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The subcontinental lithospheric mantle evolves through time due to tectonic events and processes as static re-
crystallization and melt percolation. To constrain the extent of these processes in the South Patagonian subcon-
tinental mantle lithospherewe performed amicrostructural and Electron Backscattered Diffraction (EBSD) study
of a suite of 35 peridotite xenoliths brought to the surface by Plio-Pleistocene alkaline volcanic rocks from
Gobernador Gregores and Pali Aike. All samples show a well-developed olivine and pyroxene crystallographic
preferred orientation (CPO), consistent with deformation by dislocation creep with dominant activation of
[100]{0kl} in olivine. The coarse granular or tabular textures and the low density of intracrystalline deformation
features indicate that deformation was followed by annealing under static conditions. The xenoliths also show
microstructural evidence of multiple episodes of reactive melt percolation. Neither annealing nor melt percola-
tion erased the olivine CPO, which has [010]-fiber, [100]-fiber and orthorhombic patterns in Pali Aike xenoliths
and essentially [010]-fiber and orthorhombic patterns in Gobernador Gregores xenoliths. Seismic properties
calculated based on the CPO andmodal compositions are, however, rather homogeneous, with fast S-wave polar-
ization and P-wave propagation parallel to the [100] olivine axis. The variation in the olivine CPO solely changes
the minimum S-wave birefringence direction, which is normal to the foliation for axial-[010] olivine CPO. Aver-
age samples for the two localities, obtained by adding up the individual samples CPO data in a common reference
frame, show, however, a ‘normal’ upper mantle anisotropy with a maximum S-wave birrenfringence of ca. 5% at
high angle to the both the maximum [010] and [100] axes concentrations, that is in the foliation, but normal to
the lineation, and a minimum birefringence at low angle to the [100] maximum, that is parallel to the lineation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The formation and evolution of the subcontinental lithospheric
mantle are still poorly understood. Seismic tomography and anisotropy
allow probing its structure (Hess, 1964; Aki et al., 1977; Dziewonski
et al., 1977), but the interpretation of these data in terms of thermal
structure, compositional heterogeneity, and deformation history is not
straightforward. Seismic velocity anomalies may result from both ther-
mal heterogeneity and compositional heterogeneity. Anisotropy is direct-
ly related to the crystal preferred orientation (CPO) of olivine, which is
produced by deformation in the upper mantle (e.g. Christensen, 1971;
Mainprice, 2007; Nicolas and Christensen, 1987). The moderate temper-
atures that prevail in most of the lithospheric mantle allow the olivine
CPO formed during major tectonic episodes to be preserved for very
.

icrostructures and seismic p
//dx.doi.org/10.1016/j.tecto.20
long time spans (e.g., Vauchez et al., 2005). However, are these CPOmod-
ified by processes such as heating leading to static recrystallization or
melt percolation in the lithospheric mantle?

In this contribution, we studied themicrostructures and CPO of oliv-
ine and pyroxenes in a collection of 35 mantle xenoliths from two vol-
canic localities in Southern Patagonia: Gobernador Gregores and Pali
Aike (Fig. 1). These xenoliths sample the Patagonianmantle lithosphere,
which underwent a complex geodynamic evolution in response to the
various compressional and extensional events that affected its western
and eastern margins. The analysis of the microstructures and CPO
allowed partially deciphering the succession of deformation, thermal,
and reactive melt percolation episodes that affected these peridotites.
The modal composition, the olivine, orthopyroxene and clinopyroxene
CPO data, and the equilibration temperatures and pressures from
Dantas (2007)were used to calculate the seismic properties of these xe-
noliths and estimate the seismic anisotropy, composition and thermal
state of the southern Patagonia mantle lithosphere in the vicinity of
the two localities.
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
14.02.017
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Fig. 1.Map showing the location of the xenolith-bearing localities relative to themain tectonic structures and geological units of SouthernPatagonia.Modified fromRamos andKay (1992),
Kay et al. (1993), Lagabrielle et al. (2004), Ramos et al. (2004), Ramos (2008), Russo et al. (2010b), Castro et al. (2011). CTJ: Chile Triple Junction, LOFZ: Liquiñe–Ofqui Fault Zone.
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2. Geodynamic setting

The southern Patagonia mantle lithosphere is at least as old as the
late Proterozoic (Schilling et al., 2008). Late Proterozoic ages are also re-
corded in the crust. The Deseado Massif records rifting from Gondwana
in the late Proterozoic to early Cambrian and re-accretion to it in the
Carboniferous (Dalla Salda et al., 1992; Pankhurst et al., 2003, 2006,
Fig. 1). In addition, ~530 Ma old orthogneisses were recovered from
wells in northern Tierra de Fuego (Söllner et al., 2000).

More recently, two major geodynamic events affected the eastern
and western margins of Patagonia: the opening of the South Atlantic
and the Andean subduction, respectively. The breakup of Gondwana,
which led to the opening of the South Atlantic during the Cretaceous,
resulted in extension and voluminous rhyolitic volcanism in southern
Patagonia (“Mesozoic volcanism” in Fig. 1, e.g., Pankhurst and Rapela,
1995; Pankhurst et al., 1998, 2000). Since then, the eastern margin of
Patagonia has been dominated by subsidence and sedimentation,
which formed the Austral (or Magallanes) basin (Fig. 1).

The eastward subduction along thewesternmargin of Patagonia has
been active since late Paleozoic times (e.g., Mpodozis and Ramos, 1989).
This long-lived subduction has migrated and changed orientation
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
and Pali Aike), Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.20
through time (Mpodozis and Ramos, 2008; Rapela et al., 2005), attaining
the present location (Fig. 1) in the late Jurassic (Breitsprecher and
Thorkelson, 2009; Somoza and Ghidella, 2012). At ~14–15 Ma, the
Chile ridge, which accommodates spreading between the Nazca and
Antartic plates, collided with the trench forming the Chile Triple Junc-
tion (Cande and Leslie, 1986), which has since then migrated north-
ward, being presently at 46.5° S (Fig. 1).

TheChile Triple Junction is characterized by a large negative Bouguer
anomaly, interpreted as associated with upwelling of hot mantle in an
asthenospheric window (Murdie, 1994; Murdie et al., 2000), and by a
negative velocity anomaly relative to the surrounding asthenospheric
mantle in both surface- and body-wave travel-time tomographymodels
(Heintz et al., 2005; Russo et al., 2010b). Unusually warm astheno-
sphere below this region was also inferred from numerical modeling
of post-glacial rebound information (Ivins and James, 1999) and from
heat flow data (103 ± 15 mW m−2; Murdie et al., 1999). Teleseismic
shear wave splitting patterns also change in the vicinity of the Chile tri-
ple junction; fast polarization directions rotate from the general N–S di-
rection to an ENE trend, suggesting that the mantle flow is diverted
parallel to the subducted transform faults that are supposed to bound
the slab window (Russo et al., 2010a,b).
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Since the Paleocene, the southern Patagonia was affected by an ex-
tensive alkaline volcanism that carried xenoliths from subcontinental
mantle lithosphere to the surface (“Cenozoic volcanic rocks” in Fig. 1,
e.g., Skewes and Stern, 1979; Stern et al., 1986, 1990; Gorring and Kay,
2001). The causes of this alkaline magmatism are still discussed. It has
been proposed to be related to the ridge subduction, but its extension
and age progression do not really fit this model. The volcanic fields
where the xenoliths studied here have been sampled (Gobernador
Gregores and Pali Aike, Fig. 1) belong to this magmatism. Gobernador
Gregores is located at ~500 km SE of the present location of the Chile
Triple Junction (Fig. 1). It is essentially composed by basaltic andesites
and tholeitic basalts of Miocene age, but the xenoliths are carried by a
post-plateau sequence composed by Plio-Pleistocene alkaline lavas
and hawaiites (Gorring et al., 1997). The Pali Aike volcanic field is the
southernmost among the patagonian plateau basalts, being located
~400 km south of Gobernador Gregores, ~750 km SE from the Chile Tri-
ple Junction, and ~400 km from the trench (Fig. 1). It extends over
4500 km2 and is mainly (~80%) composed by basaltic lavas (D'Orazio
et al., 2000). The xenoliths are born by post-plateau alkaline basalts
and basanites of Pliocene to recent ages (3.8–0.2 Ma; Corbella, 1984,
2002; Linares and Gonzales, 1990; Mazzarini and D'Orazio, 2003).

Waveform inversion suggests that, away from the trench, southeast-
ern Patagonia is characterized by low seismic velocities at astheno-
spheric depths, a lithospheric lid as thin as 65 km, and a crustal
thickness of 26–34 km (RobertsonMaurice et al., 2003). Such a thin lith-
ospheric lid is, however, not consistent with thermobarometry data on
Pali Aike xenoliths (Douglas et al., 1987; Skewes and Stern, 1979; Stern
et al., 1986, 1989), which support a geothermal gradient N10 °C/km
between 50 and 100 km depth leading to temperatures of ~1300 °C
Fig. 2. Chondrite normalized (McDonough and Sun, 1995) REE (a–b) and extended trace elem
Aike peridotites (b–c) (from Dantas, 2007).

Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
and Pali Aike), Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.20
at 100 km depth, that is, a normal thickness for stable continental
lithosphere.

3. Previous studies on Gobernador Gregores and Pali Aike
mantle xenoliths

Geochemical studies of Gobernador Gregores and Pali Aike xenoliths
have highlighted that themantle beneath the two localities is extensive-
ly metasomatized, though the nature of the metasomatic fluids differs
(Aliani et al., 2004; Bjerg et al., 2005; Dantas, 2007; Douglas et al.,
1987; Gorring and Kay, 2000, 2001; Kempton et al., 1999a,b; Laurora
et al., 2001; Rivalenti et al., 2004a,b; Skewes and Stern, 1979; Stern
et al., 1986, 1989, 1999). REE data on clinopyroxenes from some of the
peridotites analyzed in the present study (Fig. 2; Dantas, 2007) show
that Cr-diopsides from Gobernador Gregores peridotites show variable
LREE enrichment but flat Sm to Yb concentrations, positive Th and U
spikes and negative Nb, Ta and Ti spikes. These results would suggest
that the metasomatic agents in this locality are of alkaline composition
(Dantas, 2007), in agreement with previous studies (Bjerg et al., 2005;
Gorring and Kay, 2000; Laurora et al., 2001; Rivalenti et al., 2004b).
Cr-diopsides from Pali Aike peridotites are more homogeneous, show-
ing moderately depleted LREE and lithophile element compositions
compatible with metasomatic agents of tholeitic composition (Fig. 2;
Dantas, 2007). These results are compatible with the studies of Stern
et al. (1986, 1989), which signaled that the peridotites of Pali Aike
have trace-element and isotopic compositions consistent with a deplet-
edmantle (MORB-producing) sourcewhich has beenmodified by inter-
actionwith slab-related fluids ormelts (Stern et al., 1986, 1989) or with
melts similar to the host basalt (Kempton et al., 1999a).
ent (c–d) contents in clinopyroxenes from Gobernador Gregores peridotites (a,c) and Pali

roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Thermobarometry studies on Pali Aike garnet and spinel peridotites
and garnet peridotite evidence equilibrium pressure and temperature
(PT) conditions ranging from ~960 °C/1.8 GPa to 1160 °C/2.4 GPa
(Bjerg et al., 2005; Douglas et al., 1987; Skewes and Stern, 1979; Stern
et al., 1986, 1989). These data align on a geotherm with a gradient of
~10 °C/km in themantle lithosphere that crosscuts the 1250 °C adiabat
at ~95 km depth (Fig. 3). Equilibrium PT conditions obtained by Dantas
(2007) using the opx-cpx thermometer and the gt-opx barometer of
Brey and Köhler (1990) for 9 garnet and spinel peridotites analyzed in
the present study (Table 1) fall along this geotherm, with exception of
a phlogopite-bearing garnet and spinel lherzolite, which seems to
have equilibrated on a cooler geotherm (Fig. 3). However, pyroxenes
in this sample are suspected not to be in equilibrium (Dantas, 2007).
The equilibrium temperature of 990 °C (BK90) and pressure of
2.15 GPa displayed by the amphibole-bearing garnet and spinel
lherzolite are well into the pargasite stability field for moderate to
high water contents (Green et al., 2010).

Equilibrium temperatures for anhydrous spinel lherzolites of Pali
Aike range from 1018 to 1052 °C (Table 1, Dantas, 2007) and if they
are placed in the same geotherm than the garnet and spinel lherzolites
they would have been equilibrated at similar pressures (1.9 to 2.2 GPa,
Fig. 3). This apparent contradiction could be explained if the spinel
lherzolites were richer in Cr, as this displaces the spinel to garnet tran-
sition to higher pressures (Klemme, 2004), but both rocks have alumi-
nous spinels (Cr# = 20–29, Dantas, 2007). The similar equilibrium
temperatures obtained for spinel peridotites and garnet and spinel
lherzolites suggest therefore that the thermal state of the lithosphere
beneath Pali Aike may not follow a simple stationary geotherm. Indeed,
core-to-rim chemical zonation of orthopyroxenes in xenoliths equili-
brated at temperatures N900 °C indicates that these xenoliths experi-
enced a heating event (Stern et al., 1999). Heating (or decompression)
Fig. 3. Equilibration pressure and temperature data for Pali Aike xenoliths compiled from S
geotherms obtained considering a 34 km thick crust (in gray) and the surface (Qs) and reduce
geotherm is consistent with the surface heat flow of ca. 100 mW/m2 measured by Murdie et a
peridotites if the equilibration temperatures from Dantas (2007) are projected on these geo
Ringwood, 1967; Irving, 1974; Ringwood, 1975; Obata, 1976; Presnall, 1976; Herzberg, 1978; P
and O'Neill, 2000; Klemme, 2004). Error bars for temperature and pressure data are ±50 °C an

Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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is also suggested by the kelyphitic rims developed by some of the
high-T garnet peridotites (Stern et al., 1999).

Gobernador Gregores xenoliths are all spinel facies peridotites.
Equilibration temperatures obtained by Dantas (2007) using the
geothermometer of Brey and Köhler (1990) on 5 of the peridotites ana-
lyzed on the present study range between 713 and 1054 °C (Table 1,
Dantas, 2007). The fertile compositions of these xenoliths (Table 1)
and aluminous nature of the spinels (average Cr# = 29, Dantas, 2007)
suggest that these xenoliths equilibrated at depths b70 km. If the equil-
ibration temperatures obtained by Dantas (2007) are plotted on the Pali
Aike geotherm, the spinel peridotites of Gobernador Gregores would
have equilibrated between 35 and 70 km depth (Fig. 3). On the other
hand, if the much higher surface heat flow of ca. 100mW/m2 measured
by Murdie et al. (1999) in the lakes General Carrera and Cochrane in
Chile (Fig. 1) is considered, Gobernador Gregores xenoliths would de-
rive from depths shallower than 30 km (Fig. 3), which is not consistent
with the Moho depths N30 km defined seismologically (Lawrence and
Wiens, 2004; Robertson Maurice et al., 2003).

4. Methods

Microstructures were characterized by optical analysis of polished
thin sections cut in a random orientation, because the foliation and lin-
eation could not be determined in most macroscopic samples. Olivine
and pyroxene crystal preferred orientations (CPO) were determined at
Geosciences Montpellier using a JEOL 5600 scanning electron micro-
scope equippedwith an EBSD system fromOxford HKL Technology. Au-
tomatic orientationmappingwith step sizes ranging from 30 to 100 μm,
depending on the average grain size, was carried out over the entire thin
sections (inmost cases ~30× 25mmarea has been analyzed). An accel-
erating voltage of 17 kV and a 25 mm working distance were used.
tern et al. (1989, 1999), Bjerg et al. (2005), and Dantas (2007). Calculated steady-state
d heat flows (Qm) given on the side of each curve are shown for comparison. The hotter
l. (1999). The boxes indicate possible provenance depths of Gobernador Gregores spinel
therms. Phase diagrams for a fertile mantle are also shown (modified from Green and
erkins et al., 1981; Gasparik, 1984;Wood and Holloway, 1984; Kornprobst, 1970; Klemme
d ±0.1 GPa, respectively (Brey and Köhler, 1990). Gt: garnet, Sp: spinel, Pl: plagioclase.
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Table 1
Locality, sample number, rock type, modal composition, and geothermobarometric data from Dantas (2007). Equilibration temperatures (T-BK90) and pressures were obtained using the
opx-cpx geothermomether and opx-gt geobarometer of Brey and Köhler (1990). For the spinel peridotites, temperature was calculated using a fixed pressure of 1.5 GPa.

Locality Sample # Rock type Modal composition (EBSD mapping + observation) P,T equilibration conditions

Ol Opx Cpx Gt Sp Phl Amph Cpx
/Opx

T-BK90
(°C)

P (GPa)

GG PM23-26 Sp Iherzolite 87 8 5 0 0 0 0 0.63 – –

GG PM23-36 Sp lherzolite 68 24 7 0 1 0 0 0.29 – –

GG PM23-51 Sp lherzolite 72 19 7 0 2 0 0 0.37 779 –

GG PM23-52 Sp lherzolite 73 18 7 0 2 0 0 0.39 – –

GG PM23-31 Sp lherzolite 78 14 7 0 1 0 0 0.50 1054 –

GG PM23-57 Sp lherzolite 68 21 7 0 4 0 0 0.33 841 –

GG PM23-21 Sp lherzolite 70 19 10 0 1 0 0 0.53 713 –

GG PM23-38 Sp lherzolite 79 7 13 0 1 0 0 1.86 – –

GG PM23-46 Amph-bearing Sp harzburgite 72 19 3.5 0 0.5 0 5 0.18 – –

GG PM23-54 Amph-bearing Sp lherzolite 71 20 5 0 0 0 4 0.25 – –

GG PM23-12 Amph-bearing Sp lherzolite 70 20 7 0 0 0 3 0.35 – –

GG PM23-48 Sp dunite with websteritic veins 60 10 30 0 0 0 0 0.30 – –

GG GG22 Amph-bearing wehrlite 85 0 10 0 0 0 5 – – –

GG PM23-8 Amph-bearing wehrlite 56 0 33 0 0 0 11 – – –

GG PM23-2 Phl-bearing Sp lherzolite 83 5 9 0 1 2 0 1.80 1051 –

PA PM18-22 Gt-Sp lherzolite 57 35 5 2.9 0.1 0 0 0.14 – –

PA PM18-20 Gt-Sp lherzolite 60 30 6 3 1 0 0 0.20 – –

PA PM18-42 Gt-Sp lherzolite 65 20 12 2 1 0 0 0.60 – –

PA PM18-29 Gt-Sp lherzolite 62 20 13 4 1 0 0 0.65 998 2.08
PA PM18-46 Gt-Sp lherzolite 65 16 15 3 1 0 0 0.94 994 1.8
PA PM18-8 Gt-Sp lherzolite 63 16 15 5 1 0 0 0.94 – –

PA PM18-28 Gt-Sp lherzolite 58 21 15 5 1 0 0 0.71 1076–1232 2.35
PA PM18-30 Gt-Sp lherzolite 63 15 16 5 1 0 0 1.07 1017 1.91
PA PM18-21 Gt-Sp lherzolite 55 22 17 5 1 0 0 0.77 – –

PA PM18-12 Gt-Sp lherzolite 60 12 20 6 2 0 0 1.67 – –

PA PM18-7 Gt-Sp lherzolite 54 22 20 3 1 0 0 0.91 – –

PA PM18-39 Gt-Sp lherzolite 53 20 22 4.5 0.5 0 0 1.10 – –

PA PM18-17 Amph-bearing Gt-Sp lherz. 50 34.5 9 5 0.5 0 1 0.26 990 2.15–2.18
PA PM18-5 Amph-bearing Gt-Sp lherz. 68 18 9.5 2 0.5 0 2 0.53 – –

PA PM18-24 Phl-bearing Gt-Sp lherzolite 55 37 5 2 0.5 0.5 0 0.14 1257 3.4
PA PM18-43 Sp lherzolite 64 30.5 5 0 0.5 0 0 0.16 1052 –

PA PM18-26 Sp lherzolite 75 15 8 0 2 0 0 0.53 – –

PA PM18-37 Sp lherzolite 66 24.5 9 0 0.5 0 0 0.37 1023 –

PA PM18-35 Sp lherzolite 62 26 11 0 1 0 0 0.42 1018 –

PA PM18-27 Amph-bearing Sp lherzolite 68 17 13 0 1 0 1 0.76 – –
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Indexation rates ranged from60 to 90%. Post-acquisition data treatment
performedwith the Tango software (HKL-Oxford Instruments) allowed
to further increase the indexation rate by 1) filling the non-indexed
pixels that have up to 8 identical neighbors with the same orientation
2) repeating this operation iteratively for 7, 6, and 5 identical neighbors,
and 3) correcting the systematic olivine indexation errors due to olivine
hexagonal pseudo-symmetry, which results in similar diffraction pat-
terns for orientations differing by a rotation of 60° around [100]. The
resulting orientation maps were verified after each correction step in
order to avoid over-extrapolation of the data.

Crystallographic preferred orientation data are displayed as pole fig-
ures, presented as lower hemisphere stereographic projections. To
avoid over-representation of large grains, data were plotted as one
point per grain. To allow easy comparison among different samples,
we rotated all CPO into a common orientation, in which the maximum
concentration of olivine [100] axis was placed in the E–W direction
and the maximum concentration of the [010] axis was placed in the
N–S direction of the pole figure. This choice is justified by the concentra-
tion of [010] axes of olivine normal to the crystals elongation in the sam-
ples with an olivine shape preferred orientation (cf. Section 6.
Microstructures and Table 2). In addition, parallelism of the X structural
direction (lineation) with the maximum concentration of [100] olivine
is corroborated by: (1) the stronger concentration of [100] relative to
[001], as numerical simulations of CPO evolution show that the domi-
nant slip direction concentrates faster (Tommasi et al., 2000; Wenk
et al., 1991) and (2) its parallelism to the orientation of the [001] max-
imum of the pyroxenes when it was contained in the foliation plane, as
pyroxenes display a single dominant slip direction, which is [001].
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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The strength of CPO is represented by the J index, a dimensionless
fabric strength index obtained by the integration of the squared den-
sity of the orientation distribution function (ODF) over the entire
volume: J = ∫f(g)2dg, where f(g) is the orientation distribution func-
tion and dg is dg = dφ1dФdφ2sinФ/π2, where φ1, φ, and φ2 are the
Euler angles that define the rotations allowing for coincidence between
the crystallographic and external reference frames (Bunge, 1982). For a
randomdistribution J=1 and for a single crystal J is infinite. The J index
of olivine has been calculated using the texture analysis softwareMTEX
(Hielscher and Schaeben, 2008; Bachmann et al., 2010; Mainprice et al.,
2011; http://mtex.googlecode.com). Further analysis of the olivine
crystal preferred orientation symmetry was performed using the point
(P), girdle (G) and random (R) fabric type indices for the olivine
[100], [010] and [001] distributions. These indices are calculated from
the three eigenvalues (lambda1, lambda2, lambda3) of the normalized
orientation matrix for each principal crystallographic axes as: P =
λ1–λ3, G = 2(λ2–λ3) and R = 3 λ3 (Vollmer, 1990). These indices
may be combined for a more throughout analysis of the symmetry of
the CPO. The BA index, defined as BA = 0.5 ∗ (2.0 − (P010 / (G010 +
P010))− (G100 / (G100 + P100))) is used here, for instance, for quantify-
ing the tendency of the olivine CPO towards end-member fiber-[010]
(BA = 0) or fiber-[100] patterns (BA = 1).

In sampleswhere the thin sectionwas cut close to the XZ plane, that
is where the thin section plane contained both the olivine [100] and
[010] maximum concentrations, grain sizes and shape preferred
orientation were determined from the EBSD maps using the automatic
grain detection routine in the MTEX software (http://mtex.googlecode.
com). This approach is based on a Voronoi decomposition and fills
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Table 2
Texture, fabric strength (J index calculated using one orientation datumper grain), olivine CPO symmetry characterized by the BA index, correlation between olivine and pyroxene's CPO, average density (measured at room temperature and pressure
conditions) and seismic properties: AVp = maximum propagation anisotropy of P-waves, AVs1 = maximum propagation anisotropy of S1-waves, AVs2 = maximum propagation anisotropy of S2-waves, AVsmax = maximum S-wave polarization
anisotropy for all studied samples.

Locality Sample Rock type Main microtextural characteristics J index BA Index Olivine CPO type [100] Olivine //
[001] pyroxene(s)?

Average density
(g/cm3)

Seismic properties

AVp (%) AVs1max (%) AVs2max (%) AVsmax (%)

GG PM 23-26 Sp Iherzolite Coarse granular — polygonal 9.28 0.74580 Fiber-[100] Yes 3.3488 16.29 6.2835 8.0886 10.65
GG PM 23-36 Sp lherzolite Coarse granular — polygonal 6.50 0.82170 Fiber-[100] Yes 3.3393 12.66 4.1623 7.1239 8.47
GG PM 23-51 Sp lherzolite Coarse granular — polygonal 4.78 0.91090 Fiber-[100] Yes 3.3406 11.88 4.5764 6.3941 7.88
GG PM 23-52 Sp lherzolite Coarse granular — polygonal 6.04 0.69990 Fiber-[100] No 3.3453 12.69 4.8961 5.8471 8.02
GG PM 23-31 Sp lherzolite Granular?, olivine SPO, but no well-developed crystallo-

graphic faces
4.20 0.55720 Orthorhombic No 3.3452 9.27 2.8243 5.1235 6.26

GG PM 23-57 Sp lherzolite Coarse granular 7.76 0.63920 Fiber-[100] No 3.3423 12.60 4.5841 6.8399 8.47
GG PM 23-21 Sp lherzolite Coarse granular — polygonal with some tabular crystals 3.71 0.43990 Orthorhombic Yes 3.3386 8.29 3.7871 4.2528 6.07
GG PM 23-38 Sp lherzolite Coarse granular 4.74 0.76660 Fiber-[100] Yes 3.3423 11.39 3.2757 5.8604 6.84
GG PM 23-46 Amph-bearing Sp harzb. Coarse granular — polygonal 4.29 0.57030 Orthorhombic No 3.3325 6.30 2.1163 3.5586 4.28
GG PM 23-54 Amph-bearing Sp lherz. Coarse granular — polygonal 4.27 0.41330 Orthorhombic Yes 3.3331 7.07 3.6055 3.9794 5.44
GG PM 23-12 Amph-bearing Sp lherz. Coarse granular — polygonal 4.96 0.54370 Orthorhombic Yes 3.3376 10.14 4.5609 4.436 6.30
GG PM 23-48 Sp dunite with websteritic

veins
Coarse granular, but veins produce a secondary tabular
microstructure

4.20 0.68390 Fiber-[100] – 3.3308 9.52 2.5258 5.4351 6.41

GG GG22 Amph-bearing wehrlite Tabular 3.56 0.49770 Orthorhombic Yes 3.3441 5.83 3.2343 3.7136 5.28
GG PM 23-8 Amph-bearing wehrlite Coarse granular — sutured grain boundaries 3.33 0.41780 Orthorhombic Yes 3.3107 6.06 3.7412 3.6503 4.96
GG PM 23-2 Phl-bearing Sp lherzolite Tabular 3.66 0.30750 Fiber-[010] No 3.334 9.14 3.7412 3.6503 6.27
PA PM 18-22 Gt-Sp lherzolite Granular, with an olivine SPO but no well-developed

crystallographic faces
3.40 0.61270 Orthorhombic Yes 3.3417 4.65 2.7988 2.6045 3.67

PA PM 18-20 Gt-Sp lherzolite Granular 3.31 0.38860 Fiber-[010] Yes 3.3438 8.10 3.5907 3.8938 5.90
PA PM 18-42 Gt-Sp lherzolite Granular 5.64 0.52780 Orthorhombic No 3.3416 6.47 2.2916 3.3844 3.96
PA PM 18-29 Gt-Sp lherzolite Granular polygonal with tabular tendency 3.81 0.28690 Fiber-[010] Yes 3.3434 8.24 4.7135 3.3516 6.07
PA PM 18-46 Gt-Sp lherzolite Granular polygonal with tabular tendency 2.17 0.79380 Fiber-[100] No 3.3449 5.88 1.8241 3.1695 3.81
PA PM 18-8 Gt-Sp lherzolite Granular — polygonal 3.04 0.54270 Orthorhombic Yes 3.3452 6.04 2.8759 2.6174 4.44
PA PM18-28 Gt-Sp lherzolite Granular?, olivine SPO, but no well-developed crystallo-

graphic faces
2.68 0.19980 Fiber-[010] Yes 3.3452 4.93 3.5353 1.4867 3.81

PA PM 18-30 Gt-Sp lherzolite Granular — polygonal 2.83 0.60320 Orthorhombic No 3.3428 5.34 2.7883 2.6406 4.07
PA PM 18-21 Gt-Sp lherzolite Granular polygonal with tabular tendency 3.04 0.32260 Fiber-[010] No 3.3469 6.48 3.1045 2.4864 4.87
PA PM 18-12 Gt-Sp lherzolite Granular polygonal with tabular tendency 3.18 0.33130 Fiber-[010] Yes 3.3449 6.16 3.4191 1.6088 4.36
PA PM 18-7 Gt-Sp lherzolite Granular — polygonal 2.76 0.60470 Fiber-[100] No 3.3347 5.93 2.605 3.3773 4.23
PA PM 18-39 Gt-Sp lherzolite Granular polygonal with tabular tendency 3.61 0.68290 Fiber-[100] No 3.3467 8.03 2.4414 4.3547 4.95
PA PM 18-17 Amph-bearing Gt-Sp lherz. Granular — polygonal 2.79 0.74950 Fiber-[100] Yes 3.343 5.53 1.5613 3.7523 4.28
PA PM 18-5 Amph-bearing Gt-Sp lherz. Granular polygonal with tabular tendency 2.64 0.37780 Fiber-[010] No 3.3399 5.78 2.4263 2.9103 4.07
PA PM 18-24 Phl-bearing Gt-Sp lherz. Primary microstructure obscured by secondary

(reactional) crystallization
5.99 0.30600 Fiber-[010] No 3.3399 5.78 3.0739 2.703 4.07

PA PM 18-43 Sp lherzolite Granular?, olivine SPO, but no well-developed crystallo-
graphic faces

3.44 0.80880 Fiber-[100] Yes 3.337 7.08 2.1731 4.0853 4.52

PA PM 18-26 Sp lherzolite Granular polygonal with tabular tendency 3.01 0.61790 Fiber-[100] No 3.3425 7.06 3.2146 3.8947 5.45
PA PM 18-37 Sp lherzolite Granular polygonal with strong tabular tendency 4.09 0.24930 Fiber-[010] No 3.3365 8.31 4.7201 2.1971 5.75
PA PM 18-35 Sp lherzolite Granular — polygonal 4.05 0.74480 Fiber-[100] No 3.3347 7.88 2.1857 4.6231 2.19
PA PM 18-27 Amph-bearing Sp lherzolite Granular?, olivine SPO, but no well-developed crystallo-

graphic faces
3.54 0.55980 Orthorhombic No 3.3369 6.61 2.3098 3.6784 5.15
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missing measurements in a consistent, phase and rotational invariant
way (Bachmann et al., 2011).

Seismic properties were estimated by averaging the elastic constants
of olivine, orthopyroxene, clinopyroxene, amphibole, phlogopite, and
garnet as function of theirmodal proportions andcrystallographic orien-
tations and solving the Christoffel equation (Mainprice, 1990, 2007;
Mainprice and Humbert, 1994). Spinel, which occurs in small propor-
tions (b5%) in all specimens (Table 1), was not considered. Seismic
propertieswere calculated for ambient pressure and temperature condi-
tions using theMTEX software (Mainprice et al., 2011). We used exper-
imentally determined elastic constants for the olivine, orthopyroxene,
clinopyroxene, garnet, amphibole and phlogopite single crystals
(Abramson et al., 1997; Alexandrov and Ryzhova, 1961; Alexandrov
et al., 1966; Chai et al., 1997; Collins and Brown, 1998; Duffy and
Vaughan, 1988) and a Voigt–Reuss–Hill averaging scheme. Modal com-
positions were derived from the EBSD maps.

5. Modal compositions

Gobernador Gregores samples are all spinel peridotites, comprising
eight spinel lherzolites, three amphibole-bearing spinel peridotites
(two lherzolites and one harzburgite), two amphibole-bearingwehrlites,
one dunite crosscut by clinopyroxenite veins with orthopyroxene-rich
reaction walls, and one phlogopite-bearing spinel lherzolite (Fig. 4a
and Table 1). The studied dataset is representative of themain lithologies
present in Gobernador Gregores (Laurora et al., 2001; Rivalenti et al.,
2004a,b). The spinel lherzolites of Gobernador Gregores have an average
composition of ~74% olivine, ~16% orthopyroxene, ~8% clinopyroxene,
and ~2% spinel, which is consistent with a partial melting trend. Howev-
er, many Gobernador Gregores xenoliths displaymarked enrichments in
clinopyroxene and/or olivine relative to a partial melting trend, indicat-
ing reaction with percolating melts (Fig. 4b). The end-member products
of thismelt–rock reaction are thewehrlites and dunites. A clear evidence
for late-stage reactive melt percolation in this suite is the websteritic
veins (clinopyroxenite veins with orthopyroxene-rich reaction rims)
that crosscut the dunite. Modal metasomatism in this xenolith suite is
also expressed by the crystallization of hydrous minerals. Amphibole
content may reach up to 5% in the amphibole-bearing spinel lherzolites
or harzburgites and 11% in the amphibole-bearing wehrlites (Table 1).
Fig. 4. (a) Modal compositions of the studied peridotites plotted onto the olivine–orthopyrox
by optical microscopy analysis of the thin sections. (b) Clinopyroxene/orthopyroxene ratio as
opx-cpx system for comparison with melting models: (1) and (2) polybaric melting at starti
and 1.6 GPa (Walter et al., 1995) for an initial modal composition of 55% olivine, 28% opx, 1
(a) and (b).
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High amphibole contents also characterize the clinopyroxenite veins
in the dunite. Phlogopite content in the phlogopite-bearing spinel
lherzolite is 2% (Table 1).

Pali Aike xenoliths either contain garnet and spinel or only spinel.
They comprise 14 garnet and spinel lherzolites, among which 2 contain
amphibole, one phlogopite-bearing garnet and spinel lherzolite, and
5 spinel lherzolites, among which one contains amphibole (Fig. 4a,
Table 1). This dataset is representative of the range in lithologies usually
sampled by Pali Aike xenoliths (Stern et al., 1999). The average composi-
tion of the studied Pali Aike xenoliths ismore fertile than the Gobernador
Gregores' one (~60% olivine, ~20% orthopyroxene, ~15% clinopyroxene,
~4% garnet, ~1% spinel, Table 1). Although extreme compositions, like
wehrlites or dunites, are not present at Pali Aike, modal compositions
often differ significantly from typical partial melting trends; most sam-
ples showenrichment in either ortho- or clinopyroxene, suggesting reac-
tive melt percolation leading to refertilisation (Fig. 4b). Modal contents
of hydrous minerals are lower in Pali Aike relative to Gobernador
Gregores xenoliths: amphibole and phlogopite contents are ≤2% and
0.5%, respectively (Table 1).
6. Microstructures

All studied xenoliths, regardless of their modal composition, areme-
dium to coarse-grained (grain sizes range from ~1 to ~10 mm).
Gobernador Gregores peridotites are in average coarser grained than
Pali Aike peridotites, but the microstructures of the xenoliths from the
two sites are very similar. Peridotites from both sites present dominant-
ly granular microstructures characterized by roughly equidimensional
olivine crystals with dominantly polygonal grain boundaries forming
120° triple junctions (Fig. 5a). Some lherzolites have elongated olivines
(with aspect ratios that may reach 5:1) showing a clear olivine shape
preferred orientation. These elongated olivine crystals may display
well-developed crystal faces, giving rise to a tabular microstructure
(Fig. 5b), or curved grain boundaries (Fig. 5c). Intermediate microstruc-
tures between granular and tabular (Fig. 5d) are also commonly ob-
served, in particular among Pali Aike xenoliths. A summary of the
most important microstructural features of each sample is given in
Table 2.
ene–clinopyroxene diagram. Modes were obtained from the EBSD maps and confirmed
a function of the olivine content. Modal compositions were recalculated for an olivine–
ng at 1 and 2 GPa respectively (Niu et al., 1997), (3) and (4) isobaric melting at 1.1 GPa
5% cpx, and 2% spinel. The same symbols represent the sample compositions in panels
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Fig. 5. Shape preferred orientation (SPO) data from samples with granular-polygonal microtexture (a), with tabular microstructure (b) and with microstructure intermediate between
granular and tabular (c and d). From left to right: band contrast EBSD map with grain boundaries (misorientations≥ 15°) highlighted in white, grain orientation vs. aspect ratio scatter
diagram (symbols size are a function of the grain area), and the grains' orientation displayed as a histogram and a rose diagram (in both 0° corresponds to the +X direction).

Fig. 6. Typical microstructures of Gobernador Gregores peridotites. Left column: photomicrographs in cross-polarized light, right column: modal composition and grain boundary maps;
olivine is shown inwhite, pyroxenes in gray (orthopyroxene: dark gray, clinopyroxene: light gray), spinel in yellow, hydrated phases (either amphibole or phlogopite) in light blue, non-
indexed points in black. Grain boundaries (misorientations angles N 15°) are shown in black, subgrain boundaries (misorientations between 2 and 15°) are marked in red. (a–b) Coarse-
grained amphibole-bearing spinel lherzolite PM23-12with sutured to polygonal olivine–olivine grain boundaries; clinopyroxene bears concave grain boundaries towards olivine and am-
phibole crystals show olivine inclusions. (c–d) Medium- to coarse-grained spinel lherzolite PM23-52 with polygonal texture. (e–f) Medium-grained phlogopite-bearing spinel lherzolite
PM23-2 with a tabular texture, marked by aligned olivine crystals with scarce widely-spaced subgrain boundaries aligned preferentially normal to the grains' elongation. Phlogopite is
undeformed and does not show any preferred orientation. (g–h) Coarse-grained spinel lherzolite PM23-36 with slightly sutured to polygonal olivine–olivine boundaries. Large
orthopyroxene crystals bear olivine inclusions and concave limits towards olivine. (i–j) Coarse-grained amphibole-bearing wehrlite PM23-8 with coarse undeformed amphibole crystals
exhibiting reaction rims. Clinopyroxene has sutured contacts with olivine. Photomicrograph “i” approximately corresponds to the rotated square in “j”. (k–l) Coarse-grained dunite PM23-
48 cross cut by amphibole-bearing clinopyroxenite veins with orthopyroxene-rich rims. Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Amph: amphibole, Phl: phlogopite, Sp:
spinel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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6.1. Gobernador Gregores

Most Gobernador Gregores peridotites have coarse granular micro-
structures (Fig. 6a–d, g–h). Wehrlites and dunites tend to show coarser
grains (Fig. 6i–l). The phlogopite-bearing spinel lherzolite PM23-2 dis-
plays, however, a tabular microstructure, which is particularly well-
expressed in finer grained domains, where olivine crystals may have as-
pect ratios up to 1:6, (Figs. 5b; 6e–f). Finally, spinel lherzolites PM23-21
and PM23-21 have intermediate microstructures, displaying an olivine
SPO, but no well-developed crystal faces, or a few subhedral olivine
crystals, respectively (Table 2).

In all peridotites, olivine crystals display few widely spaced, but
well-developed subgrain boundaries, which in tabular crystals are nor-
mal to the elongation (Fig. 6). Olivine grain shapes range from anhedral
to subhedral, with straight to gently curved grain boundaries. Interpen-
etrating olivine–olivine grain boundaries, characteristic of grain bound-
ary migration, are also present. The latter are more common in the
wehrlites and in the dunite (Fig. 6i–l). Small rounded pyroxene inclu-
sions in olivine are also common.

Orthopyroxene (enstatite) occurs as irregularly shaped crystals with
no shape preferred orientation and grain sizes ranging from 1 to 10mm.
The larger orthopyroxene crystals have concave grain boundaries with
embayments filled by olivine and often contain olivine inclusions
(Fig. 6g–h). Smaller crystals are often observed along olivine–olivine
grain boundaries or triple junctions (Fig. 6a–h). Large orthopyroxenes
may show exsolutions and undulose extinction, but these features are
not ubiquituous.

Clinopyroxene usually occurs as small interstitial crystals (1–3 mm)
in the lherzolites, whereas in the wehrlites clinopyroxene forms large,
irregularly shaped crystals (up to 5 mm wide, Fig. 6i–j). It shows no
intracrystalline deformation features and has dominantly concave
boundaries towards olivine (Fig. 6a–l). In the wehrlites, clinopyroxene
may have olivine inclusions (Fig. 6i–j). In the phlogopite-bearing spinel
lherzolite (sample PM23-2), clinopyroxene shows spongy rims (arrows
in Fig. 6i).

Spinel crystals are interstitial, having irregular, highly cusped
shapes. Theymay have olivine inclusions and display reaction rims. Am-
phibole (pargasite), when present, forms crystals of ~2–5mmdiameter
with convex borders towards the otherminerals andwith reaction rims
(Fig. 6i). It is usually associated with pyroxenes andmay show spinel or
olivine inclusions. Phlogopite is present only in spinel lherzolite PM23-2
(Fig. 6e–f), occurring as small isolated crystals (1 mmwide). Both am-
phibole and phlogopite appear undeformed and do not have any pre-
ferred orientation.

In the dunite PM23-48 (Fig. 6k–l) clinopyroxenite veins with
orthopyroxene-rich reaction walls crosscut the coarse-grained dunite.
Small (0.5mm) amphibole crystals are associatedwith the clinopyroxene
in the veins.
6.2. Pali Aike

Pali Aike peridotites are medium to coarse-grained with granular to
tabular microstructures (Figs. 5 and 7, Table 2). Intermediate micro-
structures, characterized by either a strong tabular tendency (Fig. 5d)
or by an olivine shape-preferred orientation (SPO) but not accompanied
by well-developed crystallographic faces (Fig. 5c), are more common
than in Gobernador Gregores; they represent ~50% of the studied sam-
ples (Table 2). In these peridotites, olivine crystals may have aspect ra-
tios up to ~1:5 (Fig. 5b–d). A compositional banding, defined by the
alignment of garnet crystals, may parallel the olivine SPO (Fig. 7i–j).
No systematic variation of microstructure was observed between the
garnet and spinel peridotites and the spinel peridotites.

Olivine crystals, independent of the microstructure, exhibit rare
widely spaced, but well-developed subgrain boundaries, which are
preferentially oriented normal to grain elongation (Fig. 7a, l). Olivine–
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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olivine grain boundaries tend to be straight or gently curved, often
forming 120° triple junctions (Fig. 7c–d).

Orthopyroxene (enstatite) has highly irregular shapes and vari-
able grain sizes, but may attain up to 5 mm in diameter (Fig. 7b,l).
It occurs either as isolated crystals (Fig. 7d,j) or forming aggregates.
Large orthopyroxene crystals may bear rounded olivine inclusions
and show undulose extinction and exsolutions, whereas the smaller
crystals are normally devoid of intracrystalline deformation features.
Orthopyroxene–olivine grain boundaries are usually concave towards
olivine (Fig. 7a–d), with orthopyroxene sometimes forming cusps that
fill olivine–olivine grain boundaries (Fig. 7b; e–f). Orthopyroxene rims
surrounding another orthopyroxene with a different crystallographic
orientation are locally observed (Fig. 7e). The phlogopite-bearing gar-
net–spinel lherzolite shows a domain strongly enriched in
orthopyroxene, where the latter shows convex boundaries towards ol-
ivine (Fig. 7g–h).

Clinopyroxene is present as small to medium-size irregularly shaped
crystals (1 to 5mmwide). Itmainly occurs as isolated crystals, but ortho-
and clinopyroxene aggregates are locally observed (Fig. 7g, h). The larger
clinopyroxene crystals show interpenetrating boundaries with olivine
(Fig. 7a–b). The smaller crystals usually occur along olivine–olivine
grain boundaries (Fig. 7d,k) or at triple junctions (Fig. 7d,l).
Clinopyroxene is usually devoid of intracrystalline deformation features,
like undulose extinction or kinks. Some crystals contain exsolutions.

Garnet appears as slightly elongated crystals with irregular shapes,
occurring either isolated or in aggregates elongated parallel to the folia-
tion defined by olivine shape preferred orientation (Fig. 7l). Garnet crys-
tals typically have spinel in their cores, suggesting cooling and/or
decompression (Fig. 7a–h). They also show very fine-grained kelyphitic
rims. In the garnet and spinel peridotites, spinel is usually surrounded
by garnet, whereas in the spinel peridotites spinel forms small isolated
crystals with holy leaf shapes, similar to spinel in Gobernador Gregores
xenoliths.

Amphibole (pargasite), when present (15% of the samples of Pali
Aike), forms small undeformed crystals (maximum diameter ~3 mm)
with convex boundaries towards the other minerals (Fig. 6a–b). Phlog-
opite partially surrounds orthopyroxene crystals. Neither amphibole
nor phlogopite displays a shape preferred orientation or intracrystalline
deformation features.

7. Crystallographic preferred orientations

7.1. Olivine

The studied samples from the two localities display olivine CPOwith
variable intensities and symmetries ranging from [100]-fiber to [010]-
fiber with a large proportion of orthorhombic patterns (Figs. 8 and 9,
Table 2). Orthorhombic olivine CPO is characterized by orthogonal
point concentrations of [100], [010] and [001], with stronger concentra-
tions of the [100] and the [010] axes, which result in dominant point (P)
distributions for both [100] and [010] axes (Fig. 9a). The [001] axis is
generally more dispersed and it falls in the R (random) field for nearly
all samples. BA indices for orthorhombic samples range from 0.4 to 0.6
(Fig. 9b). [100]-fiber olivine CPO are characterized by a strong point con-
centration of [100],which shows a point distribution (Fig. 9a). The other
two axes form incomplete girdles normal to it; [010] usually has a girdle
(G) distribution in the RPGdiagram(Fig. 9a). The BA index for these CPO
is between 1 and 0.6 (Fig. 9b). [010]-fiber olivine CPO are characterized
by a point concentration of [010] and girdles of [100] and [001] with
weak maxima at 90° to each other. These samples tend to fall in the P
(point) field for the [010] axis and in the G (girdle) field for the [100]
axis (Fig. 9a). BA indices for [010]-fiber olivine CPO are between 0 and
0.4 (Fig. 9b). Gobernador Gregores peridotites have mainly [100]-fiber
and orthorhombic olivine CPO. Only one sample (the phlogopite-
bearing spinel lherzolite) has a [010]-fiber olivine CPO (Fig. 9b). In con-
trast, in Pali Aike peridotites the three different fabric types are almost
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Fig. 7. Typical microstructures of Pali Aike peridotites. Left column: photomicrographs in cross-polarized light, right column: modal composition and grain boundary maps; olivine is
shown in white, pyroxenes in gray (orthopyroxene: dark gray, clinopyroxene: light gray), spinel in yellow, garnet in orange, hydrated phases (either amphibole or phlogopite) in light
blue, non-indexed points in black. Grain boundaries (misorientations angles N 15°) are shown in black, subgrain boundaries (misorientations between 2 and 15°) are marked in red.
(a–b) Amphibole-bearing gt-sp lherzolite PM18-5 showing pyroxeneswith irregular shapes, olivineswith slightly sutured to polygonal grain boundaries, and rare oriented tabular olivine
crystals defining a foliation. (c–d) Coarse-grained gt-sp lherzolite PM18-42 displaying elongated olivine crystals with irregular shapes. (e–f) Garnet spinel lherzolite PM18-22with an ol-
ivine SPO, but no well-developed crystallographic faces, as well as, secondary orthopyroxene enclosing both olivine and preexisting orthopyroxene. (g–h) Phlogopite-bearing gt-sp
lherzolite PM18-24 displaying a strong olivine SPO, which is cross-cut by orthopyroxene crystals showing convex boundaries towards olivine. (i–j) Gt-sp lherzolite PM18-28 showing
slightly elongated olivine crystals with sutured grain boundaries and pyroxenes with very irregular shapes. (k–l) Sp lherzolite PM18-37 with well developed tabular texture. Ol: olivine,
Opx: orthopyroxene, Cpx: clinopyroxene, Amph: amphibole, Phl: phlogopite, Sp: spinel, Gt: garnet. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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equally represented: 8 samples have [010]-fiber olivine CPO, 7 samples
have [100]-fiber olivine CPO, and 5 show orthorhombic olivine CPO
(Table 2 and Fig. 8c–d).
Fig. 8. Crystallographic preferred orientation (CPO) of olivine, orthopyroxene and clinopyroxen
dered as a function of increasing clinopyroxenemodal content. Lower hemisphere equal area ste
than 100 measurements were not contoured. For easy comparison, all CPO data were rotated
parallel to the horizontal E–W and N–S directions, respectively. Olivine CPO classification and
for each sample. Main textural characteristics of each sample are also indicated. Rightmost co
angle misorientations (b15°).
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Olivine CPO in Gobernador Gregores peridotites are in average
stronger than in Pali Aike peridotites, with the highest J-index values
(J N 6) displayed by the anhydrous spinel lherzolites (Fig. 9c–d).
e in the peridotites of Gobernador Gregores (a, b) and Pali Aike (c, d). Pole figures are or-
reographic projections, contours atmultiples of uniformdistribution. Polefigureswith less
in a standard position, with the maximum concentrations of olivine [100] and [010] axes
the relation between olivine and pyroxenes CPO (correlated/not correlated) are signaled
lumn shows an inverse pole figure displaying the rotation axes that accommodate low-
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Fig. 8 (continued).
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Gobernador Gregores amphibole-bearing spinel peridotites generally
have lower fabric strength than their anhydrous counterparts
(Fig. 9b), but this relation may be biased by the limited number of hy-
drated samples studied. In general, peridotites with olivine contents
b65% or clinopyroxene contents N15% tend to have weak olivine CPO
(J indices b 4, Fig. 9c–d). There is no correlation between the
orthopyroxene content and the olivine CPO strength.

There is no clear correlation betweenmodal composition and the ol-
ivine CPO symmetry, but [100]-fiber and orthorhombic olivine CPO pre-
dominate for olivine contents N70% (Fig. 10 and Table 2). Samples with
fiber-[010] olivine CPO (BA index b 0.4) have tabular or granularmicro-
structures with a tabular tendency (Table 2). In these peridotites, the
[010] concentration is roughly perpendicular to the foliation defined
by olivine elongation (Fig. 8c–d).
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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7.2. Orthopyroxene and clinopyroxene CPO

Analysis of the pyroxenes CPOwas hindered in some samples by the
small number of grains present in the thin section, which may have re-
sulted in overestimation of the CPO strength. However, where enough
grains for a statistic analysis could be measured, orthopyroxene and
clinopyroxene CPO are systematically weaker than olivine CPO
(Fig. 8). Ortho- and clinopyroxene CPO are usually coaxial with the
[001] axes usually showing the strongest concentration, but
clinopyroxene orientations tend to be more dispersed (Fig. 8). Compar-
ison of the pyroxene and olivine CPO allows discriminating between
samples where the [100] olivine axis maximum is parallel to the [001]
pyroxene axis (“correlated” samples, Fig. 8, Table 2) and samples
where the maximum concentration of pyroxene [001] axes either
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Fig. 8 (continued).

14 C. Zaffarana et al. / Tectonophysics xxx (2014) xxx–xxx

Please cite this article as: Zaffarana, C., et al., Microstructures and seismic properties of south Patagonianmantle xenoliths (Gobernador Gregores
and Pali Aike), Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.02.017

http://dx.doi.org/10.1016/j.tecto.2014.02.017


Fig. 8 (continued).

15C. Zaffarana et al. / Tectonophysics xxx (2014) xxx–xxx

Please cite this article as: Zaffarana, C., et al., Microstructures and seismic properties of south Patagonianmantle xenoliths (Gobernador Gregores
and Pali Aike), Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.02.017

http://dx.doi.org/10.1016/j.tecto.2014.02.017


Fig. 9.Olivine CPO strength and symmetry. (a) Olivine CPO symmetry expressed as the proportion of point (P), girdle (G) and random (R) components for [100], [010] and [001] crystal-
lographic axes. (b) Relation between the olivine CPO symmetry (BA indices) and strength (J indices calculated using one orientation datum per grain). Olivine CPO strength (J indices)
function of the proportion (vol.%) of (c) olivine and (d) clinopyroxene in each sample.

16 C. Zaffarana et al. / Tectonophysics xxx (2014) xxx–xxx
coincides with the [001] olivine axis maximum or is veryweak (“uncor-
related” samples, Fig. 8, Table 2). 64% of the Gobernador Gregores and
50% of the Pali Aike samples have correlated olivine and pyroxene CPO
(Fig. 8, Table 2). In these samples, the maximum concentration of
[100] of orthopyroxene and of [010] of clinopyroxene, though weak,
tends to align with the [010]maximum of olivine. There is no clear rela-
tion between the alignment of the olivine and pyroxene CPOs and the
strength or symmetry of the olivine CPO (Fig. 10).

Finally, the websteritic veins that crosscut the dunite from
Gobernador Gregores (sample PM23-48, Table 2, Fig. 11) exhibit a
clear clinopyroxene CPO with [001] axes parallel to the strike of the
Fig. 10. Olivine CPO symmetry (indicated by the BA indices) as a function of the modal propo
orthopyroxene CPO and open symbols samples in which the CPO of the two minerals are unco
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veins. The dunite has a [100]-fiber olivine CPOwith the [100]maximum
parallel to the strike of the websteritic veins.
7.3. Amphibole and phlogopite CPO

Amphibole and phlogopite CPO are veryweak. However, due to their
lowmodal contents, the number ofmeasured grains is too low to be sta-
tistically meaningful, so they are not shown. However, both amphibole
and phlogopite [001] axes tend to parallel the pyroxenes [001] axis, sug-
gesting topotaxial relations for these reactional products.
rtion of olivine (vol.%). Filled symbols indicate samples that have correlated olivine and
rrelated.

roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Fig. 11. Textural data for the dunite crosscut bywebsteritic veins of Gobernador Gregores (sample PM23-48):modal composition and grain boundarymap (color legend as in Figs. 3 and 4)
and pole figures showing the olivine, orthopyroxene and clinopyroxene CPO in the thin section reference frame. Full line on the pole figures indicates the strike of the websteritic veins.
Lower hemisphere equal area stereographic projections, contours at one multiple of a uniform distribution.
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8. Seismic properties

Seismic properties of Gobernador Gregores and Pali Aike peridotites
were calculated at ambient P, T conditions for both individual samples
and for “average” samples for each locality obtained by adding up the
individual samples CPO data in a common reference frame (the one
used for displaying the CPO in Fig. 8). Results for the individual samples,
which are very homogeneous, are summarized in Table 2. The average
samples' properties (Fig. 12a–b, Table 2) correspond to the maximum
anisotropy that can be expected at each locality, since this calculation
assumes a coherent deformation (same kinematics) for all samples.

The average samples for the two localities, independently of their
composition, show similar patterns of variation of seismic velocities
and anisotropies relative to the olivine CPO, which are typical of mantle
peridotites (Fig. 12a–b). In the analyzed samples, P-waves as well as the
slowest shear waves (S2) are fastest when propagating parallel to the
maximum concentration of olivine [100] axes and slowest when travel-
ing parallel to the maximum concentration of [010] axes (which is per-
pendicular to the foliation in the tabular peridotites). Significant P and
S2 propagation anisotropies are observed in any plane containing the
[100] maximum. Low anisotropies are, in contrast, sampled by P and
S2 waves propagating normal to this maximum, that is, to the flow di-
rection. Maximum propagation anisotropies are generally lower for
the fast shear waves (S1) than for the slow (S2) shear waves, and Vs1
patterns more complex than Vs2 patterns (Fig. 12a–b). The fast shear
wave S1 is always polarized parallel to the olivine [100] maximum and
the maximum birefringence is observed for shear waves propagating
at high angle to both the [100] and [010] maxima (Fig. 12a–b).

The stronger olivine CPO of Gobernador Gregores peridotites results
in higher maximum P- and S-wave anisotropies relatively to Pali Aike
peridotites (Fig. 13a–b). Maximum seismic anisotropies (AVs, AVp,
AVs1, AVs2) also increase with olivine content and, in Gobernador
Gregores peridotites, decrease with increasing clinopyroxene content
(Fig. 13c–f). The latter relation is coherent with the decrease in olivine
CPO strength for high clinopyroxene contents (N15%, Fig. 9d).
Amphibole-bearing spinel peridotites of Gobernador Gregores and the
phlogopite-bearing lherzolite of Pali Aike tend to show slightly lower
seismic anisotropies than their anhydrous counterparts (Fig. 13,
Table 2). The highest anisotropies are thus observed for the spinel
lherzolites from Gobernador Gregores (P-wave anisotropy of 11.9%, S-
wave polarization anisotropy of 7.4%, Table 2).

The change in olivine CPO symmetry does not alter themagnitude of
the seismic anisotropy (AVs, AVp, AVs1, AVs2; Fig. 13g–h). The spinel pe-
ridotites of Gobernador Gregores show stronger seismic anisotropies
associated with orthorhombic to [100]-fiber olivine CPO (Fig. 13g–h).
However these samples also show strong olivine CPO (Fig. 9b), which
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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explains their high seismic anisotropy. Change in olivine CPO symmetry
from [100]-fiber or orthorhombic to [010]-fiber changes slightly the
seismic anisotropy patterns. In particular, while in peridotites with a
[100]-fiber or an orthorhombic olivine CPO the apparent isotropy direc-
tion for S-wave (AVSmin orientation) is at low angle to the [100] max-
imum (Fig. 14a), in peridotites with a [010]-fiber olivine CPO it is at low
angle to the [010] maximum (Fig. 14b). However, [010]-fiber seismic
anisotropy patterns would only be detected by seismological surveys
if this type of olivine CPO predominates in the upper mantle, since the
average samples seismic properties display an orthorhombic symmetry
with an apparent isotropy direction for S-waves at low angle to the
[100] maximum (Fig. 12).

9. Discussion

9.1. Relations between deformation, annealing, and reactive melt
percolation in the South Patagonian mantle lithosphere

The coarse-grainedmicrostructures, the lowdensity of intracrystalline
deformation features in olivine and pyroxenes, and the polygonal grain
shapes, characterized by straight grain boundaries forming 120° triple
junctions indicate that all studied peridotiteswere affected by extensive
annealing (static recrystallization and grain growth). This extensive an-
nealing implies effective diffusion due to either high temperatures
(consistent with some but not all equilibrium thermobarometry data)
or slow cooling in stable subcontinental mantle lithosphere. Strongly
annealed microstructures predominate, for instance, in cratonic xeno-
lith suites (e.g., Baptiste et al., 2012; Vauchez et al., 2005).

The well-developed olivine and, in most samples, pyroxenes CPO
suggests, however, that annealing was preceded by deformation
through dislocation creep. As observed in previous studies (e.g.,
Baptiste et al., 2012; Tommasi et al., 2008; Vauchez et al., 2005), static
recrystallization did not erase the preexisting CPO. Dominant activation
of [100] glide is supported by the axial symmetry of the [100]-fiber CPO
and by the stronger concentration of [100] than [001] in the orthorhom-
bic and [010]-fiber CPO samples (Fig. 8). Dominant activation of the
[100]{0kl} slip systems in olivine can also be inferred from the preserved
(100) olivine subgrain boundaries and from the predominance of
b0VWN rotation axeswith twomaxima parallel to [001] and to [010] ac-
commodating low angle (b15°) misorientations (Fig. 8).

In the correlated peridotites, parallelism between the dominant
glide directions of olivine and pyroxenes, i.e., the alignment of the oliv-
ine [100] maximumwith the pyroxenes [001] maximum, suggests that
they were deformed simultaneously. Althoughweak, the pyroxene CPO
in these correlated samples is consistent with deformation by disloca-
tion creep, with dominant activation of [001](100) in orthopyroxene
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Fig. 12. Calculated seismic properties of “average” samples for Gobernador Gregores (a) and for Pali Aike (b). Average samples were created by adding up the CPO data of the individual
samples. Column 1 displays the velocity distribution of the Pwaves (km/s) togetherwith the Pwave polarization direction, columns 2 and 3 display the fast and the slow Swave velocities
(Vs1 and Vs2, respectively), and column 4 displays S wave polarization anisotropy in percent together with the S1 wave polarization direction. One example of each olivine CPO type from
each locality is added to illustrate the relation between olivine CPO and the anisotropy of seismic properties.
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and [001]{110} in clinopyroxene (e.g., Bascou et al., 2002; Frets et al.,
2012; Green and Radcliffe, 1972; Van Roermund and Boland, 1981).
Limited obliquity (b20°) between the olivine and the pyroxene CPO
may result from lower finite strains in the stronger pyroxene crystals.

In contrast, the uncorrelated olivine and pyroxenes CPO (or almost
random pyroxenes CPO) observed in 33% of Gobernador Gregores sam-
ples and in 50% of Pali Aike samples (Fig. 8 and Table 2), suggests pyrox-
ene addition by post-kinematic reactivemelt percolation (e.g., Soustelle
et al., 2010). Indeed, although subparallel [001] maximum concentra-
tions for olivine and pyroxenemight be produced by common deforma-
tion if olivine deforms by dominant [001] glide, dominant activation of
[001] glide in olivine is not consistent with the stronger [100] preferred
orientation of olivine relative to [001], nor with themisorientation data
for low angle boundaries in olivine (cf. discussion above).

Metasomatism by alkaline or carbonatitic magmas in Gobernador
Gregores and by subalkaline to tholeitic magmas in Pali Aike had been
suggested based on geochemical information (Bjerg et al., 2005;
Dantas, 2007; Gorring and Kay, 2000; Laurora et al., 2001; Rivalenti
et al., 2004a,b; Stern et al., 1986, 1989). The analysis of clinopyroxene
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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REE patterns of some of the samples of both suites that are studied
here (Fig. 2, Dantas, 2007) shows that strong LREE enrichment is associ-
ated with the presence of hydrous minerals (amphibole or phlogopite).
The lack of intracrystalline deformation features and the random orien-
tation of amphiboles and phlogopite (Figs. 5a, e, i and 6a, e) in the stud-
ied samples indicate that their crystallization is post-kinematic,
suggesting that geochemical data record mainly the latest metasomatic
episodes.

On the other hand, (i) the analysis of themodal compositions, which
mostly do not coincide with partial melting trends (Fig. 4) and (ii) the
interpenetrating olivine–pyroxene boundaries and the olivine inclu-
sions in pyroxenes (Figs. 6 and 7) displayed by most peridotites from
both Gobernador Gregores and Pali Aike clearly imply reactive melt
(or fluids) percolation leading to both pyroxene crystallization at
the expense of olivine and olivine crystallization at the expense of
pyroxenes, function of the composition of the percolating melt/fluid
(Kelemen et al., 1997; Le Roux et al., 2007; Morgan and Liang, 2005).

Petrographic features indicating pyroxene crystallization at the ex-
pense of olivine are, however, not restricted to samples that show
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Fig. 13. Seismic anisotropies (AVp, AVs1max, AVs2max, AVsmax) vs. olivine fabric strength (Jol), olivine and clinopyroxene content and BAindex.

19C. Zaffarana et al. / Tectonophysics xxx (2014) xxx–xxx
uncorrelated olivine and pyroxene CPOs. Two interpretations may thus
be proposed: (i)multiple reactivemelt percolation episodeswith differ-
ent timings relative to the deformation are recorded within the studied
xenoliths or (ii) post-kinematic melt percolation, which, resulted in
both overgrowth of preexisting, already oriented pyroxenes (the corre-
lated samples) and in crystallization of new crystals with randomorien-
tation (the non-correlated samples). Post-kinematic crystallization of
orthopyroxene is, for instance, clearly evidenced by the microstructure
of the phlogopite-bearing spinel lherzolite PM18-24 (Fig. 7e–f), which
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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shows correlated olivine and orthopyroxene CPO (Fig. 8d). However,
the microstructural relations are not as clear in all studied peridotites
and the hypothesis (i) cannot be discarded.

In Gobernador Gregores, the presence of dunites, wehrlites, and
websterites clearly indicates multiple episodes of reactive melt percola-
tion leading to either pyroxenes or olivine consumption depending on
the melt composition (see references above). The clear olivine CPO of
the dunite (Fig. 11) suggests that dunitization was produced by the
pre- or synkinematic reactive melt percolation, whereas the sharp
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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Fig. 14. Seismicproperties as a function of the olivine CPO symmetry: (a) sample PM23-fromGobernadorGregores that has a strong [100]-fiber olivine CPO, (b), sample PM18-37 fromPali
Aike that bears a [010]-fiber olivine CPO, and (c) sample PM18-42 Pali Aike that has an orthorhombic olivine CPO.
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boundaries of the websterite veins suggest that they formed during a
late stage after significant cooling. The preferred alignment of the
clinopyroxene [001] and [010] axes parallel and normal to the veins
walls, respectively, suggests oriented crystallization controlled by the
vein opening or the melt flow. Except for this example, where the
websterite formation is clearly a late episode, the relative timing be-
tween annealing and reactive melt or fluids percolation cannot be
unraveled from the present data.

9.2. Olivine CPO symmetry

Orthorhombic and [100]-fiber CPO patterns predominate in
Gobernador Gregores xenoliths (Table 2, Fig. 8). These CPO patterns
are also the most common in naturally deformed peridotites (Ben
Ismaïl and Mainprice, 1998; Tommasi et al., 2000), as well as in dunites
experimentally sheared at high temperature, low pressure and dry con-
ditions (Bystricky et al., 2000; Zhang and Karato, 1995). They result
from dominant activation of the [100]{0kl} slip systems under deforma-
tion regimes characterized by a well-defined extension direction: sim-
ple shear, extrusion, 2D-transpression or transtension (Tommasi et al.,
1999).

Pali Aike, in contrast, displays a large proportion of [010]-fiber
olivine CPO (Table 2, Fig. 8). Pure [010]-fiber CPO forms in axial shorten-
ing (Nicolas et al., 1973) and CPO patterns with a strong [010]-fiber
component are characteristic of three-dimensional transpression, even
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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when the simple shear component dominates (Tommasi et al., 1999).
However, transpressional deformation should also result in dispersion
of orthopyroxene [001] axes in the foliation plane, which is not ob-
served in most studied samples (with the exception of samples PM18-
28 and PM18-29, Fig. 8c). Simultaneous activation of [100] and [001]
slip systems under high stress, high pressure (N3.5 GPa) or hydrated
conditions is another mechanism leading to the formation of [010]-
fiber CPO (Jung et al., 2006; Mainprice et al., 2005; Tommasi et al.,
2000). However, equilibration pressures are low and significant activa-
tion of [001] glide is not supported by misorientation data (Fig. 8).

The common association of [010]-fiber olivine CPO and a tabular
tendency in themicrostructures (Figs. 4 and 8, Table 2) suggests that an-
isotropic grain boundary properties may have controlled grain growth
during annealing, resulting in strongly anisometric grain shapes and in
increasing volume fraction of crystals with [010] normal to the trace
of the foliation plane. In kimberlite-born peridotites, static grain growth
in the presence of fluids has been proposed as a mechanism leading
to the formation of tabular olivine crystals with similar crystallo-
graphic features as the ones that produce the tabular textures in
the Patagonian xenoliths (Arndt et al., 2010; Drury and Van
Roermund, 1989). A similar metasomatism-related process might ac-
count for the formation of the tabular textures in the xenoliths from
Gobernador Gregores and Pali Aike. However, thoughmany tabular pe-
ridotites show high clinopyroxene contents or hydrous phases, not all
clinopyroxene-rich or hydrous peridotites have tabular textures
roperties of south Patagonianmantle xenoliths (Gobernador Gregores
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(Table 2). There is also no relation between the olivine composition and
the crystal shapes.

Interestingly, all [010]-fiber samples from Pali Aike show predomi-
nance of low angle rotation axes close to [010] (Fig. 8c–d). This points
to a higher density of [100](001) edge dislocations in the subgrains
that are mainly (100) tilt walls. However, the [010]-fiber CPO implies
that thedominant slip plane is (010) instead of (001). This contradiction
between dominant slip planes inferred from the CPO and from the anal-
ysis of low-anglemisorientations has also been reported in previousmi-
crostructural studies on peridotites (Falus et al., 2008; Soustelle et al.,
2010; Tommasi et al., 2008); it implies that dislocations preserved in
subgrain boundaries may not be representative of the most active slip
systems, and that the inference of slip systems activity should not be
based solely on misorientation data.

9.3. Seismic properties of the South Patagonian mantle lithosphere

Both localities show rather homogeneous seismic properties, which
are typical of mantle rocks deformed under high temperature and low
to intermediate pressure conditions by dislocation creepwith dominant
activation of [100] glide. The maximum intensity of seismic anisotropy
for both S-waves polarization and P- and S-waves azimuthal anisotropy
depends essentially on the strength and symmetry of the olivine CPO
and on the olivine content, as observed in previous studies (e.g., Ben
Ismaïl and Mainprice, 1998). Unless it results in significant changes in
themodal composition (strong enrichment in clinopyroxeneor hydrous
phases), reactive melt or fluids percolation under static conditions has
therefore only a minor effect on the seismic anisotropy (Figs. 12–13),
slightly reducing the anisotropy due to the relative decrease in olivine
content.

If, as proposed in the previous section, reactivemelt or fluid percola-
tion results in a change in the olivine CPO symmetry towards [010]-fiber
patterns, it might also change the seismic anisotropy signature as the
latter shows an apparent isotropy for S-waves propagating normal to
the foliation, instead of subparallel to the lineation (Fig. 14, Vauchez
et al., 2005; Bascou et al., 2008). However, comparison of the average
seismic properties for Gobernador Gregores, where orthorhombic and
[100]-fiber predominate, and for Pali Aike, where all three fabric
symmetries contribute more or less equally to the average sample
(Fig. 12), shows that the [010]-fiber patterns have to dominate to
produce a detectable change in the seismic anisotropy pattern. Finally,
as the strong annealing recorded by the microstructures did not
significantly disperse the olivine CPO, it also did not erase the seismic
anisotropy. The South Patagonian lithospheric mantle has thus a non-
negligeable seimic anisotropy, which records the last deformation
episode that affected this region.

Analysis of surface wave data for paths traversing the austral Andes
and SE Patagonia highlight up to 5% polarization anisotropy with SH
faster than SV waves in the shallow mantle lithosphere (Robertson
Maurice et al., 2003). Below 60 km depth, SH remains faster than SV,
but anisotropy is lower and seismic velocities are up to 5% slower than
in the Preliminary Reference Earth Model (PREM). SH faster than SV im-
plies subhorizontal lineations in the lithospheric mantle. The reported
5% of seismic anisotropy corresponds to the maximum anisotropy ob-
tained for the average Pali Aike sample, and is close to themaximuman-
isotropy for the average Gobernador Gregores sample (Fig. 12). Yet
these maximum polarization anisotropies would not be sampled by
horizontally propagating waves if the foliation was horizontal (maxi-
mum values for this orientation will be lower: ~3–4%, Fig. 12).

Russo et al. (2010a,b) have detected an ENE polarization of the fast
split teleseismic shear waves propagating in the vicinity of the present
location of the Chile Triple Junction. These authors assumed that the
olivine CPO producing this anisotropy is due to active asthenospheric
mantle flow. However, we have shown that the lithospheric mantle
xenoliths from Gobernador Gregores and Pali Aike do have a strong
CPO. Moreover, to explain SH faster than SV lineations have to be
Please cite this article as: Zaffarana, C., et al., Microstructures and seismic p
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subhorizontal in the lithospheric mantle and vertically propagating
SKS will sample intermediate to strong S-wave birefringence (Fig. 12).
This raises the question of the effect of lithospheric seismic anisotropy
on splitting measurements. If both the lithospheric and asthenospheric
lids are anisotropic, but have different CPO orientations, the fast split S-
wave polarization direction and the delay time should vary with the
backazimuth on the incoming waves. Such a variation is not described
in Russo et al. (2010a,b). On the other hand, if the fabric in the litho-
sphere and the asthenosphere are similar, then delay times should be
larger than those recorded since the thickness of the anisotropic layer
traversed by a vertically propagating S wave would be large.

10. Conclusions

Themedium- to coarse-granular or tabular textures, the low density
of intracrystalline deformation features in olivine and pyroxenes and
the common polygonal grain boundaries with 120° triple junctions sug-
gest that all xenoliths from Gobernador Gregores and Pali Aike were af-
fected by extensive annealing. However, all xenoliths show a well-
developed olivine CPO and, for some of them, a pyroxene CPO that
were acquired during a deformation episode predating annealing and
which was not erased by it. The xenoliths of the two localities were
also submitted to reactive melt percolation, evidenced by microstruc-
tural observations, modal compositions, and REE data. The relative
timing between metasomatism and deformation was investigated
through the comparison of olivine and pyroxene CPO data, where the
lack of correlation between olivine and pyroxene CPO would imply
post-deformation pyroxene addition through reactive melt percolation.
However, correlation between olivine and pyroxene CPOs cannot be
used to infer a pre- to synkinematic silica-enrichment, as it may also
be accounted for by overgrowth of primary pyroxenes,which preserved
their initial CPO. Late, post-kinematic reactivemelt percolation is, in the
other hand, clearly evidenced by the occurrence of undeformed amphi-
bole and phlogopite and from the websteritic veins traversing the du-
nite from the Gobernador Gregores xenolith suite.

Analysis of the olivine CPO and low-angle misorientation data in the
two xenolith suites implies deformation in the dislocation creep regime
with preferential activation of [100]{0kl} system in olivine. Olivine CPO
in Gobernador Gregores peridotites is essentially of [100]-fiber and
orthorhombic types, whereas in Pali Aike [010]-fiber, fiber and
orthorhombic olivine CPO types are equally represented. The associa-
tion of [010]-fiber olivine CPO with microstructures with a tabular ten-
dency suggests that the tabular olivine grains are probably produced by
crystallographically controlled grain growth.

Seismic properties at room temperature conditions of average sam-
ples for each site are very homogeneous. The pattern of seismic veloci-
ties and anisotropies is very similar in the two localities, with the
maximum splitting for S waves propagating in the foliation plane at
high angle to the [100] axis concentration and the minimum splitting
for Swaves propagating at low angle to this direction, that is subparallel
to the lineation. The larger proportion of peridotites with [010]-fiber
fabric in Pali Aike relative to Gobernador Gregores does not seem to
change this pattern. As neither the strong annealing recorded by the
microstructures nor the modal metasomatism significantly dispersed
the olivine CPO, they also did not erase the seismic anisotropy of the
South Patagonian lithospheric mantle. This seismic anisotropy, which
records the last major deformation episode that affected this region,
should be taken into account in the interpretation of shear wave split-
ting data.
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