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Montpellier and CNRS, Montpellier, France, 3Departamento de Mineralogia y Petrologia, Universidad de Granada, Granada,
Spain, “Departamento de Geodinamica, Universidad de Granada, Granada, Spain, °Lithosphere Fluid Research Laboratory,
IGES, E6tvos Lorand University, Budapest, Hungary

Abstract Mantle xenoliths in Pliocene alkali basalts of the eastern Betics (SE Iberia, Spain) are
spinel & plagioclase lherzolite, with minor harzburgite and wehrlite, displaying porphyroclastic or
equigranular textures. Equigranular peridotites have olivine crystal preferred orientation (CPO) patterns
similar to those of porphyroclastic xenoliths but slightly more dispersed. Olivine CPO shows [100]-fiber
patterns characterized by strong alignment of [100]-axes subparallel to the stretching lineation and a girdle
distribution of [010]-axes normal to it. This pattern is consistent with simple shear or transtensional
deformation accommodated by dislocation creep. One xenolith provides evidence for synkinematic
reactive percolation of subduction-related Si-rich melts/fluids that resulted in oriented crystallization of
orthopyroxene. Despite a seemingly undeformed microstructure, the CPO in orthopyroxenite veins in
composite xenoliths is identical to those of pyroxenes in the host peridotite, suggesting late-kinematic
crystallization. Based on these observations, we propose that the annealing producing the equigranular
microstructures was triggered by melt percolation in the shallow subcontinental lithospheric mantle
coeval to the late Neogene formation of veins in composite xenoliths. Calculated seismic properties are
characterized by fast propagation of P waves and polarization of fast S waves parallel to olivine [100]-axis
(stretching lineation). These data are compatible with present-day seismic anisotropy observations in SE
Iberia if the foliations in the lithospheric mantle are steeply dipping and lineations are subhorizontal with
ENE strike, implying dominantly horizontal mantle flow in the ENE-WSW direction within vertical planes,
that is, subparallel to the paleo-lberian margin. The measured anisotropy could thus reflect a lithospheric
fabric due to strike-slip deformation in the late Miocene in the context of WSW tearing of the subducted
south Iberian margin lithosphere.

1. Introduction

The Betics and the Rif form a tight arc-shaped mountain belt of the Alpine orogenic system in the western-
most Mediterranean, surrounding the Alboran Sea basin. This orogenic belt is a result of the Miocene collision
between the Alboran domain and the south Iberian and Maghrebian passive margins in the context of N-S to
NW-SE convergence of the African and the European plates. Slab rollback and break off, mantle lithosphere
delamination, and convective thinning of overthickened lithospheric roots are among the diverse geody-
namic scenarios proposed to account for Tertiary synorogenic extension that led to the opening of the
Alboran Sea basin and resulted in the current shape and topography of the orogenic belt [e.g., Platt et al.,
2013, and references therein]. An increasing number of recent seismological surveys have investigated the
current deep mantle structure of the Betics-Rif arc aiming to elucidate its Tertiary geodynamic evolution
[e.g., Buontempo et al., 2008; Calvert et al., 2000; Diaz et al., 2010; Serrano et al., 2005]. Among these, teleseis-
mic shear wave splitting measurements show that the fast direction of shear wave splitting (SKS) splitting is
parallel to the limbs of the Betics-Rif arc and rotates around the Gibraltar arc [Buontempo et al., 2008; Diaz
et al, 2010]. Although these data have been used to support geodynamic hypotheses proposing rollback
of a westward retreating slab, the nature, age, and geodynamic significance of this seismic anisotropy are still
uncertain. Combination of fossil anisotropy from Eocene subduction and renewed Miocene asthenospheric
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Figure 1. Simplified geological map of the westernmost Mediterranean termination of the circum-Mediterranean Alpine belt, showing the main tectonic domains of
the Betics-Rif orogenic belt with the areas of oceanic crust, magmatic arc, and thin continental crust in the Alboran basin (modified after Booth-Rea et al. [2007,
and references therein]). The inset corresponds to the South East Iberian Volcanic Province in the eastern Betics, showing the distribution of different types of
Miocene to Pliocene volcanism and the location of the Tallante and Los Perez alkali basalt volcanic centers that host the studied mantle xenoliths (modified after
Cebrid et al. [2009]).

flow around an Alboran slab is among the hypotheses put forward to account for the seismic anisotropy in
the circum-Alboran Sea basin. Some difficulties in the interpretation of SKS measurements arise from deci-
phering if the source of anisotropy is in the lithosphere or asthenosphere [e.g., Silver, 1996]. Laboratory
and theoretical studies indicate that seismic anisotropy in the uppermost mantle results mainly from the crys-
tal preferred orientation (CPO) of mantle olivine [Nicolas and Christensen, 1987; Silver et al., 1999; Tommasi
et al., 2000; Zhang and Karato, 1995]. Microstructural studies of natural mantle peridotites hence can provide
useful information on the nature and significance of the upper mantle seismic anisotropy [e.g., Mainprice and
Silver, 1993; Mainprice et al., 2000].

Pliocene alkali basalts in the inner easternmost Betics (Figure 1a) entrained numerous mantle xenoliths that
provide a unique opportunity for direct observation of the microstructures and composition of the litho-
spheric mantle 2-3 Ma ago [e.g., Bianchini et al., 2011; Capedri et al., 1989; Rampone et al., 2010]. Here we
report a detailed microstructural and CPO study of mantle spinel peridotite xenoliths from the Tallante area
volcanic centers (Murcia, SE Spain) in order to unravel the deformation record, constrain the relative age of
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microstructures, and derive the anisotropic seismic properties of the lithospheric mantle beneath SE Iberia.
Comparison of the calculated anisotropy to available seismic data provides insights into the source and
significance of seismic anisotropy in the NE termination of the Alboran arc system.

2. Tectonic Setting and Cenozoic Volcanism

The Betics-Rif orogen in the westernmost Mediterranean (Figure 1a) was formed during the Miocene collision
between the Alboran domain and the south Iberian and Maghrebian passive margins in the context of
Africa-lIberia convergence [Booth-Rea et al., 2007; Jolivet and Faccenna, 2000]. Among other features, this
arched orogenic belt is characterized by series of nappes of metamorphic rocks, which contain slivers of
subcontinental lithospheric peridotites [Garrido et al, 2011; Obata, 1980; Van der Wal and Vissers, 1996],
and Cenozoic arc-like volcanism [Duggen et al., 2003, 2004, 2005; Hoernle et al., 1999; Marchesi et al., 2012;
Turner et al., 1999] (Figure 1a).

Neogene to Quaternary volcanism occurred mainly in SE Iberia, the Maghrebian margins, and the present-
day Alboran Sea basin (Figure 1a). In the early to middle Miocene this volcanic activity was broadly coeval
with extension and subsidence of the Alboran Sea basin and orogenesis in the surrounding Betics-Rif moun-
tain belt [Booth-Rea et al., 2007; Comas et al., 1999; Jolivet and Faccenna, 2000; Lonergan and White, 1997].
Middle to late Miocene tholeiitic through calc-alkaline volcanic rocks typical of subduction arc magmatism
crop out across the central and eastern Alboran Sea basin (Figure 1a), in the Alboran Island, and in the coastal
volcanic complexes at the margins of the eastern Betics—often referred to as the Southeast Iberian Volcanic
Province (SEIVP) (Figure 1b)—and the Maghrebides (Figure 1a) [Duggen et al., 2004, 2005; Turner et al.,
1999, and references therein]. In addition to this Neogene igneous activity, the SEIVP comprises late
Miocene to Plio-Pleistocene shoshonitic igneous rocks and basanites/alkali basalts and their derivatives,
often referred in the literature as anorogenic magmatism (Figure 1b) [e.g., Duggen et al., 2003, 2004,
2005; Hoernle et al, 1999; Turner et al., 1999]. Some alkali basalt volcanic centers contain numerous
crustal/mantle high-grade metamorphic, mafic and ultramafic xenoliths, and megacrysts [e.g., Bianchini
et al,, 2015, and references therein].

Among other concurrent hypotheses [e.g., Doblas et al., 2007; Turner et al., 1999], late Miocene to Pliocene
lithospheric decompression and coeval Si-K-rich magmatism and Quaternary alkali basalts in the SEIVP and
Maghrebian margins have been related to subcontinental-edge delamination followed by asthenospheric
mantle upwelling [Duggen et al., 2003, 2005, 2008] and/or earlier slab break off in the Algerian-Rifean margin
[Spakman and Wortel, 2004, and references therein].

3. Provenance of the SE Iberian Subcontinental Lithospheric Mantle

The high "®Hf/"”7Hf and Lu/Hf ratios in clinopyroxene and peridotite whole rocks [Bianchini et al., 2011], the
presence of clusters produced from garnet breakdown (Figures 2c and 2d) [Rampone et al., 2010; Shimizu
et al,, 2008], and the occurrence of plagioclase in SE lberian mantle xenoliths (Table 1) [Rampone et al.,
2010] indicate that the SE Iberian subcontinental lithospheric mantle (SCLM) was first equilibrated at mini-
mum depths of 55-60 km, in the garnet Iherzolite stability field, and it was later exhumed (in the sense of
England and Molnar [1990]) and equilibrated in the plagioclase Iherzolite facies. This corresponds to at least
30-40 km thinning of the SCLM (Figure 3). Rampone et al.[2010] argued for a prekinematic garnet breakdown
based on the systematic orientation of orthopyroxene [100] cleavage planes in stretched clusters. This model
involves thinning and decompression of the lithospheric mantle from garnet- to spinel-lherzolite facies con-
ditions followed by ductile flow in the spinel to plagioclase facies.

The presence of metasomatic plagioclase indicates equilibration in the shallow mantle was accompanied
by reactive melt percolation [Bianchini et al., 2011; Kogarko et al., 2001; Rampone et al., 2010; Shimizu et al.,
2004]. The 0.7-0.9 GPa pressure estimation for both the formation of intrusive veins [Bianchini et al., 2015;
Rampone et al,, 2010] and that of Al, Cr, and Ti zoning in pyroxenes [Kogarko et al., 2001] point to an
anomalously thin crust of 19-22km above a hot SCLM at the time of eruption (2-3 Ma ago [Duggen
et al, 2005]), which is consistent with the present-day crust-mantle boundary at <25km beneath the
region [Mancilla et al., 2015].
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Figure 2. Photomicrographs and EBSD phase maps of the (a) granular (sample LPE-042), (b) porphyroclastic (sample TAL-047),
(c and d) mosaic equigranular (sample LPE-002), and (e and f) flattened equigranular (sample LPE-025) textures of the SE Iberian
mantle xenoliths. The microstructure of a representative composite xenolith (LPE-008) is shown in Figure 2g with the ortho-
pyroxenite vein (top right) and the mosaic equigranular host peridotite (bottom left). The crystal preferred orientation (CPO) of
olivine and orthopyroxene in the pyroxenite vein and in the peridotite is shown in the sample reference frame (i.e., without
rotating the data to a common frame of reference such as those shown in Figure 4) in lower hemisphere equal area stereo-
graphic projections (contours at 0.5 multiples of a uniform distribution). Note the similarity of CPO between olivine-olivine and
orthopyroxene-orthopyroxene pairs. In Figures 2c and 2d, ellipsoid-shaped, coarse-grained orthopyroxene-spinel clusters are
outlined by white solid lines, and the identical distribution of orthopyroxene CPO in the clusters and the host peridotite
(Figure 2d) is presented in lower hemisphere equal area stereographic projections in the sample reference frame (see above).
The photomicrographs of Figures 2a, 2b, and 2e and the bottom left part of Figure 2c were taken using cross polarized light,
whereas the top right part of Figure 2c using plane polarized light. Images in Figures 2d, 2f, and 2g are EBSD phase maps that
share the same color coding shown in Figure 2d. Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; and Spl: spinel.
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Table 1. Summary of Petrography, Modal Composition, Estimated Temperatures, Calculated Parameters, and the Significant Values of Seismic Properties

it Modal Composition (%) Estimated Temperature ("C)b Calculated Parametersb Vp (km/s) AVs (%)
ithology
Sample (Fabric)® Ol Opx Cpx Spl Plag ety Tca-0px Tal-0px BA GOS  Joi  Jopx Jcpx min max  min  max
Normal Mantle Xenoliths
LP08-1 2d WHR (ME)  81.0 0.3 179 09 = = = o 0.57 0.9 22 o 3.0 8.03 8.61 0.21 4.32
LPE—OOZd LHZ (ME) 669 21.0 103 1.7 <0.1 867 994 949 0.80 1.6 28 3.0 25 8.01 867 0.08 5.43
LPE-016 LHZ (ME) 70.3 16.7 11.6 14 = = = o 0.50 1.0 2.1 2.7 24 7.95 8.61 0.08 495
LPE-025 LHZ (TE) 77.3 17.0 57 0.0 - - - - 0.76 13 5.2 14 23 797 890 0.16 6.85
LPE—028d WHR (ME) 859 04 13.7 0.0 = = = o 0.59 1.1 26 o 29 7.98 869 0.10 5.82
LPE—O29CI o LHZ (ME) 69.7 19.3 79 29 0.2 986 1055 935 0.72 1.7 25 33 2.8 8.00 867 0.10 5.56
LPE-042™" LHZ (GR) 619 204 14.5 3.2 = 939 988 993 0.77 14 39 38 - 8.03 869 006 490
LPE-048¢ LHZ (PO) 77.2 14.0 84 0.4 - 977 1047 969 0.74 22 43 - 46 7.98 880 0.12 7.22
LPE-058 LHZ (GR) 62.2 183 180 0.7 0.8 = = o 0.51 1.7 6.5 5.1 4.8 794 867 025 5.81
LPE-061 LHZ (ME) 79.0 8.2 76 1.8 35 859 1124 1083 0.75 1.2 33 44 33 7.99 870 0.10 5.81
LPE—OGZZ LHZ (PO) 63.5 22.0 12.7 1.8 = 1005 1054 976 0.83 1.7 38 3.0 2.8 8.05 866 0.21 4.32
TAL-001 LHZ (TR) 75.4 15.2 83 1.1 - 872 980 933 0.47 1.8 4.6 38 44 7.93 8.71 029 631
TAL-047¢ HZB (PO) 84.4 11.0 36 1.0 = = = o 0.73 26 4.6 39 4.8 7.98 8.81 0.31 6.49
TAL-056° LHZ (PO) 77.5 15.6 59 0.9 - 887 976 982 0.78 1.9 5.7 4.1 4.5 7.99 884 033 6.83
TAL-084 LHZ (TR) 76.2 164 5.0 24 = 892 955 1010 0.91 1.8 6.3 36 3.6 8.01 894 0.16 7.04
TAL-094 LHZ (GR) 76.9 17.6 5.0 0.4 <0.1 905 970 1063 0.72 20 83 53 4.8 7.96 889 0.12 6.83
TAL-106 LHZ (TR) 73.6 15.1 108 06 <0.1 = = o 0.56 27 7.2 44 = 791 8.81 0.41 7.10
TAL-112 LHZ (ME) 74.7 13.8 8.6 29 - 884 956 945 0.63 1.3 20 3.0 29 8.02 860 008 461
TAL-124 HZB (PO) 87.0 103 23 04 <0.1 = = o 0.84 29 6.8 4.2 = 7.98 9.01 0.35 7.52
TAL-127 LHZ (PO) 70.7 200 8.0 13 <0.1 1038 951 994 0.66 1.9 5.1 26 2.7 7.96 8.75 0.21 6.30
TAL—134d LHZ (ME) 67.2 183 129 1.6 = 843 974 962 0.63 1.1 24 45 ° 8.00 8.61 0.17 470
TAL-148 LHZ (PO) 68.7 13.7 9.6 1.5 29 - - - 0.58 27 4.7 4.0 4.2 797 8.73 0.31 6.09
Composite Mantle Xenoliths
LPE-008 WR (-) 40.3 57.1 20 0.6 <0.1 = = o = = 8.05 840 0.06 341
HZB (ME) 65.3 315 22 1.0 - - - - 0.56 1.3 33 22 - - - - -
V (IG) 126 854 1.9 0.1 <0.1 = = o = o o o = o = =
TAL-014 WR (-) 63.3 28.6 4.5 0.1 35 = = = = = = = 8.08 856 0.14 391
HZB (ME) 80.1 133 37 0.1 29 894 1175 1070 0.73 1.0 23 25 3.9 - - - -
V (IG) 11.8 75.6 7.1 = 5.5 = = = - S S = - S = S

aLithoIogy: HZB, harzburgite; LHZ, lherzolite; V, vein; WHR, wehrlite; WR, whole rock/(Fabric); GR: granular; IG, igneous; ME, mosaic equigranular; PO, porphyr-
oclastic; TR, transitional; TE, tabular equigranular
BA, BA index of olivine; GOS, area-weighted average of grain orientation spread of olivine (°); Joi, Jopx and Jcpx denote the CPO strength of olivine, orthopyr-
oxene and clinopyroxene, respectively. Tsqy: two-pyroxene temperature (+£31°C), Taylor [1998]; Tc,.opx: Ca-in-orthopyroxene (£16°C), Brey and Kohler [1990]; and
Tal-opx: Cr-Al-orthopyroxene (+15°C), Witt-Eickschen and Seck [1991].
ch is the calculated P wave velocity (km/s), and AVs is the anisotropy of S waves (%) owing to S wave splitting.
Contains spinel-pyroxene cluster.
€Oriented thin section.
Contains amphibole (3.7%).

4, Sampling Strategy

The mantle xenoliths collected for the present study come from the alkali basalt volcanic centers of “Cabezo
Negro de Tallante,” hereafter referred to as Tallante (12 samples with prefix TAL), and “Los Perez” (12 samples
with prefixes LP08 or LPE) (Table 1), located northwest of Cartagena (Murcia, Spain) at 37°39'27"N/1°09'01"W
and 37°39'59"N/1°08"12"W, respectively (Figure 1). We selected the samples on the basis of the lack of macro-
scopic evidence for contamination by host magma, their size, and their representativeness in terms of their
macroscopic texture and modal composition. In the sample set we also include two composite xenoliths
(LPE-008 and TAL-014) that contain several millimeter- to centimeter-wide veins of orthopyroxenite.
Similar veins in the area have been interpreted as produced by silica-rich, subduction-derived mantle meta-
somatism [e.g., Rampone et al., 2010; Shimizu et al., 2008, and references therein], which predates the forma-
tion of kaersutitic amphibole veins, vein networks, and/or large amphibole-bearing patches that are also
common in the Tallante volcanic center and have been interpreted as the precursors of alkaline basaltic vol-
canism [Bianchini et al., 2011, 2015; Rampone et al., 2010]. Therefore, the selected composite xenoliths might
provide relative time constraints between the deformation recorded in peridotite and subduction-related
metasomatism in the area.

Most xenoliths display no visible foliation and/or lineation, and thin sections were cut at random orientations.
In the few samples where clear foliation is present and stretching lineation is defined by elongated spinels,
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Figure 3. Pressure-temperature plot showing the range of temperatures and
depths of equilibration of SE Iberian mantle xenoliths. Using geophysical
temperature estimates of 700°C at the Moho and 1100°C at 45 km in the
lithospheric mantle at the nearby Cartagena area [e.g., Torné et al., 2000], we
estimate a geotherm that results in a high surface heat flow of 105 mW m~.
This result is in line with published heat flow data in the eastern Betics, ran-
ging up to 120 mW m~! [e.g., Torné et al., 2000; Negredo et al., 2002, and
references therein]. The solid black curve denotes the calculated geotherm,
and the dashed black line is the paleogeotherm at the time of entrainment of
mantle xenoliths by Pliocene alkali basalts [Konc, 2013]. The spinel-garnet
peridotite transition (Grt-in solid line) in the Cr-CMAS system is calculated
from the spinel composition [O'Neill, 1981] of cluster-bearing porphyroclastic
peridotite xenoliths. The spinel-plagioclase lherzolite transition is shown for
the CMAS system (Plg-in solid line) and in the Ti,Cr-NCFMAS system for
different An-contents of plagioclase (An, labeled thin lines) [Borghini et al.,
2010, 2011]. Brackets in the right side of the plots are the estimated initial
minimum depth of equilibration in the spinel-garnet facies transition and the
final equilibration depth of xenoliths in the plagioclase-spinel facies as
deduced from spinel and plagioclase composition, respectively. See the
geothermobarometry chapter for further details. Estimated ranges and
average equilibrium temperature (Tsoly, Tca-opx and Taj.opx) of different
textural groups of xenoliths calculated using different geothermometric
formulations are shown at the bottom of the figure (see text for details).

thin sections were cut perpendicular
to foliation and parallel to lineation
(XZ section). To improve the quality
of electron backscatter diffraction
(EBSD) measurements, standard
diamond-polished (down to 0.25um
grain size) thin sections were further
polished for 5min with a chemical-
mechanical procedure using colloidal
silica suspension (Buehler Mastermet).

5. Lithologies

The studied xenoliths are mainly spi-
nel & plagioclase Iherzolites and, to
a lesser extent, spinel-plagioclase
harzburgites and spinel wehrlites
(Table 1). Tallante xenoliths are lher-
zolites and harzburgites with lower
clinopyroxene modal content than
those of the Los Perez volcanic cen-
ter. In the latter locality, in addition
to rare wehrlites, sampled xenoliths
are mostly lherzolites with variable
clinopyroxene contents, including
clinopyroxene-rich Iherzolites with
modal compositions near to that of
the primitive mantle. The veins in
the composite xenoliths (LPE-008
and TAL-014) are composed of pyrox-
enes, olivine, and spinel +- amphibole
(Table 1), and they crosscut the
spinel-plagioclase host peridotite.
Interstitial accessory volatile-bearing
minerals (mostly amphibole and apa-
tite) are present in some samples
(Table 1) and are similar to those
reported in previous studies [e.g.,
Bianchini et al., 2011, 2015; Rampone
et al., 2010; Shimizu et al., 2008].

6. Textures
and Microstructures

The studied xenoliths are fine
grained (<1 mm) to coarse grained

(>3 mm) and have granular (3 samples, 13%), porphyroclastic (7 samples, 29%), or equigranular (11 samples,
45%) textures [cf. Mercier and Nicolas, 1975]. A few xenoliths show porphyroclast-to-granular transitional

microstructures (three samples, 13%).

Granular peridotites are composed of uniformly coarse grains (up to centimeter) that have irregular shapes
and lobate to straight grain boundaries. Olivine and pyroxenes typically show moderate intracrystalline
deformation features, such as undulose extinction, subgrains, and/or kink bands (Figure 2a). Exsolution
lamellae composed of clinopyroxene in orthopyroxene and orthopyroxene in clinopyroxene are common.

Spinel is small, has irregular shapes, and is scattered in the samples.
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Porphyroclastic peridotites are characterized by a weak bimodal grain size distribution with large, rounded
orthopyroxene and, to a lesser extent, elongated olivine porphyroclasts embedded in a medium- to fine-
grained recrystallized matrix of equiaxed or weakly elongated olivine, pyroxenes, and spinel (Figure 2b).
Orthopyroxene porphyroclasts have irregular shapes with sutured grain boundaries and generally do not
display intracrystalline deformation features. Olivine porphyroclasts have curvilinear to straight grain bound-
aries and, apart from occasional subgrain boundaries oriented normal to the crystal elongation direction, they
donot show any intracrystalline plastic deformation features (Figure 2b). Similar to the granular xenoliths, exso-
lution lamellae of orthopyroxene in clinopyroxene and clinopyroxene in orthopyroxene are widespread. Spinel
is generally rounded and interstitial. Where present, plagioclase occurs as polygonal aggregates rimming spi-
nel or in elongated or rounded patches distributed subparallel to the foliation, with sharp boundaries to the
surrounding matrix [cf. Rampone et al., 2010, and references therein].

Equigranular peridotite xenoliths display medium (1-3 mm) to fine-grained polygonal crystals of olivine and
pyroxenes with straight boundaries and common 120° triple junctions (Figures 2c and 2d). Grains are free of
intracrystalline deformation features or exsolution lamellae. Dark brown spinel crystals have irregular, cusped
shapes and, less commonly, holly-leaf shapes filling interstices between silicates. The majority of the samples
show mosaic equigranular texture with near equiaxed, polygonal grains. The lherzolite LPE-025 shows a
tabular texture with elongated grains with aspect ratios up to 3:1 (Figures 2e and 2f).

In the composite xenoliths LPE-008 (Figure 2g) and TAL-014, the contact between veins and peridotite is ser-
rated yet sharp. Unlike the fine-grained, strain-free mosaic equigranular wall peridotite, the orthopyroxenite
veins mostly consist of coarse-grained, rounded orthopyroxenes (75-85 vol %, Table 1) that show an igneous
texture with gently curved grain boundaries; they may contain exsolution lamellae of clinopyroxene and may
also have undulose extinction. Smaller-sized olivine (11-12 vol %) and clinopyroxene (2-7 vol %), rare spinel
(<0.1 vol %), and ampbhibole (<0.3 vol %) also occur in triple junctions in the veins (Figure 2g and Table 1). In
Tallante, the orthopyroxenite veins contain minor interstitial plagioclase (5 vol %), which is also present in the
host peridotite (Table 1).

Regardless of lithology or texture, some xenoliths contain clusters of coarse orthopyroxene (40-60 vol %)
+ clinopyroxene (20-35 vol %) + spinel (10-25 vol %) + olivine (<10 vol %). Clusters are best preserved in the
equigranular xenoliths, where they have spherical or ellipsoidal shapes (Figures 2c and 2d). Occasionally,
particularly in the porphyroclastic xenoliths, the clusters are stretched subparallel to the elongation direc-
tion of spinel in the host peridotite (i.e., in the foliation plane along the stretching lineation). Minerals in
clusters are coarse grained, have straight grain boundaries, and show evidence of weak intragranular
deformation and exsolution lamellae in pyroxenes. Similar clusters with akin modal compositions were
described in previous studies [e.g., Rampone et al., 2010; Shimizu et al., 2008] and interpreted as the subsoli-
dus breakdown of former garnet porphyroclasts based on the reaction of garnet + olivine = spinel + ortho-
opyroxene + clinopyroxene. We favor the same interpretation for the spinel+ pyroxene clusters in the
studied xenoliths.

7. Geothermobarometry

Details of electron microprobe analyses and the complete geochemical database are available in Konc [2013],
here we only summarize the results of geothermobarometry (Table 1). The major element composition of
minerals is nevertheless within the range previously reported in Tallante xenoliths [e.g., Rampone et al.,
2010, and references therein].

The calculated equilibrium temperatures of peridotite xenoliths are obtained applying the two-pyroxene sol-
vus (Tsory) [Taylor, 1998], the Ca-in-orthopyroxene (Tca-opx) [Brey and Kéhler, 1990], and the Cr-Al-orthopyroxene
(Taropx) [Witt-Eickschen and Seck, 1991] geothermometers. The estimated uncertainty of these geotherm-
ometers given by the authors is £16°C for the T, opx and Tapopx and £31°C for the Tg,. Estimating
temperatures for wehrlites was not possible due to the lack of accurate geothermometric formulation in
clinopyroxene-olivine assemblages [cf. Nimis and Grtitter, 2010]. We obtain a broad range of temperatures
that show a weak correlation with the microstructures using the T, geothermometer (Table 1). The lowest
temperatures in the range of 843-894°C are recorded in the equigranular textures, whereas the highest
values, ranging from 1007 to 1038°C, were retrieved in the porphyroclastic ones, apart from one outlier in
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each group (equigranular LPE-029: 986°C and porphyroclastic TAL-056: 887°C; Figure 3). The granular xeno-
liths record intermediate temperatures in the range of 905-939°C. The single pyroxene formulations provide
higher values with an overlap for the different textural groups and lithologies in the range of 930-1177°C
(Tca-in-opx) and 933-1083°C (T¢r-a-opx) (Table 1 and Figure 3). Apart from rare outliers, the cluster-bearing
xenoliths record the lowest temperatures in the data set with Tso, Tca-in-opx and Ter-al-opx Of 843-884°C,
935-980°C, and 933-962°C, respectively (Table 1). These temperature estimates are similar to those reported
in previous studies of Tallante xenoliths using the same formulations (830-930°C [Beccaluva et al., 2004],
950-1020°C [Shimizu et al., 2008], and 960-1020°C [Rampone et al., 2010]).

To constrain the minimum pressure of spinel-garnet transition and that of plagioclase Iherzolites, we applied
the formulation of maximum stability of spinel lherzolite in the Cr-FCMAS system [O'Neill, 1981] and the
anorthite (An) content of plagioclase in equilibrium with a Iherzolite assemblage [Borghini et al., 2010,
2011], respectively (Figure 3). The uncertainty reported by the authors is +0.15GPa for the former and
+0.09 GPa for the latter geobarometer. The cluster-bearing xenoliths record minimum pressures of 1.83—
1.91 GPa (~ 55-60 km), and the plagioclase-bearing ones originate at 0.62-0.73 (+0.09) GPa (~ 19-22 km)
(Figure 3). The calculated stability field of plagioclase lherzolites is consistent with the 0.7-0.9 GPa pressure
estimation for both the formation of intrusive veins [Bianchini et al., 2015; Rampone et al., 2010] and that of
Al, Cr, and Ti zoning in pyroxenes [Kogarko et al., 2001].

8. Crystal Preferred Orientation

8.1. Data Acquisition, Treatment, and Calculations

We measured the crystal preferred orientation (CPO) of constituent phases by EBSD using the JEOL-JSM5600
scanning electron microscope at Géosciences Montpellier (Université de Montpellier, France) with accelera-
tion voltage of 17 kV, working distance of 23 mm, 4 x 4 binning, and low gain. The HKL/Channel-5 software
from Oxford Instruments was used for data acquisition, crystal orientation indexing, and data postprocessing.
CPO maps of the xenoliths—covering most of the area of thin sections—were acquired in automatic mode
with a variable step size of 20-100 um so that step size is at least 5 times smaller than the average grain size
of the recrystallized matrix grains. The indexing rate attained 57-91% for the samples. Offline data treatment
was performed following the method of Soustelle et al. [2010] using the Channel-5 algorithms. The low
amount of accessory phases (plagioclase, amphibole, and spinel) does not allow for the straightforward ana-
lysis of their orientation, hence, hereafter we focus on olivine and pyroxenes. Clusters and veins were treated
as separated subsets wherever it was possible.

For oriented thin sections the CPO is shown in the structural reference frame with lineation and pole to
the foliation at the E-W and N-S directions of the pole figures, respectively. For randomly cut thin sections,
measured CPO were rotated into a common frame of reference, in which the maximum concentration of
olivine [100] and [010] axes is parallel to the E-W and N-S directions of the pole figures, respectively. Note
that this rotation does not affect neither the intensity nor the geometry of the CPO. To avoid overrepre-
sentation of large crystals, we plot CPO for average grain orientations instead of individual measurements
using the careware software package of David Mainprice (http://www.gm.univ-montp2.fr/PERSO/main-
price/W_data/CareWare_Unicef_Programs/).

The strength of the CPO is quantified by the J index, which is the volume-averaged integral of the squared
orientation densities [Bunge, 1982]. This was derived from orientation distribution functions (ODF) calculated
using the mean orientation of each grain with a “de la Vallée Poussin” kernel with a halfwidth of 10° using the
MTEX toolbox in Matlab (https://mtex-toolbox.github.io/) [Bachmann et al., 2010; Mainprice et al., 2014]. The
value of Jindex ranges from unity for a random fabric to infinity for a single crystal. Most natural peridotites
show olivine J indices between 2 and 20, with a predominance of values <6 (>75% of the analyzed samples
[cf. Tommasi and Vauchez, 2015]). For the calculation of pyroxene Jindices, the veins and clusters have been
removed from the peridotites.

To characterize the symmetry of olivine CPO, we calculated the BA index using the MTEX toolbox [Mainprice
et al, 2014]. Based on the equation of BA index=0.5X[2 — [Py10/(Go10 + Po10)] — [G100/(G100 + P100)]], this
parameter considers the point (P) and girdle (G) distribution of [010] and [100] crystallographic axes. For each
axis these distributions are calculated from the orientation tensor and its three eigenvalues 1,, 4,, 13 (where
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Figure 4. Lower hemisphere, equal area stereographic plots of the crystal preferred orientation (CPO) in representative SE Iberian mantle xenoliths from each
textural group. For the full data set visit supporting information Figure S1. CPO are plotted using one average measurement per grain, contours at 0.5 multiples
of a uniform distribution. In oriented thin sections of LPE-042 and TAL-047 the horizontal line denotes the foliation, and a white star corresponds to the lineation.
The CPO in other xenoliths has been rotated in this reference frame in order to make the comparison possible. See text for further details on this rotation. N,
number of measured grains; MD, maximum density; and pfj, scalar measure of the strength of the axis orientation in the pole figure.

M >A>23and Ay + A, +A3=1 [Vollmer, 1990]) as P=/, — 2, and G=2 X (1, — 13). For a perfect [010]-fiber CPO,
the P and G values for [100] and [010] are O, 1 and 1, 0, respectively, and the BA index is 0. In the other end-
member case, a perfect [100]-fiber CPO the P and G values for [100] and [010] are 1, 0 and 0, 1, respectively;
hence, the BA index is 1. In a perfect orthorhombic fabric, for both [100] and [010] P and G values are 1 and 0,
respectively; thus, the BA index is 0.5. Note that this index only specifies CPO symmetry, but not the position
of crystallographic axes with respect to structural elements in the rock (lineation and foliation).

Using MTEX we also estimate the average misorientation (due to accumulation of dislocations) within olivine
grains by calculating the grain orientation spread (GOS), that is the average deviation of the orientation of a
measurement point from the average orientation of the grain (cf. Wright et al. [2011] for a review). To evaluate
remaining plastic strain in a xenolith, we average out GOS values of olivine weighted by the area of the grain
to which the GOS value belongs, in order to avoid the overrepresentation of strain-free small grains.

8.2. Olivine and Pyroxenes in Peridotites

Tallante and Los Perez peridotites display well-developed olivine CPOs with variable intensities (Table 1,
Figures 4, 5, and S1 in the supporting information). Equigranular xenoliths have weak olivine CPO (J index:
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CPO strength might have been overestimated due to the coarse grain size. See text for details and Table 1 for data.

2.0-3.3), except for the tabular equigranular LPE-025, in which olivine is strongly oriented (J index: 5.2)
(Figures 5a and 5b). Porphyroclastic, transitional, and granular xenoliths typically have stronger olivine CPO
(J index in the range of 3.8-8.3), although the highest values may represent an overestimation of the CPO
strength due to the coarse grain size (Figures 5a and 5b). The weak CPO of the equigranular xenoliths is asso-
ciated with low intragranular misorientations, characterized by average grain orientation spread (GOS) values
typically <1.5°, whereas the stronger CPO of the granular, transitional, and porphyroclastic xenoliths is
accompanied with gradually increasing average intragranular misorientations at the sample scale (in the
range of 1.4-2.9°) (Figure 5b).

Olivine CPO symmetry also varies, ranging from orthorhombic to [100]-fiber (BA indices from 0.47 to 0.91),
with a minor predominance of [100]-fiber (14 xenoliths out of 24) (Figure 5a). These observations are
consistent with the results of Rampone et al. [2010], who reported the same CPO types in Tallante mantle
xenoliths. However, those authors observed the predominance of orthorhombic (010)[100] pattern with
minor occurrence of [100]-fiber fabric. This slight discrepancy relative to the present data may be due to
the limited number of grains (<100) measured using universal stage in Rampone et al. [2010] that may have
hindered the quantitative analyses of fabric types (i.e., calculation of BA indices and analyses of rotation axes
of low-angle misorientations). There is no clear correlation between microstructural type and CPO symmetry,
but the mosaic equigranular xenoliths show a tendency toward being orthorhombic, whereas the granular,
transitional, and porphyroclastic xenoliths display more often [100]-fiber CPO (Figure 5a). Spinel-pyroxene
clusters are observed in both CPO symmetry groups. As the BA indices indicate, olivine [100]-axes orientation
is characterized by a strong point alignment in all xenoliths. In the oriented thin sections the maximum
density of [100] is always subparallel to the lineation (Figure 4). In the [100]-fiber CPO symmetries, the disper-
sion of [010]-axes forms a girdle in a plane normal to the [100] maximum—with a maximum normal to the
plane of the foliation in the oriented thin sections—and the [001]-axes either form a weak girdle parallel
to the distribution of [010]-axes or are randomly oriented. In the xenoliths with orthorhombic CPO symmetry,
the three crystallographic axes form point-like clusters at orthogonal directions, and in the oriented thin
sections, [100]-, [010]-, and [001]-axes maximum concentrations are parallel to X (lineation), Z (normal to
the foliation), and Y structural directions, respectively (Figure 4).

The CPO of orthopyroxene in most of the samples is more dispersed than that of olivine, but generally both
minerals are correlated to each other (Figure 4 and supporting information Figure S1). Orthopyroxene CPO is
characterized by strong alignment of [001]-axes subparallel to olivine [100], which is aligned with the stretch-
ing lineation in the oriented thin sections (Figure 4). The orthopyroxene [010]- and [100]-axes display weak
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girdles normal to the maximum of [001], but often [010] has a weak maximum parallel to that of the olivine
[010]—which is normal to the foliation in the oriented thin sections—and [100] is rather dispersed. Clear
maxima of orthopyroxene [100] subparallel to olivine [010] are rarely observed. The tabular equigranular
LPE-025 deviates from the above observations because the maxima of orthopyroxene [100]-, [010]-, and
[001]-axes are subparallel to olivine [100], [010], and [001] axes, respectively (Figure 4). The J indices of
orthopyroxene generally range from 2.2 to 5.3, except in the tabular equigranular LPE-025, where the
orthopyroxene fabric is very weak (J index: 1.4) (Table 1). Orthopyroxene J indices are generally lower than
those of olivine in the corresponding sample, except for the majority of mosaic equigranular xenoliths, where
orthopyroxene fabric is significantly stronger than that of olivine (Table 1).

In most samples, clinopyroxenes exhibit rather weak CPOs, which in a few samples are almost random
(LP08-12, LPE-025, and LPE-042) (Table 1, Figure 4, and supporting information Figure S1). When present,
the clinopyroxene CPO is correlated with the olivine and orthopyroxene ones. Clinopyroxene [001] axes
tend to be subparallel to olivine [100] and orthopyroxene [001] and are aligned parallel to the stretching
lineation in the oriented thin sections (Figure 4). In samples with low clinopyroxene contents, the low
number of measurements does not allow for the estimation of J indices. For the others, the clinopyroxene
CPO strength shows the same pattern as the orthopyroxene one (Table 1). It is lower than that of olivine,
except for the mosaic equigranular xenoliths.

8.3. Olivine and Pyroxenes in Veins and Clusters

The low modal amount of olivine, the limited number of grains, and the coarse grain size of constituent
phases, particularly that of orthopyroxene, both in the orthopyroxenite veins and in the spinel-pyroxene clus-
ters, do not allow for the statistical analyses of olivine and orthopyroxene CPO or the calculation of fabric
strength in the veins and clusters. Nevertheless, orthopyroxene in the spinel-pyroxene clusters (Figure 2d),
as well as olivine and orthopyroxene in the orthopyroxenite veins of the composite xenoliths (Figure 2g),
shows identical CPO to olivine or orthopyroxene in the host peridotite. Olivine shows a strong point maxi-
mum of [100] and a girdle-like distribution of [010]- and [001]-axes, whereas orthopyroxene [001]-axes are
aligned subparallel to olivine [100]-axes and orthopyroxene [100]- and [010]-axes are dispersed (Figure 29g).

9. Seismic Properties

In order to take into account the size of the crystals, seismic properties were computed using one orientation
per pixel, instead of the average orientation of each grain in the thin section. The intrinsic seismic properties
of mantle xenoliths were obtained by averaging the individual grain elastic constants tensor as a function of
the CPO retrieved by EBSD measurements and modal composition [Mainprice and Humbert, 1994]. We used
the Voigt-Reuss-Hill averaging method and single-crystal elastic constant tensors of olivine and pyroxenes at
ambient conditions [Abramson et al., 1997; Duffy and Vaughan, 1988].

The seismic properties are very similar for all xenoliths regardless of the volcanic center, texture, and lithol-
ogy, but the composite xenoliths have lower anisotropy (Table 1 and supporting information Figure S2).
This observation is consistent with previous data indicating that pyroxene enrichment changes the density
and reduces the seismic velocities of mantle rocks but has no particular impact on the fast S waves polariza-
tion direction resulting from S wave splitting, unless the original CPO is completely destroyed [Tommasi
et al., 2004].

Considering the overall similarity of seismic properties of the SE Iberian mantle xenoliths, we calculated seis-
mic properties for a bulk sample for each volcanic center (Figure 6). The bulk sample contains the orientation
data of all xenoliths from a given volcanic center, which have been rotated in a common frame of reference as
described in section 8.1. (X axis is parallel to the lineation, XY is the plane of foliation, and the Z axis is normal
to foliation). Note that it is not possible to assess the original orientation of the foliation and lineation for the
different xenoliths. Calculating average seismic properties supposing a common orientation of the foliation
and lineation for all samples provides therefore an upper bound for the anisotropy. The assumption of a
coherent orientation of the deformation over large distances (at the scale of the Fresnel zones) is neverthe-
less consistent with the large delay times obtained with S wave splitting measurements and the consistent
and strong anisotropy of Pn waves (discussed later).

HIDAS ET AL.

FLOW IN SE IBERIAN SHALLOW MANTLE 2667



@AG U Tectonics 10.1002/2016TC004165

BULK SEISMIC PROPERTIES

AVs (%) Vs1 polarization

LOS PEREZ | TALLANTE GDN

Figure 6. The calculated bulk seismic properties of Tallante and Los Perez xenoliths (12-12 samples) in lower hemisphere
equal area stereographic projections. Vp is the 3-D distribution of P wave velocity (first column), AVs is 3-D distribution of
the polarization anisotropy of S waves owing to S wave splitting (second column). Vs, polarization is a polarization

plane of the fast split S wave as a function of orientation of the incoming wave relative to the structural framework of the
sample; Vsq polarization is presented as superimposed on AVs (third column). The seismic properties of representative
individual samples and the calculated bulk CPO are provided in supporting information Figures S2 and S3, respectively.

The calculated average olivine CPO is characterized by a [100]-fiber distribution (supporting information
Figure S3) parallel to the flow direction (lineation). Figure 6 and supporting information Figure S2 show
the three-dimensional distribution of the P waves velocity (Vp, km s™"); the intensity of the S wave polariza-
tion anisotropy (AVs=200-(Vs; — Vs,)/(Vs1 + Vs,), in %, where Vs; and Vs, are, respectively, the velocities of
the fast, S;, and slow, S,, polarized S wave); and the polarization direction of S; for representative xenoliths.
Our calculations show that the propagation of P waves is fastest subparallel to the olivine [100]-axis maxi-
mum concentration (stretching lineation), and it is slowest parallel to the pole to the foliation (Table 1,
Figure 6, and supporting information Figure S2). S wave splitting (AVs) is minimal for waves propagating
within ~45° to the lineation in the plane containing the lineation and the normal to the foliation (plane
XZ), and maximal for waves propagating near the perpendicular to the lineation in the foliation plane
(Figure 6 and supporting information Figure S2). For all propagation directions, the fast split S; wave is polar-
ized in a plane that contains the lineation and the propagation direction (Figure 6 and supporting informa-
tion Figure S2), which corresponds to alignment of olivine [100]-axis.

10. Discussion

10.1. Microstructural Evolution of SE Iberian Mantle Xenoliths

SE Iberian mantle xenoliths with granular, transitional, and porphyroclastic microstructures show clear CPO
(Figure 4), moderate to strong fabric strengths (Figure 5), and evidence of intracrystalline deformation of oli-
vine and pyroxenes (Figures 2a and 2b), which are indicative of deformation by dislocation creep. The olivine,
orthopyroxene, and clinopyroxene CPO are consistent with dominant activation of {0k/}[100] in olivine [e.g.,
Tommasi et al., 2000], of (100)[001] in orthopyroxene [e.g., Soustelle et al., 2010; Frets et al., 2014, and refer-
ences therein], and of {110}[001] and (100)[001] slip systems in clinopyroxene [Bascou et al., 2002]. Overall,
the CPOs in olivine and pyroxenes are consistent with deformation by dislocation glide creep at moderate
temperature, low pressure, and fluid-absent conditions. The [100]-fiber fabric of olivine is characteristic of
deformation regimes with a well-defined extension direction, such as simple shear, extrusion, or transtension
[Tommasi et al., 1999].
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The equigranular xenoliths have CPO patterns similar to those of granular and porphyroclastic rocks (Figure 4)
but more dispersed. This nevertheless suggests the activation of the same olivine and pyroxene slip systems
as in the coarser-grained peridotites. However, the equigranular xenoliths display near-equilibrium micro-
structures and lack subgrains and intragranular deformation microstructures (Figures 2c-2f; Figure 5b).
This implies postkinematic annealing that restored the crystal structures but preserved the original CPO
[e.g., Tommaisi et al., 2008; Vauchez and Garrido, 2001]. Recovery of deformed grain interiors is often regarded
as due to heating [e.g., Borthwick et al., 2014]; thus, the relatively low equilibrium temperatures obtained for
the equigranular xenoliths (Table 1 and Figure 3) probably record cooling at shallow SCLM depths postdating
annealing. Rampone et al. [2010] first interpreted the microstructures in transitional and equigranular
xenoliths as produced by static annealing of porphyroclastic ones, related to extended stages of melt-rock
interaction. The current microstructural data confirm and allow refining the model of melt-assisted annealing.
The tabular equigranular xenolith LPE-025 shows indeed a unique microstructure characterized by orthopyr-
oxene crystallographic axes that are weakly oriented (J index: 1.4) but distributed subparallel to those of
olivine (J index: 5.2) (Table 1 and Figures 4 and 5). However, while the strong olivine fabric is consistent with
the dominant activation of the olivine {0k/}[100] slip system, the orthopyroxene CPO cannot be accounted for
by dislocation glide because only dislocations with [001] Burgers vectors have been observed in orthopyrox-
ene [Naze et al., 1987]. Similar correlation between olivine and orthopyroxene CPOs has been reported in
orthopyroxene-impregnated dunites from the Bay of Islands ophiolite [Suhr, 1993], as well as in ultramylonitic
shear zones from the Othris ophiolite [Dijkstra et al.,, 2002] and the Ronda peridotite [Hidas et al., 2016]. In
these studies, the unusual orthopyroxene CPO is interpreted as due to synkinematic melt or aqueous fluid-
assisted oriented crystallization of orthopyroxene. We propose a similar interpretation for explaining the
orthopyroxene CPO in the LPE-025 tabular equigranular xenolith.

The identical CPOs in the spinel-pyroxene clusters and in the host peridotite (Figure 2d) are consistent with
prekinematic garnet breakdown corroborating the proposition of Rampone et al. [2010]. On the other hand,
the similar olivine and pyroxene CPO in the orthopyroxenite veins and the peridotite wall rocks in composite
xenoliths (Figure 2g) can be explained either by a deformation event that followed the formation of the veins
or by oriented crystallization in synkinematic veins. We favor the latter possibility because the microstructure
in composite xenoliths does not corroborate strong solid-state deformation. We therefore propose that the
veins were formed during the waning stages of deformation. This interpretation is similar to that drawn by
Hidas et al. [2015] to explain the orientation of constituent phases in gabbroic veins, which crosscut perido-
tites in the Ojén peridotite massif (Ronda peridotite).

We propose therefore that the postdeformational annealing of the shallowest portion of the SCLM (equigra-
nular xenoliths) is likely due to melt-rock interaction, coeval to the formation of noritic veins that were dated
as 6.8 + 2.0 Ma by Bianchini et al. [2015] in other Tallante xenoliths. Furthermore, the homogeneity of olivine
fabric, the overall consistency of olivine and pyroxene CPO, and the activation of the same dominant slip
systems support that SE Iberian mantle xenoliths record a single deformation event. The oriented crystalliza-
tion in the veins of the composite xenoliths constrained by the same stress field as the one recorded in the
peridotites suggests that melt percolation is late to ductile deformation. Consequently, the ductile deforma-
tion event must be also late Neogene, which is significantly younger than proposed in previous studies [e.g.,
Rampone et al., 2010].

10.2. Seismic Anisotropy and Mantle Flow Beneath SE Iberia

In the western Mediterranean, the polarization of the fast split SKS wave (S;) and the direction of the fastest
refracted P waves (Pn) are both roughly parallel to the Betics orogenic fabric, rotating around the Gibraltar
Arc [Bokelmann et al., 2011; Buontempo et al., 2008; Diaz et al., 2010; Serrano et al., 2005]. This supports that at
least part of the measured shear waves splitting is due to the anisotropy of the lithospheric mantle [e.g.,
Tommasi and Vauchez, 2015]. In SE Iberia, the polarization of the fast shear wave S; trends mostly NE-SW
[Bokelmann et al., 2011; Buontempo et al, 2008; Diaz et al, 2010], and the Pn anisotropy is fastest
along ENE directions, coupled to normal uppermost mantle velocities (Vp, of 8.1kms™' [Diaz et al,, 2015;
Serrano et al., 2005]). Measurements of splitting of SKS waves at the CART seismic station (Cartagena,
Murcia) yield average fast polarization directions (@) of N69E +£8° and delay times (Jt) between the two split
waves ranging from 1.52 + 0.31 s [Buontempo et al., 2008] to 1.75 s [Diaz et al., 2010]; no error is reported in
this study. Assuming that the <25 km thick crust in SE lberia [Mancilla et al., 2015, and references therein]
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contributes with maximum 0.3-0.5 s to the measured delay times [Barruol and Mainprice, 1993], the upper
mantle contribution (lithosphere and asthenosphere) ranges between 1.0 and 1.2 + 0.3 s. Three-dimensional
gravity modeling combined with integrated heat flow and seismic tomography suggests that the base of
the lithospheric mantle in the Cartagena area is at 60-70 km [Torné et al., 2000, Figure 9a] to 90-100 km
[Fullea et al., 2010]. Analysis of teleseismic P residuals places the lithosphere-asthenosphere boundary in
the easternmost inner Betics at depths of ~ 80 km [Plomerovd et al., 1993]. Finally, receiver function analysis
implies a lithosphere-asthenosphere boundary at 50km depth [Mancilla et al., 2015]. Altogether, these
observations indicate that the current total thickness of the mantle lithosphere in the SE Iberian margin
ranges between 40 and 80 km.

The delay times between split SKS waves are highly dependent on the dip of the foliation and the direction of
the lineation in the upper mantle [e.g., Mainprice and Silver, 1993; Vauchez et al., 2012, and references therein].
The strong anisotropy and the coherent orientation of the fast split waves and fastest Pn waves indicate that
anisotropy in the SE Iberian lithospheric mantle must be vertically coherent starting from just below the
Moho [e.g., Buontempo et al., 2008]. Together with the predominance of [100]-fiber fabrics in the SE Iberian
mantle xenoliths, this observation unambiguously constrains the direction of active or frozen mantle flow
in the upper mantle to be horizontal and parallel to the to the trend of the belt (Figure 6).

To further constrain the orientation of the SCLM structures, we calculated theoretical SKS delay times based
on the average seismic properties of the SE Iberian mantle xenoliths (Figure 6) assuming all xenoliths have
a similarly oriented tectonic fabric. Depending on the range of estimated crustal contribution, a geometry
with a shallowly dipping foliation and subhorizontal lineation parallel to the trend of the Betics belt would
require an anisotropic upper mantle 147-176 km thick to account for delay times observed at the CART sta-
tion. For a steeply dipping foliation and subhorizontal lineation an anisotropic mantle layer 103-123 km
thick is needed.

Considering that the igneous veins and the equigranular xenoliths—which reduce the seismic anisotropies
(Table 1)—display typical equilibration conditions <40km depth (dominantly <1000°C, Table 1; 0.7-
0.9 GPa [Bianchini et al., 2015]), hence can influence maximum the uppermost 13-18 km of the lithospheric
mantle (cf. Moho depth in Mancilla et al. [2015]), we may suppose that most of the SCLM beneath the study
area is composed by the more anisotropic porphyroclastic and granular peridotites (Table 1). If we assume
that the major part of the SCLM beneath SE Iberia is characterized by coarser-grained microstructures
and lack igneous veins, the measured seismic properties at the CART station may be accounted for by an
anisotropic mantle layer either 81-96 km thick (shallowly dipping foliation and subhorizontal lineation) or
65-78 km thick (steeply dipping foliation and subhorizontal lineation). In contrast, vertical lineations in the
SCLM [e.g., Julia et al., 2005; Shimizu et al., 2004, and references therein] would result in negligible splitting
for vertically propagating SKS waves, hence would require at least 4000 km of anisotropic layer with vertical
foliation and lineation to explain seismic anisotropy data recorded at the surface.

Considering together the fast shear wave polarizations, Pn direction of fast propagation at the CART seismic
station [Buontempo et al., 2008; Diaz et al., 2015; Serrano et al., 2005], the total thickness of the mantle litho-
sphere beneath the region, and the dominant [100]-fiber CPO symmetry of the studied xenoliths (Figures 4
and 5), we can conclude that the olivine [100]-axes and, hence, the frozen flow directions in the lithospheric
mantle are dominantly subhorizontal and oriented in a direction close to the tectonic trend of the Betics. A
horizontal SCLM foliation with a belt-parallel lineation in the lithospheric mantle requires significant contribu-
tion from the asthenosphere to the seismic anisotropy data, and this geometry may only explain the mea-
surements if we assume similar belt-parallel flow directions both in the lithosphere and in the upper part
of the asthenosphere. This is, however, not consistent with the tectonic fabric described in the crust of the
Betics [e.g., Booth-Rea et al., 2005, 2007; Platt et al., 2013, and references therein], and it would imply crust-
mantle decoupling. Moreover, such a fabric in the lithospheric mantle would involve thrusting in a direction
parallel to the belt, a process that is difficult to integrate in the current geodynamic models of the Betics [e.g.,
Platt et al., 2013, and references therein]. In contrast, the strong delay times observed at the CART seismic sta-
tion may be produced in the lithospheric mantle (with a minor contribution of the asthenosphere) if the SKS
waves propagate within the foliation but at high angle to the lineation, that is, if the foliation is vertical and
the lineation is subhorizontal, and subparallel to the Iberian margin (Figure 7). Such a mantle structure implies
a strong strike-slip component of flow parallel to the belt as proposed by Vauchez and Nicolas [1991]. This
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Figure 7. Conceptual model for the subcontinental lithospheric mantle beneath SE Iberia (modified after Vauchez et al. [2012]). The structures are reconstructed to
explain seismic anisotropies measured at the Cartagena (CART) station assuming a vertically incident polarized SKS wave that propagates through the studied
vertically foliated and horizontally lineated subcontinental lithospheric mantle section (see text for details). In (a) we present the average olivine CPO of the SE Iberian
mantle xenoliths that resulted from the preeruptive transtensive deformation stress field (orange arrows), as well as we show the calculated 3-D seismic properties of
the mantle rocks in the same structural reference frame. Olivine CPO has [100]-axes subparallel to the lineation and the maxima of [010]- and [001]-axes close to
the normal to the foliation plane, and orthogonal to the lineation in the foliation plane, respectively (cf. supporting information Figure S3). The Vp diagram shows the
highest P wave velocity parallel to [100]-axis; the AVs (6Vs) diagram shows the velocity difference between the fast and slow split S waves for all propagation
directions; the maximum birefringence is for S waves propagating in a direction normal to the lineation, i.e., with a subvertical incidence in the case shown in the
main figure. The S1 polarization diagram shows the orientation of the plane in which the fast S wave is polarized; this plane is consistently defined by the fast S wave
propagation direction.

mantle geometry has been indeed inferred based on seismic anisotropy data in many other mountain belts
worldwide [Silver, 1996; Vauchez et al., 2012].

10.3. Implications for Mantle Flow and Neogene Geodynamics of SE Iberia

The westernmost Mediterranean provides various opportunities to study rocks of the SCLM. These localities
include mantle xenoliths brought to the surface by late Neogene alkali basalts, as well as the protracted
record of the largest outcrops of the SCLM in the Ronda and Beni Bousera peridotite massifs (Figure 1).

The olivine and orthopyroxene CPOs of SE Iberian xenoliths differ from those of the Ronda massif and
indicate ductile deformation under a different tectonic regime. The Ronda peridotite records simple shear
deformation under variable pressure and temperature conditions and displays dominantly axial-[010] and
orthorhombic olivine CPO [Soustelle et al., 2009; Vauchez and Garrido, 2001]. The olivine CPO of SE Iberian
mantle xenoliths shows a predominance of [100]-fiber patterns, which are characteristic of deformation at
high temperature under simple shear or transtension [Tommasi et al., 1999].

The postdeformation annealing of the shallowest portion of the SCLM was possibly enhanced by melt-rock
interaction. Available dating of the orthopyroxenite veins [Bianchini et al., 2015] suggests that the deforma-
tion event that produced the CPO of the SE Iberian mantle xenoliths ended around 6.8 +2.0 Ma ago. In
western Betics-Rif orogenic peridotites the ductile deformation is minimum Late Oligocene-Early Miocene
[Garrido et al.,, 2011] based on the 24 +3 Ma Lu-Hf cooling ages in clinopyroxene-garnet pairs in garnet
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pyroxenites, with closure temperatures at ~ 800°C [Pearson and Nowell, 2004], which is at odds to the rela-
tively young ages for the deformation recorded in SE Iberian mantle xenoliths. These age differences show
that while Ronda peridotite massif records ductile deformation shortly before the collision of the Alboran
wedge with the paleo-lberian and African margin [Garrido et al., 2011; Hidas et al., 2013; Precigout et al.,
2013], the SE Iberian xenoliths record ductile mantle deformation coeval with late Neogene slab rollback
and tearing of the subducted Iberian paleomargin [Booth-Rea et al., 2015; Mancilla et al., 2015].

The deformation event recorded in the SE Iberian mantle xenoliths postdates, therefore, the ductile thinning
of the SCLM, as well as the initiation of lower crustal anatexis in SE Iberia recorded in crustal xenoliths from
late Miocene, calc-alkaline volcanoes [e.g., Acosta-Vigil et al., 2010, and references therein] and dated
between 9.7 and 8.1 Ma [Cesare et al., 2003]. Alvarez-Valero and Kriegsman [2007] have argued that crustal
anatexis—triggered by basaltic magma underplating—occurred in the late Miocene. This time span also
coincides with the change from subduction-related to intraplate-type volcanism (6.3-4.8 Myr) in the SE
Iberian margin, which is largely synchronous with the decompression associated with the Messinian salinity
crisis [Duggen et al., 2003, 2004, and references therein]. The end of the process coincides with Pliocene exhu-
mation of the eastern Betics and the eastern Iberian margin that could have been driven by a late heating
event due to asthenospheric upwelling related to continental edge delamination [Duggen et al., 2005] during
the post-Miocene [Janssen et al., 1993]. Widespread magmatic activity during the middle Miocene to Pliocene
in SE Iberia coincides with areas where the base of the lithosphere is shallow (<60 km [Mancilla et al., 2015]).
These observations indicate close relationships between lithosphere thinning, heating, crustal anatexis, mag-
matism, and exhumation in the late Miocene and Pliocene in SE Iberia.

The Neogene transtensional deformation regime with a dominant strike-slip component, as inferred combin-
ing microstructures and CPO of the mantle xenoliths with seismic anisotropy data, is consistent with late
Miocene crustal extension and associated subsidence in SE Iberia [Booth-Rea et al., 2007, and references
therein]. Moreover, extensional core-complex-type domes elongated in the direction of extension like those
described in the Betics [Martinez-Martinez et al., 2002] are typical of transtensional tectonic regimes as sup-
ported by 3-D thermomechanical modeling for core complexes in the Hellenic arc [Le Pourhiet et al., 2012].
However, late Miocene to present-day crustal structures in the eastern Betics and in most of the Alboran
domain are dominantly compressional or strike-slip, including large-scale open folds, reverse, and transcur-
rent faults [Booth-Rea et al., 2007; Giaconia et al., 2015, and references therein] in agreement with the current
NW-SE convergence between Nubia and Eurasia.

Seismic observations suggest the existence of an east to southeast dipping high-velocity body in the
upper mantle below the Gibraltar arc, interpreted as subducted oceanic and/or delaminated continental
lithosphere [Spakman and Wortel, 2004, and references therein]. A growing body of evidence supports the
hypothesis that both subduction rollback and tearing beneath the continental margins may have contributed
to the formation and development of the Gibraltar arc [Booth-Rea et al., 2007; Duggen et al., 2005; Mancilla
et al, 2015, and references therein]. The combination of Miocene westward slab retreat forming the
Alboran Basin and late Miocene rupture of the Iberian margin may account for some features observed in
the eastern inner Betics mantle xenoliths.

Based on the coherence between the crustal fabric and fast polarization of SKS waves, Vauchez and Nicolas
[1991] suggested that in many collisional belts the mantle flow is dominantly orogen parallel. In SE Iberia it
is unlikely that belt-parallel mantle flow results from the NW-SE convergence of Nubia and Iberia, which
has influenced the tectonics of the Betics mostly since the late Tortonian [e.g., Giaconia et al., 2015, and refer-
ences therein]. An alternative is that the mantle fabric producing the measured belt-parallel anisotropy
resulted from Miocene slab tearing and rollback processes. The fast W-SW slab retreat in the Miocene may
have induced a large strike-slip deformation in the mantle at the edge of the Iberian and Nubian plates, gen-
erating a strong belt-parallel anisotropy on both margins. Tearing of the Iberian margin mantle may have
caused lateral westward inflow of hot and extended lithospheric mantle of Alboran provenance under the
detached margins flowing parallel to Iberia [Mancilla et al., 2015]. An extensional component associated with
this strike-slip flow may account for the heating, crustal anatexis, shift of magmatism, crustal extension, and
exhumation of the eastern Betics in the late Miocene to Pliocene.

Despite the post-Tortonian NW-SE convergence, we cannot discard that reactivation of deformation struc-
tures inherited from previous tectonic events in the SE Iberian mantle may have induced anisotropic viscosity
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and controlled the recent belt-parallel mantle flow during slab tearing and rollback processes [Tommasi et al.,
2009]. The presence of inherited middle to late Miocene, or even older, fabrics in the shallow mantle beneath
SE Iberia may continue governing some tectonic processes. Earthquake moment tensors indicate deep strike-
slip faulting in SE Iberia coherent with motion in a NE-SW trending left-lateral shear zone [Stich et al., 2006],
processes that are in principle incompatible with the general NW-SE plate convergence between Africa and
Iberia. This deformation may, however, be explained if a CPO-induced mechanical anisotropy in the SE
Iberian lithospheric mantle is considered since the latter will favor shearing parallel to the preexisting olivine
CPO in the SCLM [Tommasi and Vauchez, 2015; Tommaisi et al., 2009].

11. Conclusions

We studied mantle xenoliths, including spinel 4 plagioclase-bearing peridotites and orthopyroxenite veins in
composite rocks, outcropped by Pliocene alkali basalts in SE Iberia. This xenolith suite provides a snapshot of
the structure and composition of the lithospheric mantle beneath the NE termination of the Alboran arc
system in the western Mediterranean. The peridotites show dominantly [100]-fiber olivine CPO, compatible
with deformation under a transtensional tectonic regime. Orthopyroxene CPO is generally coherent with
the olivine one. In one sample, we observe, however, a subparallel distribution of olivine and orthopyroxene
crystallographic axes, which we interpret as due to synkinematic oriented crystallization of the orthopyrox-
ene. Pyroxenes in pyroxenite veins of composite xenoliths show identical CPO to those in the host perido-
tites, which implies oriented crystallization controlled by the same stress field. A large number of mantle
xenoliths, in particular those characterized by the lower equilibration temperatures, show annealed micro-
structures, but they display essentially the same CPO as the coarser-grained and more deformed
porphyroclastic peridotites. This suggests postdeformational annealing of the shallowest portion of the
SCLM possibly due to melt-rock interaction. Available dating of orthopyroxenite veins supports that melt
percolation and melt-enhanced recovery are late Neogene in age. The oriented crystallization in the veins
of composite xenoliths suggests that the peak of ductile deformation slightly predates this recovery, demon-
strating that ductile fabrics were also developed sometime in the late Miocene.

The polarization of the fast split SKS waves and highest Pn velocity oriented ~ N70°E in SE Iberia may be
explained by a lithospheric mantle fabric with olivine [100]-axes subhorizontal trending ENE. Considering
the limited mantle lithosphere thickness (40-80 km) in the region, the SKS delay times in SE Iberia can only
be accounted by deformation in the lithospheric mantle if the foliation is steeply dipping and the lineation
is subhorizontal. This geometry of the lithospheric mantle peridotite fabric implies active or frozen mantle
flow with a dominantly ENE-WSW strike-slip component subparallel to the south Iberian paleomargin.

Analysis of seismic anisotropy data in the light of the seismic properties of the SE Iberian mantle xenoliths
points, therefore, to mantle lithospheric thinning accommodated by a transtensional regime with a dominant
strike-slip component in the late Neogene, possibly during WSW tearing of the subducted Iberian margin
lithosphere. The existence of strike-slip inherited mantle fabrics may continue governing some deep pro-
cesses in SE Iberia via the mechanical anisotropy it induces in the SCLM and coupling between mantle and
crustal deformations.
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