum S-wave anisotropy is also low (1.5%) and close to 0 for
an S-wave propagating parallel to Y.
SZ. Equal area, lower hemisphere projections in X, Y, Z framework. Solid red line: foliation
ties are: P-wave velocity (Vp, km∙s−1), S-wave anisotropy (AVs %) defined for a specific
S-wave velocities, respectively, and the direction of the Vs1 polarization planes. (For
b version of this article.)
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We also modelled a representative granulite and amphibolite facies
crust for the Terre Adélie craton (Fig. 8) from modal proportions esti-
mated (see Supplementary material Appendix 3 for details). It appears
that the P-wave anisotropy (1.3% for granulite and 1.5% for amphibolite)
and maximum S-wave anisotropy (1.1% for granulite and 2.6% for
amphibolite) are low. The anisotropy of the granulite domain is less
than 1% and the anisotropy of the amphibolite terrain is about 1.5% for
S-waves propagating parallel to Y (i.e. propagating vertically in the
displayed projection considering a foliation with a vertical dip).

5. Discussion

5.1. Deformation mechanisms from microstructure observation and CPO
analysis

5.1.1. Quartz
We can distinguish four main quartz fabric patterns related to the

intensity and the pressure–temperature conditions of deformation:
(1) the Neoarchean granulite-facies mylonites, (2) the moderately
deformed Neoarchean granulite rocks, (3) the Palaeoproterozoic
amphibolite facies mylonites, and (4) the moderately deformed
Palaeoproterozoic rocks.

Quartz microstructures from the Neoarchean granulite facies
mylonites (samples GD06-28, RPM98-114 and RPM98-101) are charac-
terized by undulose extinction and irregular and lobed grain boundaries
related to subgrain rotation recrystallization (SGR) and grain boundary
migration (GBM) occurring during plastic deformation. Passchier and
Trouw (1996) defined the subgrain rotation recrystallization as the in-
crease in angle between the crystal lattice on either side of the subgrain
boundary until the subgrain forms a new grain. The authors defined the
GBM high temperature process as the “increase in grain boundary
mobility to an extent that grain boundaries can sweep through entire
crystals to remove dislocations and possibly subgrain boundary”. In
the Neoarchean granulite mylonites, the [0001] and [11–20]-axis pat-
terns in these three samples are typical of quartz CPO resulting from
the dominant activation of prismatic baN and basal baN slip systems,
with a contribution of a rhomboidal baN slip system only in samples
RPM98-101 and RPM98-114. Activation of the prismatic baNwith sub-
ordinate rhomboidalbaN slip systems is commonly interpreted as ame-
dium to high temperature deformation (Wenk et al., 1989; Wenk and
Christie, 1991; Passchier and Trouw, 1996; Menegon et al., 2008;
Pennacchioni et al., 2010). However, the activation of a basal baN slip
system is interpreted as lower temperature deformation (Passchier
and Trouw, 1996), and could be related to the retrogression event that
occurred at about 2.42 Ga in the granulite domain (Duclaux et al.,
2008). In that case, the prismatic baN slip systemwould have been pre-
served in quartz during retrogression. This has been already identified
by Toy et al. (2008) in the quartz fabrics from the Alpine Fault
mylonites. The authors showed that the dominant activation of the pris-
matic baN slip system during the deformation prevents an easy basal
baN slip. In that case, the prismatic baN slip system will be largely pre-
served.Moreover, the strongly deformed granulite-facies sample GD06-
28 shows a quartz CPO characterized by a higher concentration of
[0001]-axes close to the Y-axis than the other samples. It could indicate
that the prismatic baN slip system has been more strongly activated in
this sample than in samples RPM98-114 and RPM98-101. This quartz
CPO is also related to a specific microstructure characterized by well-
defined ribbons and more evidence of GBM processes such as lobed
grain boundaries, variable grain size, and grain boundarymobility struc-
tures. This is interpreted by Jessell and Lister (1990) and Stipp et al.
(2002b) as being related to an increase in deformation temperature,
but could also be related to a decreasing strain rate at constant temper-
ature (Stipp et al., 2002a; Law, 2014).

The quartz microstructures of moderately deformed granulite-facies
samples are characterized by grains showing evidence of SGR and GBM.
However, in contrast to the strongly deformed granulite-facies samples,
grain ribbon formation is not complete in moderately deformed sam-
ples. The [0001]-axis cross girdles and [11–20]-axis patterns in the
quartz are representative of the activation of prismatic baN, rhomboidal
baN and basal baN slip systems (Menegon et al., 2008; Augenstein and
Burg, 2011) atmedium temperature (Stipp et al., 2002b). The symmetry
of the quartz [0001]-axis cross girdles in these samples could indicate a
co-axial (pure shear) deformation (Law, 1990).Moreover, the lowmax-
imum density of these quartz CPOs, in particular for sample RPM98-
122, may be related to a notable recrystallization imprint during retro-
gression as shown by Toy et al. (2008) for samples close to the Alpine
fault.

Palaeoproterozoic amphibolite-facies mylonites display SGR and
GBM microstructures associated with the [0001] and [11–20] partial
girdle patterns for all samples except GD08-18. These patterns suggest
the activation of both prismatic baN and rhomboidal baN slip systems.
Similar fabrics were measured by Pennacchioni et al. (2010) in quartz
veins deformed at medium temperature. The stronger concentration
of [0001]-axes around the Y-axis reveals a more intense activation of
the prismatic baN slip system in samples GD06-08 and GD06-10, relat-
ed to a higher temperature (Egydio-Silva et al., 2002) or a lower strain
rate deformation (Stipp et al., 2002a; Law, 2014). The asymmetry of
the [0001]-axes single girdle observed in these samples was predicted
by Etchecopar (1977) inmodels of two-dimensional simple shear defor-
mation. Sample GD06-18 differs from the other amphibolite-facies
mylonites. Microstructural observations indicate that for this sample re-
crystallization is dominated by SGR processes. In addition, its CPO is typ-
ical of the activation of a (0001)[11–20] slip system, usually developed
during lower temperature deformation (Stipp et al., 2002b; Peternell
et al., 2010; Law, 2014). A low temperature deformation could be re-
lated to the very localized activation of the shear zone that could
occur in green-schist-facies at 1.5 Ga, as shown by Di Vincenzo
et al. (2007) and Duclaux et al. (2008) from 40Ar/39Ar dating on
biotite.

Finally, the moderately deformed Palaeoproterozoic amphibolite-
facies rocks display recrystallization microstructures associating SGR
and GBM processes and CPO characterized by the [0001]-axes that
form single girdle patterns suggesting the activation of associated
prismatic baN, rhomboidal baN and basal baN slip systems. As for
the amphibolite-facies mylonites, the asymmetry of the [0001]-axis
girdle is probably related to dominant shear strain but the develop-
ment of a basal baN slip system suggests a lower temperature of
deformation.

Quartz fabrics are sensitive to temperature conditions during defor-
mation but they do not constitute a good quantitative thermometer, as
they are also sensitive to water-content (Mainprice and Paterson, 1984;
Tullis and Yund, 1989; Nakashima et al., 1995; Mancktelow and
Pennacchioni, 2004), water fugacity (Kronenberg and Tullis, 1984;
Post et al., 1996; Chernak et al., 2009; Holyoke and Kronenberg, 2013),
strain rate (Tullis et al., 1973) and strain regime (Schmid and Casey,
1986; Toy et al., 2008) see also Law (2014) and references therein for
a review. However, we clearly distinguish two different tectonic events
in the granulite-facies and amphibolites-facies rocks respectively, with
contrasting microstructures and CPO for the two quartz populations.
The activation of a basal baN slip system in strongly deformed
granulite-facies samples could be related to the retrogression
event. In sample GD06-28, the preservation of a quartz CPO suggest-
ing the activation of prismatic baN slip system despite the recrystal-
lization during the retrogression suggests a strong activation of this
slip system during the peak metamorphic deformation. In addition,
the symmetrical patterns observed for quartz CPO of moderately de-
formed granulite-facies samples suggest that they have recorded co-
axial deformation. The amphibolite-facies rocks at Correll Nunatak
were deformed during Palaeoproterozoic times by predominantly
simple shear deformation. These results suggest than the quartz
CPO patterns from Neoarchean boudins were preserved in spite of
further deformation during Palaeoproterozoic times.
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5.1.2. Feldspar
Opticalmicrostructure analysis reveals strong evidence of plastic de-

formation (undulose extinction, fine curved planes) in porphyroclasts
embedded in large areas of recrystallized grains. Pervasive grain bound-
ary migration and grain growth suggest deformationmechanisms com-
bining diffusion and dislocation creep. Such mechanisms are described
for syn- to post-kinematic deformation at high temperature conditions
(Egydio-Silva et al., 2002). However, fabrics measured in the present
study display an extremely weak maximum concentration of axes
(M.D. b 3). This lack of strong fabric can be interpreted in different
ways: (1) the activation of diffusion creep in association with disloca-
tion creep due to deformation at high temperature (Lapworth et al.,
2002; Rosenberg and Stünitz, 2003), (2) grain boundary diffusion
creep facilitated by significant grain size reduction during dynamic re-
crystallization (Jiang et al., 2000; Mehl and Hirth, 2008; Raimbourg
et al., 2008; Svahnberg and Piazolo, 2010; Ji et al., 2014), and (3) simul-
taneous activation of several slip systems facilitated under high temper-
ature conditions (Gandais and Willaime, 1984; Zhang et al., 1994).
Interestingly, the samples that show the clearest fabric are from the
weakly deformed areas (RPM98-166, RPM98-120 and RPM98-118). Ac-
cording to previous hypotheses, the fact that these samples present the
clearest fabric could be due to a lower temperature of deformation or to
the absence (or quasi-absence) of grain size reduction during dynamic
recrystallization. Equilibrated microstructures marked by few undulose
extinctions, few or no neoblasts and grain boundaries with angles ori-
ented at 120° do not argue for a low temperature deformation but sug-
gest a high degree of static recrystallization or a magmatic flow texture
overprinted by incipient high temperature plastic deformation, as sug-
gested by previous studies (Benn and Allard, 1989; Satsukawa et al.,
2013; Ji et al., 2014). This CPO pattern with (010)-planes parallel to
the foliation and [100]-axes parallel to the lineation has been docu-
mented in naturally deformed rocks (Rosenberg and Stünitz, 2003;
Mehl and Hirth, 2008; Boiron et al., 2013; Satsukawa et al., 2013) and
in experimentally deformed anorthite aggregates (Ji et al., 2000,
2004). This CPO pattern is commonly attributed to dislocation glide
with activation of the dominant (010)[100] slip systemor to anisotropic
growth at high temperature (Ji et al., 2000, 2004; Satsukawa et al.,
2013). Finally, as suggested by quartz CPO, the weakly deformed sam-
ples may also register a different strain regime (more coaxial) than
moderately and strongly deformed ones. Correlations between the
strain regime and the feldspar CPO have already been highlighted by
previous studies (Kruhl, 1987; Heidelbach et al., 2000; Ildefonse and
Mainprice, 2005; Satsukawa et al., 2013).

5.1.3. Biotite and amphibole
The biotite CPOs (Fig. 6) for amphibolites facies samples GD06-07,

GD06-16 and 12-CJB-12D and for granulites facies samples RPM98-
122 and RPM98-138, with the [001] axes (or c-axes) oriented perpen-
dicular to the foliation plane, are commonly interpreted as being typical
of plastic deformationwith basal glide (Barruol andMainprice, 1993a; Ji
et al., 1993; Lloyd et al., 2009; Nishizawa and Kanagawa, 2010; Valcke
et al., 2006; and references therein). From TEM analysis of experimen-
tally deformed biotite, Christoffersen and Kronenberg (1993) show
that this CPO is related to the activation of (001)[100] and (001)[110]
slip systems. Weakly deformed granulite-facies samples (RPM98-166
and RPM98-120) show no clear orientation or relationship with the
structural axes (X, Y, Z). However, biotite grains are rare in the later
samples, thus the CPO is based on a small number of crystals. Moreover,
these biotite grains are crystallized in all directions, mainly around
orthopyroxene–quartz–oxide assemblages. Microstructural analysis ar-
gues for a secondary crystallization of these biotite grains following the
granulite facies deformation stage (Pelletier, 2001) and the lack of clear
CPO in these samples reveals the absence of plastic deformation in these
minerals. Observation of randomly oriented secondary biotite in less de-
formed granulite-facies samples allows us to conclude that (1) the ret-
rogression of the granulite facies crust, associated with hydration and
late-crystallization of biotite (Opx = N Bt + Qz + Ilm), occurred after
the deformation in granulite-facies conditions, and (2) the 1.7 Ga defor-
mation in amphibolite-facies conditions was localized into shear zones
and did not affect the granulite-facies cores.

Amphibole fabric measurements in samples from Correll Nunatak
suggest dislocation glide with activation of the dominant (100)[001]
slip system (Fig. 6). This slip system has already been identified in am-
phibolite rocks from the intermediate and lower crust (Ji et al., 1993,
2013; Kitamura, 2006; Tatham et al., 2008; McNamara et al., 2012;
Getsinger and Hirth, 2014). In sample GD06-16, the secondary
(010)[001] slip system could also be activated. Activation of this sec-
ondary slip system has already been reported in naturally deformed
samples (Imon et al., 2004; Kitamura, 2006; Díaz Aspiroz et al., 2007;
Tatham et al., 2008; Llana-Fúnez and Brown, 2012). In their experimen-
tal study, Ko and Jung (2015) did not observe the activation of the
(010)[001] slip system for temperatures ranging from 0 to 700 °C at
1 GPa, and the presence of this slip system could thus indicate a higher
temperature of deformation.

5.1.4. Orthopyroxene
In granulite samples, we identify different orthopyroxene CPO pat-

terns (Fig. 7). The two strongly deformed samples present a similar
CPO, whose patterns has already been identified in numerous studies
(Barruol and Mainprice, 1993a; Ji et al., 1993; Egydio-Silva et al., 2002;
Lund et al., 2006; Kanagawa et al., 2008; Raimbourg et al., 2011 for
crustal rock studies). This CPO is usually interpreted as evidence of plas-
tic deformation by dislocation glide with activation of the dominant
(100)[001] slip system. We refer to this fabric as the “common” CPO.
In the weakly deformed samples (RPM98-118, RPM98-120 and
RPM98-166) the fabric is different and less common. These samples
show (010) oriented parallel to the foliation plane, [001]-axes parallel
to the stretching lineation, and clustering of [100] close to the Y struc-
tural direction. We refer to this fabric as the “uncommon” CPO. The
moderately deformed sample RPM98-122 presents a composite fabric,
combining both “common” and “uncommon” CPOs. Temperature, pres-
sure, chemical composition and water-content are known to influence
the deformation processes. Such control by intensive parameters has
been well documented for some minerals, as for example olivine (Jung
and Karato, 2001; Couvy et al., 2004; Katayama and Karato, 2006). Like-
wise, we discuss the influence of these factors on CPO development in
naturally deformed orthopyroxene from the deep continental crust.

Measurements of activation of secondary (010)[100] slip systems in
naturally deformedMg-rich orthopyroxenewere performed by Steuten
and Van Roermund (1989) on alpine-type peridotite using TEM obser-
vations. More recently, Manthilake et al. (2013) highlighted the ef-
fects of aluminium and water-content on activated slip systems in
experimentally deformed orthopyroxene. Nazé et al. (1987) and
Ross and Nielsen (1978) conducted TEM investigations on natural
and experimental orthopyroxenes and experimental deformation
on wet polycrystalline enstatite, respectively. They both concluded
that activation of (010)[001] needs higher temperature and strain
rate conditions than for (100)[001]. These observations are in agree-
ment with those of Ji and Salisbury (1993) and Egydio-Silva et al.
(2002) and the observed orthopyroxene CPO could be then developed
by the activation of the dominant (100)[001] and secondary
(010)[001] slip systems in high-grade amphibolite to granulite-facies
samples. “Uncommon” orthopyroxene CPOswere also observed in gran-
ulite rocks by Lund et al. (2006). These authors attribute the
orthopyroxene CPO variations to the spatial distribution of
orthopyroxene grains. The uncommon CPO is observed in the isolated
grains in a quartz–feldspathic matrix, which suffered higher differential
stresses than clustered grains.

In our samples, the chemical composition of the orthopyroxene does
not seem to play a significant role, as the orthopyroxene in all the sam-
ples is similar in composition. Thus we cannot directly link Al203 or Fe0
orMg0-contents to the variation in orthopyroxene CPOpatterns. On the
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hand, as observed by Lund et al. (2006) in samples from granulites in
the Napier Complex, we measured an “uncommon” CPO in isolated
orthopyroxene grains in samples RPM98-118, RPM98-120 and
RPM98-166, as opposed to a “common” CPO observed in clustered
grains in GD06-28. However, the origin of the “uncommon” fabric de-
velopment proposed by Lund et al. (2006) is not in agreement with
samples RPM98-122 and RPM98-114 where the “common” fabric is
found in isolated grains. In our study, themain difference between sam-
ples that display “common” and “uncommon” CPOs is their microstruc-
ture. Thus, RPM98-166, RPM98-120 and RPM98-118 show evidence of
annealing, marked by polycrystalline feldspar mosaics with angles
close to 120° and no evidence of intra-grain plastic deformation. Sam-
ples RPM98-114 and GD06-28 are mylonitic with a lineation marked
by pyroxene alignment and quartz ribbon elongation. Both samples
also show clear evidence of dynamic recrystallization, containing
orthopyroxene neoblasts, kink bands and subgrains in porphyroclasts.
Sample RPM98-122 contains evidence of contrasting deformation in-
tensity, with deformation bands containing quartz with light undulose
extinction and static recrystallized bands containing feldsparwith char-
acteristic angles of 120°. Therefore, “uncommon” fabrics could be asso-
ciated with annealing processes, but further studies are needed to test
this hypothesis. In particular, water contentmeasurements, experimen-
tal deformation and static recrystallization could be useful to gain in-
sight into how the “uncommon” orthopyroxene fabric may develop
and under what conditions. Moreover, it could be interesting to carry
out a TEM investigation in order to investigate the activation of the
(010)[001] slip system during the development of the “uncommon”
fabric. We would also like to be clear that this study focuses on crustal
deformationwhereas the “uncommon” fabric can also affect mantle de-
formation as it has been observed in peridotite studies (Christensen and
Lundquist, 1982; Vauchez andGarrido, 2001; Tommasi et al., 2008; Jung
et al., 2010; Baptiste et al., 2012). It is thus very important to improve
our understanding of the processes associated with the orthopyroxene
CPO variations.

5.2. Deformation in the MSZ

5.2.1. Spatial and temporal variations of the deformation
Macroscopic and microscopic observations of samples allow us to

distinguish two stages of deformation. The older one is observed in
tectonic boudins preserved during the later tectonic event. This
first stage took place under granulite-facies conditions during the
Neoarchean regional tectonic and metamorphic event at about 2.5
to 2.4 Ga. This high-temperature deformation led to weakly, moder-
ately and strongly deformed rocks. In the granulite facies samples, both
microstructures and CPO analysis argue for a change in deformation
mechanisms fromweakly deformed rockswith no evidence of plastic de-
formation or static recrystallization, to strongly deformed rocks
(mylonites) forming shear bands from micrometrical to plurimetrical
scale which show evidence of plastic deformation. The evolution of ac-
tive deformationmechanisms is particularly visible in quartzmicrostruc-
tures from moderately to strongly deformed rocks as they present
variable microstructures characteristic of subgrain rotation (SGR) and
grain boundary migration (GBM) that reflect an increase in diffusion
creep processes. In addition, moderately and strongly deformed
granulite-facies samples display contrasted quartz CPO suggesting
changes in strain regimes. Feldspar in granulite facies samples shows
also microstructures with undulose extinction and indented boundaries
more common in themost strongly deformed samples. However, there is
a phase of major feldspar recrystallization in some samples, which par-
tially erased evidence of plastic deformation. Biotite alignment and the
fabric resulting from basal glide is also due to the Neoarchean deforma-
tion for moderately to strongly deformed granulite facies samples. On
the contrary, weakly deformed rocks (or those with intense annealing)
contain randomly oriented post-granulitic biotite crystals. Finally,
orthopyroxene is present in granulites facies samples as large rounded
grains in weakly deformed sample, and as porphyroclasts and neoblasts
in mylonites. These results confirm terrain-scale observations about
granulite facies deformation variations as described at Aurora, Stillwell
and Cape Gray (see Figs. 2 and 3).

The last stage of deformation is represented by the 1.7 Ga
amphibolite-facies samples. It is characterized by a penetrative defor-
mation at Correll Nunatak located in the core of theMSZ, and by narrow
shear bands elsewhere in the Neoarchean granulite facies domain. The
Palaeoproterozoic deformation is marked by well-defined boundaries
between shear bands and cores of preserved rocks that did not undergo
the Palaeoproterozoic deformation. This localized deformation appears
through many shear zones in the world (Ramsay, 1980; Platt and
Behrmann, 1986; Mohanty and Ramsay, 1994; Tommasi et al., 1994,
1995; Neves and Vauchez, 1995; Brown and Solar, 1998; Zhou et al.,
2002; Oliot et al., 2014) and could thus be a feature of the intermediate
crustal deformation.

5.2.2. Deformation conditions and cinematic
The preserved deformation microstructures in granulite-facies sam-

ples from the Neoarchean domain allow us to study the deformation
conditions of the 2.4 Ga orogenic event. In particular, a study of the
quartz CPO reveals that these recorded deformation events occurred
in similar or higher temperature conditions than during the 1.7 Ga
event. Pelletier (2001) estimated the pressure–temperature for sample
RPM98-114 to be 800 °C, 8.9 kbar and 715 °C, 5 kbar at peak metamor-
phism and during retrogression, respectively. The symmetric quartz
[0001]-axis cross-girdles of the moderately deformed samples indicate
a predominantly pure shear deformation. Finally, RPM98-166 and
RPM98-120 constitute the less deformed granulites of the TAC. They
show evidence of plastic deformation with a high degree of recrystalli-
zation in feldspar microstructures. The “uncommon” fabric of the
orthopyroxene in these samples could also be related to an intense an-
nealing stage.

Amphibolite facies samples RPM98-106, GD06-07, GD06-08,
GD06-10, GD06-12, GD06-16 and GD06-18 (from Correll Nunatak)
and 12-CJB-12D (Stillwell Island) are representative of localized
shear zones probably related to the 1.7 Ga deformation event
(Figs. 2 and 3). They show evidence of strong plastic deformation.
Moreover, in the amphibolite rocks from the MSZ, some samples
show a clear asymmetry of [11–20] and [0001]-axes. These fabrics
argue for a strong simple shear component (Bouchez et al., 1983;
Simpson and Schmid, 1983). This result is concordant with micro-
structural and terrain-scale observations where most textural indi-
cators reveal simple shear activation with a dextral sense (Talarico
and Kleinschmidt, 2003; Ménot et al., 2005).

5.3. Crustal seismic anisotropy generated by the MSZ

5.3.1. Seismic model of the deformed lower crust
The seismic anisotropy computation of monomineral aggregates

shows that the biotite and amphibole contents are the main contribu-
tors to seismic anisotropy, as they represent the two most anisotropic
phases of the continental crust. This result is in agreement with many
previous studies (Siegesmund et al., 1989; Ji and Salisbury, 1993; Ji
et al., 1993, 2015; Barruol and Kern, 1996; Weiss et al., 1999; Godfrey
et al., 2000; Tatham et al., 2008; Lloyd et al., 2009; Nishizawa and
Kanagawa, 2010; Ward et al., 2012).

The P- and S-wave velocity models created from modal composi-
tions, measured CPO and elastic constants of the different phases
allow us to conclude that the deformed crust of the TAC can be consid-
ered as being seismically isotropic (less than 1% anisotropy for both am-
phibolite and granulite facies crustal sections). A similar conclusionwas
reached by Barruol and Mainprice (1993b); Ji et al. (1993); and Weiss
et al. (1999) for mafic rocks and rocks low in amphibole and biotite.
Moreover, the studies of Ji et al. (1993) and Ward et al. (2012) show
that the assemblage with different phases has a reduced magnitude
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of seismic anisotropy, for example interactions between feldspar and
quartz or pyroxene, or betweenmicas and quartz respectively. In our
case, the crust appears to be isotropic, in particular for S (or SKS)
wave propagation, because of the low amphibole and biotite con-
tents observed in the various rock formations of the TAC and because
of interactions between the CPO of the different phases. The calculat-
ed model is different from those of Almqvist et al. (2013) and Ferré
et al. (2014), who also modelled the seismic properties of a crustal
shear zone and a late Archean crust, respectively. Differences between
the seismic models reflect the mineralogical contrasts between the
studied samples and thus highlight the importance of representative
samples used to perform lithospheric seismic studies in a specific
region.

5.3.2. Contribution to the interpretation of SKS data in the TAC
A seismological study of the Terre Adélie and George V Land region

was done by Lamarque et al. (2015), who used SKS anisotropy to inter-
pretmantle structures beneath the TAC and theMSZ. The SKSwaves are
propagating vertically from the core–mantle boundary to the Earth's
surface. Thus, they sample the entire mantle and the crust. If they
cross an anisotropic layer, they are split into two perpendicular polar-
ized shear waves propagating at different velocities. In the mantle, be-
cause of the CPO pattern of olivine, the orientation of the polarization
plane of the fast split shear waves is directly related to the orientation
of the foliation and the lineation. Results of Lamarque et al. (2015)
show similar orientation of the polarization plane of the fast split
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Fig. 9. Synthetic 3D-diagram including observed crustal structures and interpreted mantle stru
and the seismic model of the crust from this study.
shear waves across the TAC. To interpret these results, the authors as-
sumed no crustal contribution and they conclude that the TAC is charac-
terized by constant mantle structures. In this study, we performed a
seismic crustalmodel to evaluate the contribution of the crust to the an-
isotropy of SKS waves. In the case of the MSZ, which is oriented north–
south with a vertical foliation and a sub-horizontal lineation, the SKS
waves will cross the crust parallel to Y-axis.

As the crustal section affected by the MSZ displays isotropic seismic
features, we propose: (i) that all the anisotropy registered by the SKS-
wave study of Lamarque et al. (2015) is due to mantle deformation,
and (ii) that the MSZ crustal deformation has no impact on the consis-
tency of the SKS results between stations situated above the craton
and above the MSZ (see Fig. 9). These results suggest that the mantle
preferred orientation is homogenous throughout the TAC and that the
MSZ does not extend into the mantle. However, these new results do
not permit us to eliminate the possibility that a former extension of
the MSZ into the lithospheric mantle has been erased by a more recent
tectonic event as for example, rifting associated with Southern Ocean
opening.

6. Conclusions

The study of amphibolite-to-greenschist-facies rocks sampled
along the Palaeoproterozoic Mertz shear zone, as well as the tec-
tonic boudins of the Neoarchean granulite-facies domain in the
Terre Adélie Craton allow us to look in detail the deformation
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processes from a crystal to lithospheric scale. We have found the
following:

(1) The Palaeoproterozoic amphibolite-facies deformation is pene-
trative in the core of the MSZ (at Correll Nunatak). Elsewhere
in the TAC, this deformation is more localized, forming narrow
shear bands constituted of moderately to strongly deformed
rocks. The transition between shear bands and tectonic boudins
is sharp. The deformation in the MSZ predominantly occurred
under simple shear strain regime.

(2) The Neoarchean granulite-facies deformation is preserved in
tectonic boudins (unaffected by the MSZ deformation). This
pervasive deformation is characterized by a gradient from
weakly to strongly deformed samples, and a retrogression
event characterized by marked stages of dynamic and static
recrystallization. Pure shear is a strong component of the
granulite-facies deformation, especially for moderately de-
formed samples.

(3) Both events involved plastic deformation processes.
Mylonites forming the MSZ recorded dominant SGR with
subordinate GBM processes at medium temperatures during
simple shear. The granulite-facies boudins record predomi-
nant GBM with subordinate SGR at higher temperatures,
followed by predominant SGR processes during retrogressive
recrystallization.

(4) These processes led to the development of various CPO pat-
terns of minerals:

– Quartz CPOs related to the MSZ rocks are characterized by a
single asymmetric girdle of [0001]-axes interpreted as
resulting of the prismatic baN and rhomboidal baN slip sys-
tems activation inmylonite samples and prismatic baN, rhom-
boidal baN and basal baN slip systems activation in
moderately deformed rocks. In the granulite rocks, mylonites
are characterized by the activation of a prismatic baN (and rhom-
boidal baN for some samples) slip systemswith subsidiary activa-
tion of basal baN slip, probably related to retrogression.
Moderately deformed samples have quartz CPOwith a symmetric
cross girdle form indicating activation of prismatic baN, rhomboi-
dal baN and basal baN slip systems.

– Maxima densities of feldspar CPO are weak. This lack of strong
crystallographic fabrics can be interpreted in terms of high tem-
perature deformation. The clearest fabrics were observed in
granulite-facies samples with evidence of a marked static recrys-
tallization stage.

– Biotites show a well-marked CPO related to basal glide except for
biotites that recrystallized during the retrogression of weakly
deformed granulite-facies samples.

– Amphibole fabricmeasurements in samples from theMSZ suggest
dislocation glide with activation of the dominant (100)[001] slip
system.

– Orthopyroxene CPOs are characterized by a “common” fabric re-
lated to the activation of the (100)[001] slip system in strongly de-
formed samples. In weakly deformed samples, affected by
annealing processes, we observed an “uncommon” fabric charac-
terized by (010) oriented parallel to the foliation plane and
[001]-axes parallel to the lineation.Moderately deformed samples
display a “composite” fabric that combines patterns from the
“common” and “uncommon” fabrics.

(5) Based on the seismic property model, we highlight that the crust
affected by the MSZ could be isotropic, in particular for the
teleseismic S (or SKS) wave propagation. Consequently, all
the seismic properties registered by the SKS-wave study of
Lamarque et al. (2015) in various sites of the TAC are due to man-
tle deformation. There is no evidence of theMSZ extending down-
wards into the mantle. This could be due to a homogeneous
structuration of the mantle beneath the entire TAC.
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