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Fluid-assisted strain localization in the shallow subcontinental lithospheric mantle
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We report microstructural evidence for fluid-assisted ductile strain localization in a ≤50 m-wide mylonitic-ultramylonitic shear zone in the Ronda peridotite massif, Southern Spain. Strain localization occurred at relatively low pressure (<0.8 GPa) and moderate temperature (750-1000 °C). Initial deformation by dislocation creep resulted in formation of mylonites. Focusing of aqueous fluids in the shear zone favored the activation of dissolution-precipitation creep, resulting in further strain localization. This process is recorded by two generations of
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2 ultramylonitic bands composed of fine-grained, well-mixed olivine-orthopyroxene aggregates.

Microstructural observations in the ultramylonites suggest alternating dissolution and precipitation of olivine and orthopyroxene, which may be explained by local changes in silica molality of the percolating fluid (disequilibrium and mass transfer at scales > mm). In the mylonites, olivine shows a crystal preferred orientation (CPO) coherent with dominant (001)[100] glide, probably due to the presence of interstitial fluids during deformation. In the ultramylonites, olivine CPO is weak to very weak, consistently with a decreasing contribution of dislocation creep to deformation. In contrast, fine-grained orthopyroxene in both mylonites and ultramylonites display a clear CPO characterized by a [001] maximum normal to the foliation, which is not consistent with dislocation glide in any known slip system for orthopyroxene. We interpret this CPO as formed by oriented crystallization during dissolution-precipitation. In the present study, dissolution-precipitation creep predominates only in small-scale ultramylonite bands due to limited fluid availability and localized dynamic permeability. However, this process may be important in intermediate temperature domains of subduction zones, where it may lead to a feedback between strain localization and fluid transport.

Introduction

The processes allowing for mantle peridotites to deform under low temperature conditions (650-1000 °C) are still poorly understood. Deformation experiments on olivine crystals and aggregates under such conditions are characterized by marked hardening, which results under experimental strain rates in transition to a brittle behavior at strains <30% [START_REF] Demouchy | Low strength of Earth's uppermost mantle inferred from tri-axial deformation experiments on dry olivine crystals[END_REF][START_REF] Demouchy | Viscoplasticity of polycrystalline olivine experimentally deformed at high pressure and 900 °C[END_REF].

Ductile shear zones developed at low temperature are, however, described in many peridotite massifs and ophiolites. Analysis of these data highlights a major role of reactions in the formation of such shear zones (cf. Vauchez et al., 2012 and references therein). In many cases, synkinematic reactions occurred under fluid-deficient conditions in response to decompression (e.g., [START_REF] Furusho | Transformation induced strain localization in a lherzolite mylonite from the Hidaka metamorphic belt of central Hokkaido, Japan[END_REF][START_REF] Newman | Deformation processes in a peridotite shear zone: reaction-softening by an H 2 O-deficient, continuous net transfer reaction[END_REF]. However, there is a large body of evidence for a major role of fluids, such as the enrichment in amphibole, chlorite, or antigorite in the low-temperature shear zones of Erro-Tobbio [START_REF] Vissers | Mantle shear zones and their effect on lithosphere strength during continental breakup[END_REF] or in amphibole in the ultramylonite bands within the North Lanzo shear zone [START_REF] Kaczmarek | Anatomy of an extensional shear zone in the mantle, Lanzo massif, Italy[END_REF]. These observations suggest localized fluid flow in the shear zones, consistent with data in the lower crust that show ductile shear zones acting as permeable pathways for fluids (e.g., [START_REF] Austrheim | Eclogitization of lower crustal granulites by fluid migration through shear zones[END_REF].

Fluid-rock interaction at the grain-scale may have a marked impact on the rheology.

Incorporation of protons into defects of the olivine structure is traditionally proposed to result in significant weakening in both the dislocation and diffusion creep regimes (Mei and Kohlstedt, 2000a, b). However, recent diffusion and deformation experiments suggest that the weakening of olivine due to incorporation of protons may have been overestimated [START_REF] Fei | Small effect of water on uppermantle rheology based on silicon self-diffusion coefficients[END_REF][START_REF] Fei | No effect of water on oxygen selfdiffusion rate in forsterite[END_REF][START_REF] Girard | Hydrolytic weakening of olivine at mantle pressure: Evidence of [100](010) slip system softening from single-crystal deformation experiments[END_REF]. Recent torsion experiments on wet olivine polycrystals also showed a limited strength decrease by factor of 2-3 relative to dry samples, which is associated with the presence of both hydrogen in the olivine structure and water-derived species in grain boundaries or pores [START_REF] Demouchy | Deformation of olivine in torsion under hydrous conditions[END_REF]. Fluid-saturated grain boundaries may serve as fast intergranular diffusion paths favoring fluid-assisted grain boundary migration (e.g., [START_REF] Urai | Weakening of rock salt by water during long-term creep[END_REF]. They also allow for dissolution-precipitation (pressure-solution) creep, which involves advection of cations and anions by the fluid in response to applied stresses [START_REF] Rutter | The kinetics of rocks deformation by pressure solution[END_REF][START_REF] Spiers | Kinetics of rock deformation by pressure solution and the role of thin aqueous films[END_REF].

Dissolution-precipitation creep is a major deformation mechanism in quartz-, plagioclase-, or calcite-rich rocks at low temperature in the shallow to mid-crust (e.g., [START_REF] Wintsch | Dissolution and replacement creep: a significant deformation mechanism in mid-crustal rocks[END_REF][START_REF] Bestmann | Development of single-crystal σ-shaped quartz porphyroclasts by dissolution-precipitation creep in a calcite marble shear zone[END_REF], as well as in high-pressure eclogites, serpentinites, phyllites, and schists exhumed from subduction zones [START_REF] Wassmann | Rheology of the plate interface -Dissolution precipitation creep in high pressure metamorphic rocks[END_REF]. It is usually considered as of minor importance in the deformation of peridotites due to the restricted amount of free aqueous fluids in the mantle. Nevertheless, experimental data on the solubility of enstatite and forsterite in nominally pure H 2 O at deep crust/uppermost mantle conditions (700-900 °C and 0.4-1.5 GPa; [START_REF] Newton | Solubility of enstatite + forsterite in H 2 O at deep crust/upper mantle conditions: 4 to 15 kbar and 700 to 900 °C[END_REF] show that the silica solubility is high enough to allow for effective dissolution-precipitation at the scale of tens of centimeters in the laboratory if the fluid composition is not in equilibrium with the solid phases. Thus, if fluids are present and local departures from equilibrium are allowed, dissolution-precipitation creep may be an efficient deformation mechanism in the shallow mantle.

Here we present evidence for ductile strain localization assisted by interstitial fluids in a shear zone in the shallow subcontinental lithospheric mantle of the Ronda massif (Southern Spain). This shear zone is characterized by progressive strain localization, which produced a mylonitic zone with variable width (from a few tens of meters to less than a meter) crosscut by two generations of cm-to mm-wide ultramylonitic bands.

Mylonitic shear zones in the Ronda Peridotite

The internal zones of the Betic-Rif orogenic belt (westernmost Mediterranean) contain a series of peridotite massifs, which form the largest (>300 km 2 ) subcontinental lithospheric mantle section exposed on the Earth's surface. In the Ronda Peridotite (Betic Cordillera), fine-grained ultramafic mylonites occur both at the top and at the bottom of the mantle section, recording different stages of the evolution of the massif. Garnet-spinel mylonites occur along a hundred-meter wide zone at the top of the section (Fig. 1, inset) (Van der [START_REF] Van Der Wal | Structural petrology of the Ronda peridotite, SW Spain: Deformation history[END_REF][START_REF] Precigout | Deformation and exhumation of the Ronda peridotite (Spain)[END_REF].

They are interpreted as accommodating exhumation and cooling of garnet peridotites from 2.4-2.7 GPa (ca. 85 km) at 1020-1100 °C to 2 GPa (ca. 65 km) at 800-900 °C as a result of thinning of the continental lithosphere in the Oligocene [START_REF] Garrido | Garnet lherzolite and garnet-spinel mylonite in the Ronda peridotite: Vestiges of Oligocene backarc mantle lithospheric extension in the western Mediterranean[END_REF]. In addition, ductile strain localization in the late stages of the exhumation produced cm-to metric-scale shear zones, which crosscut the plagioclase tectonite domain at the base of the mantle section (Hidas et al., 2013a).

These shear zones occur either in plagioclase-bearing pyroxenites, where strain localization is associated with the spinel to plagioclase phase transformation reaction (Hidas et al., 2013b), or in peridotites, as the one studied here. Pyroxenitic and peridotitic shear zones in the plagioclase tectonite domain (Fig. 1) have similar kinematics as indicated by their nearly parallel foliations and lineations and similar sense of shear (Hidas et al., 2013a, b). They are interpreted as coeval to kilometer-scale folding in the Late Oligocene-Early Miocene, which accommodated the final stages of exhumation of the peridotite body and its emplacement in the crust (Hidas et al., 2013a).

Field structures and sampling strategy

The study area is located in the southwestern part of the Ronda plagioclase tectonite domain (Fig. 1), where plagioclase-bearing and plagioclase-free lithologies coexist. The plagioclase lherzolites show a penetrative high-temperature (high-T) foliation dipping 60-80° to N and a NE-SW trending stretching lineation [START_REF] Van Der Wal | Structural petrology of the Ronda peridotite, SW Spain: Deformation history[END_REF]Hidas et al., 2013a). These high-T foliation and lineation are not observed in the more refractory plagioclase-free peridotites, which have coarse-grained microstructures. Both plagioclase-bearing and plagioclase-free peridotites are crosscut by metric to cm-scale shear zones showing a welldeveloped foliation, which is emphasized in the field by cm-to mm-scale mylonitic and ultramylonitic bands characterized by a marked grain size reduction (Fig. 2). These shear zones have a strike subparallel to that of the high-T foliation in plagioclase tectonites, but a more gentle dip (30-50° to the NNE) (Fig. 1). Within the shear zones, elongated orthopyroxene porphyroclasts denote a NE-SW trending lineation (N25E to N50E), which is subparallel to the lineation in the plagioclase tectonites (Hidas et al., 2013a). Sigmoidal shapes of mylonite lenses within the ultramylonite bands (S-C structures, Fig. 2a) imply top-to-the-SW sense of shear.

Sampling for this study was accomplished along a ca. 2 km-long shear zone hosted in coarse-grained peridotites (Fig. 1). This shear zone has a maximum width of 50 meters (Fig. 2a) close to the contact with the crustal Blanca Unit at the base of the massif. It becomes progressively narrower towards the limit between the plagioclase tectonite and the granular spinel peridotite domains (Fig. 1), being <50 cm wide at its termination (Fig. 2b). In its widest section, the shear zone is composed of Mylonite lenses up to few cm wide and tens of cm long, delimited by cm-wide anastomozing Ultramylonite-1 bands (Fig. 2a). The narrow, westernmost section of the shear zone (Fig. 2b) displays a second set of ultramylonite bands (Ultramylonite-2), which have finer grain sizes than Ultramylonite-1. These Ultramylonite-2 bands are subparallel to the Ultramylonite-1 bands, but more planar, locally crosscutting both the Mylonite foliation and the Ultramylonite-1 bands. Their width rarely exceeds 0.5 cm; it is usually < 1 mm.

We sampled the shear zone in three sections along its trend. Samples RK040-RK042 were collected in the widest segment, RK109-RK112 in the intermediate-width segment, and RK167-RK170 at the westernmost tip of the shear zone (Fig. 1). The protolith (RK025-RK027) was sampled a few meters away from the border of the widest segment of the shear zone. All thin sections were cut perpendicular to the foliation in Ultramylonite-1 bands and parallel to the lineation defined by the elongation of the orthopyroxene porphyroclasts in the Mylonite lenses (XZ-section).

Modal compositions

Both the protolith and the shear zone are relatively fresh. Serpentinization is very limited, as reflected by the low loss on ignition during whole rock major element analyses (usually < 3 wt.%, Table 1). The protolith is coarse-grained harzburgite or clinopyroxene-poor lherzolite (Table 1) characterized by homogeneously distributed olivine, orthopyroxene, spinel, clinopyroxene and, very rare amphibole (<0.5 %, Fig. 3a). Plagioclase and other accessory minerals are not observed.

The shear zone is also composed by harzburgites, but modal compositions vary between the different microstructural domains. The fine-grained matrix of the Mylonite is enriched in olivine, whereas the ultramylonites have orthopyroxene-rich modal compositions (Fig. 4; Table 1). The ultramylonites also display higher amphibole contents (ca. 1.6 %; Table 1). Despite of this heterogeneity, the modal contents calculated based on the whole rock composition of a representative volume of the shear zone, which contains both Mylonite lenses and ultramylonites, do not differ significantly from those of the protolith, except for the enrichment in amphibole (Fig. 4; Table 1).

Microstructures

The protolith has a coarse-grained microstructure, characterized by 1-5 mm long olivine and orthopyroxene crystals, which lack any shape-preferred orientation (Fig. 3a-c). Olivine has equant to slightly elongated shapes (aspect ratios ≤1.5; Fig. 3a), undulose extinction, and widely spaced subgrain boundaries (Fig. 3c). Orthopyroxene, clinopyroxene and spinel have irregular shapes (Fig. 3b). The latter two phases may attain up to 1 mm in size. Both ortho-and clinopyroxene show kink bands, undulose extinction and contain exsolution lamellae of clinopyroxene in orthopyroxene and vice versa (Fig. 3b-c). Orthopyroxene may also display inclusions of clinopyroxene, olivine, and spinel (Fig. 3b).

The Mylonite lenses have a porphyroclastic microstructure characterized by a bimodal grain size distribution, in which an olivine-rich fine-grained matrix surrounds rare elongated olivine and orthopyroxene porphyroclasts (Fig. 5a-c). Olivine porphyroclasts are seldom larger than a millimeter. Some relict domains indicate that the porphyroclasts were once elongated up to 1 cm in length, but they have been almost fully recrystallized (cf. domain delimited by dashed line in Fig. 5a). The olivine neoblasts that compose the matrix have an average equivalent diameter of 180 µm (Fig. 5c, Fig. 6a,d). Both porphyroclasts and neoblasts have a shapepreferred orientation, which defines the foliation and lineation (Fig. 5b-c). They have similar average aspect ratios in the range of 1.8-2.5 (Fig. 6d). Olivine porphyroclasts have undulose extinction (Fig. 5a) and common subgrain boundaries, dominantly at high angle to the elongation of the crystals (Fig. 5c, inset). Subgrains and undulose extinction are less common in the neoblasts.

The size of orthopyroxene porphyroclasts within the shear zone is comparable to those of orthopyroxenes in the protolith, but they are usually elongated, with aspect ratios up to 9 (Fig. 5a-b, Fig. 6d). They are kinked (Fig. 5a) and their grain boundaries are very sutured, with embayments filled by olivine (arrows in Fig. 5c). Orthopyroxene porphyroclasts are also characterized by asymmetric tails of fine-grained, well-mixed olivine-orthopyroxene aggregates (pressure shadow like structures), which extend several cm away from the porphyroclast and often evolve into Ultramylonite-1 bands (Fig. 5b-c). The sigmoidal shape of the porphyroclasts and their tails (Fig. 5b) imply simple shear (top to the SW). Orthopyroxene also occurs in the matrix of the Mylonite lenses as rare small grains (<50 µm on average; Fig. 6a,d) with highly irregular, interstitial-like shapes, which may form film-like structures along olivine-olivine boundaries (Fig. 5c). These small orthopyroxene crystals are more common in the vicinity of the Ultramylonite bands (Fig. 5c,e). Spinel usually occurs in the Mylonite lenses as irregularly shaped or rounded coarse-grained (up to mm) crystals (Fig. 5a-b). In the Mylonite lenses, amphibole and clinopyroxene are rare. When present, they occur as small (<25 µm), irregularly shaped crystals.

The limits between the Mylonite lenses and the Ultramylonite-1 bands are irregular and gradational (Fig. 5c). At the mm-scale, the Ultramylonite-2 bands seem to have sharp planar limits (Fig. 5b), but at the tens of microns scale their limits are also irregular (Fig. 5e). The Ultramylonites have more homogeneous grain size distributions than the Mylonites (Fig. 6). The average grain diameter of the olivine neoblasts decreases drastically to 20-25 µm in Ultramylonite-1 and to 10-15 µm in Ultramylonite-2. The sizes of the fine-grained orthopyroxene in the tails of the porphyroclasts in the Mylonite lenses and in Ultramylonitic bands are significantly smaller than those of olivine in the same domain (Fig. 6). In the matrix of the Mylonite and in the porphyroclasts tails, the mean orthopyroxene equivalent diameter is 40 µm. It is 10 µm in both Ultramylonite-1 and 2 (Fig. 6).

Ultramylonites also differ from the Mylonite by the higher contents in orthopyroxene and amphibole (Fig. 4, Table1) and the more homogeneous phase distribution. Both Ultramylonite-1 and 2 are composed of well-mixed fine-grained olivine and orthopyroxene crystals with irregular, but slightly elongated shapes (aspect ratios up to 5-6, with an average ~2 and shape factors up to 3.5, Fig. 6b-f); their shape-preferred orientation marks the foliation (Fig. 5d-e).

Orthopyroxene shows common concave boundaries and form film-like structures along olivineolivine grain boundaries, more frequently along the faces submitted to compression (Fig. 5d-e).

Olivine neoblasts in the Ultramylonite bands may show subgrains, but they are less abundant than in the Mylonite (Fig. 5d-e, insets). The lowest subgrain density is observed in the Ultramylonite-2 bands (Fig. 5e). Spinel is scarce in the ultramylonites. It has a rounded or slightly elongated shape and small grain sizes (<20 µm; Fig. 5d-e). Clinopyroxene and amphibole occur in the Ultramylonite bands as isolated, irregularly shaped, but usually slightly elongated grains (Fig. 5d-e). They have sizes similar to orthopyroxene (<50 µm). Clinopyroxene and amphibole are usually associated and tend to form diffuse bands subparallel to the foliation (Fig. 5d).

Crystal preferred orientations

Method

Crystal Preferred Orientations (CPO) were measured by indexing Electron Backscattered Diffraction (EBSD) patterns. CPO maps covering at least 90 % of the thin section surface were obtained for all samples at the SEM-EBSD facility of Géosciences Montpellier (Université de Montpellier, France) using the AZtec data acquisition software (HKL technologies, Oxford Instruments) with a camera setting of 4×4 binning and low gain. Thin-section scale maps were obtained using a JEOL JSM 5600 with a 17 kV acceleration voltage and 24 mm working distance, with grid steps of 14-18 µm for the shear zone samples and 30 µm for the protolith.

High-resolution crystal orientation maps were obtained using a CamScan Crystal Probe X500-FEG with 15 kV acceleration voltage, 25 mm working distance, 2 Pa chamber pressure, and grid steps of 0.4-3.5 µm. All major rock-forming phases in the rocks (olivine, enstatite, diopside, chromite and pargasite) were indexed, with a percentage of indexed points in the raw maps exceeding 80 %. Non-indexed points correspond essentially to fractures and grain boundaries.

Post-acquisition data treatment was performed following the method summarized in [START_REF] Soustelle | Deformation and Fluid-Rock Interaction in the Supra-subduction Mantle: Microstructures and Water Contents in Peridotite Xenoliths from the Avacha Volcano, Kamchatka[END_REF].

Mylonitic and ultramylonitic microstructural domains are treated separately after manually defining subsets using the Channel5 software (Oxford Instruments). The grain size and grain shape analyses and the calculation of CPO strength (J-index) were performed using the MTEX toolbox in Matlab (https://mtex-toolbox.github.io/; [START_REF] Bachmann | Texture analysis with MTEX -free and open source software toolbox[END_REF][START_REF] Mainprice | Descriptive tools for the analysis of texture projects with large datasets using MTEX: strength, symmetry and components[END_REF]. The J-index, which is the volume-averaged integral of the squared orientation densities [START_REF] Bunge | Texture analysis in materials sciences[END_REF], has been 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°.
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13 CPO data were plotted in pole figures based on the mean orientation of each grain to avoid overrepresentation of large crystals, using the software package by David Mainprice (http://www.gm.univ-montp2.fr/PERSO/mainprice/W_data/CareWare_Unicef_Programs/).

CPO and misorientations

CPO of olivine and orthopyroxene in the protolith and in Mylonite lenses and Ultramylonite-1 and 2 bands from different outcrops along the shear zone are displayed in Fig. 7. For the protolith we plotted, for reference, both the high-T foliation from the nearby plagioclase tectonites (dotted line) and the orientation of the foliation in the shear zone (dashed line). These two foliations have subparallel strikes but different dips. Due to their low modal contents (Table 1), measured clinopyroxene, amphibole, and spinel CPO are not statistically representative. None of these phases shows strong crystal preferred orientations in any of the microstructural lithotypes.

In the protolith, olivine [100]-axes are concentrated subparallel to the lineation and [010]axes show a point-like maximum normal to the high-T foliation in the plagioclase tectonites. In the Mylonite lenses and Ultramylonite-1 bands, olivine [100]-axes are aligned subparallel to the lineation and the [001]-axes tend to be normal to the foliation of the shear zone. Due to the anastomozed character of the foliation in the shear zone (cf. Figs. 2 and5), in some samples, as in RK-109, the olivine CPO is at an angle to the average foliation and lineation in the shear zone, which is used as the reference for plotting the CPO data. It is however coherent with the local orientation of the foliation and lineation. In Ultramylonite-2 bands the olivine CPO is almost random, but [100]-axes tend to form a weak girdle at an angle to the foliation, and weak maxima of [010]-and [001] axes are present subnormal to the lineation, but oblique to the foliation plane.

The strength of the CPO may be quantified by the J-index, which 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 J-indices ≤ 6 (>75 % of the analyzed samples, cf. [START_REF] Tommasi | Heterogeneity and anisotropy in the lithospheric mantle[END_REF]. The protolith has weak olivine CPO (J-index = 2.3). Olivine CPO is strong in the Mylonite lenses (J-indices of 5-8.6), but very weak in the Ultramylonite bands (Jindices <1.5; Fig. 7).

In the protolith, orthopyroxene has a weak CPO, which is characterized by a tendency for In the protolith, the rotation axes accommodating low-angle (2-15°) misorientations within olivine crystals have <0vw> orientations, whereas in orthopyroxene intracrystalline misorientations are accommodated mainly by rotations around [010] (Fig. 7). In case of orthopyroxene porphyroclasts in the Mylonite lenses, the intracrystalline misorientations are similar to those of the protolith. Different rotation axes across subgrain boundaries are, however, observed in all fine-grained domains in the shear zone (Fig. 7). In olivine neoblasts from Mylonite and Ultramylonite-1 bands, low-angle misorientations are accommodated mainly by rotations around [010]. In olivine from Ultramylonite-2 bands, rotations around [100] are also observed. Fine-grained orthopyroxenes in both the Mylonite lenses and Ultramylonite bands display very low intracrystalline misorientations. However, when present, these misorientations result dominantly from rotations around [001] (Fig. 7).

Major element geochemistry

Mineral chemistry

Mineral compositions were measured using a CAMECA SX100 electron microprobe (EPMA) equipped with 5 spectrometers at Géosciences Montpellier (France). Analyses were carried out using an accelerating voltage of 20 kV, a beam current of 10 nA, and 1 µm beam size with counting times of 10-20 s. Natural and synthetic silicate and oxide standards were used for calibration and ZAF correction was applied. Data are shown in Supplementary Table S1.

Olivine is forsterite-rich (Mg# = 0.91-0.92) and has NiO contents of 0.37-0.48 wt. %. It does not show any systematic variation in composition among the different microstructures, nor as a function of grain size within the Mylonite lenses or Ultramylonite bands or relative to the surrounding harzburgites (Hidas et al., unpublished data). Cr and Al contents in ortho-and clinopyroxenes decrease from the porphyroclasts' cores to the rims. Cr and Al contents are also low in the small grains in the Mylonite lenses and Ultramylonite bands. The lowest values occur in a layer <20 µm wide at the porphyroclasts edges and in the smaller crystals of the Mylonite lenses and Ultramylonite bands. Amphiboles were analyzed only in the Ultramylonite bands; they have pargasitic compositions with high Cr 2 O 3 content (1.07-2.12 wt.%) and Al 2 O 3 concentrations (max. 12.4 wt.%). There is no systematic variation between the compositions of fine-grained orthopyroxenes or amphiboles from Ultramylonite-1 and 2 bands.

Geothermometry

Temperatures are calculated using the Cr and Al content in orthopyroxene thermometer (Cr-Al-Opx) of [START_REF] Witt-Eickschen | Solubility of Ca and Al in orthopyroxene from spinel peridotite -an improved version of an empirical geothermometer[END_REF] and the Ca content in orthopyroxene thermometer (Cain-Opx) of [START_REF] Brey | Geothermobarometry in four phase lherzolites II. New thermobarometers and practical assessment of existing thermobarometers[END_REF] (Fig. 8). The estimated uncertainty of these thermometers given by the authors is ±16 °C. For the Ca-in-Opx method, temperatures are estimated for a pressure of 0.8 GPa, which is the pressure of spinel to plagioclase phase transformation reaction associated with strain localization in nearby pyroxenitic shear zones with similar kinematics (Hidas et al., 2013b). This allows straightforward comparison of temperatures without the need of considering the effect of pressure on the calculations.

Figure 7 summarizes the equilibrium temperatures obtained using both thermometers based on the compositions of orthopyroxenes within the shear zone. They are consistent, though the Ca in orthopyroxene method predicts higher equilibrium temperatures for the fine grained pyroxenes (~50 °C) and, in some cases, lower equilibrium temperatures for the porphyroclasts cores (up to 100 °C). To analyze the variation in equilibration conditions between the different microstructural domains, for the sake of simplicity, we focus on the results of the T Cr-Al-Opx method. Cores of orthopyroxene porphyroclasts in the Mylonite lenses give temperatures of 850-1000 °C, which overlap with the pre-kinematic conditions in the nearby pyroxenitic shear zone (Hidas et al., 2013b). These temperatures are minimum estimates due to exsolution of secondary clinopyroxene (and spinel) in orthopyroxenes. Rim compositions record cooling down to 785 °C (785-975 °C). The lowest temperatures in the porphyroclasts' rims overlap with the highest temperatures estimated for neoblasts in the Mylonite lenses (700-830 °C), Ultramylonite-1 bands (680-830 °C) and Ultramylonite-2 bands (680-780 °C). They are also consistent with postkinematic conditions estimated for the nearby pyroxenite shear zone (750-800 °C; Hidas et al., 2013b). Temperatures calculated for the outmost edge of orthopyroxene porphyroclasts show a higher dispersion, ranging between 670-910 °C. They overlap with the entire range of temperatures obtained from the compositions of the small grains in the Mylonite and Ultramylonite-1 and 2 bands.

All calculated values except one outlier (obtained from the composition of the outmost edge of a porphyroclast) plot above the chlorite stability field at 0.8 GPa, in agreement with the absence of this mineral phase in the samples. These data suggest that the deformation producing the shear zone took place under decreasing temperature conditions, starting with formation of the Mylonite at >900 °C down to development of the Ultramylonite-2 bands at temperatures of 800-750 °C. However, in spite of this internal consistency, the temperature variation among the different microstructural facies may also result from differences in the diffusion closure temperatures due to the variations in grain size. Indeed, based on diffusion data for orthopyroxene [START_REF] Cherniak | Diffusion in Pyroxene, Mica and Amphibole[END_REF] and references therein) and on published exhumation rates of the Ronda massif (100 to 300 °C/Ma; Precigout et al., 2013 and references therein), we estimate that average closure temperature of an orthopyroxene grain with 15 µm diameter is approximately 735-760 °C and that it increases to 780-805 °C for a 30 µm grain diameter. These values are similar to the temperatures obtained based on the chemistry of the fine-grained orthopyroxenes in the Ultramylonite bands. The lower temperatures obtained for the ultramylonites might therefore record more efficient post-kinematic re-equilibration during the last stages of exhumation and cooling of the massif. Thus, although the progressive grain size refinement and strain localization that characterizes the shear zone corroborates deformation under retrograde conditions, we cannot use pyroxene thermometry to constrain with precision the temperature conditions prevailing during the different stages of the evolution of the shear zone. The latter are nevertheless bracketed by the amphibole-out and the chlorite-in reactions (Fig. 8). If, based on the similarity of their kinematics, we hypothesize that the shear zone studied here formed during the same deformation episode as the shear zones crosscutting the pyroxenite layers studied by Hidas et al. (2013b) in which shearing catalyzed the spinel-plagioclase phase transition reaction at ca. 0.8 GPawe may further constrain the temperature range to 750-1000 °C (Fig. 8).

Discussion

Relationships between the protolith deformation and the shear zone

The coarse-grained microstructures, the well-developed subgrains in olivine and kinks in orthopyroxene (Fig. 3), and the CPO of olivine and orthopyroxene in the protolith are consistent with deformation by dislocation creep with dominant activation of {0kl}[100] slip systems in olivine and (100)[001] in orthopyroxene (Fig. 7). This microstructure and CPO suggest deformation under low stress, high temperature (>1000 °C), low pressure, and dry conditions (cf., [START_REF] Carter | High temperature flow of dunite and peridotite[END_REF][START_REF] Durham | Plastic flow of oriented single crytals of olivine: 1mechanical data[END_REF][START_REF] Mainprice | Pressure sensitivity of olivine slip systems and seismic anisotropy of Earth's upper mantle[END_REF][START_REF] Karato | Deformation of Earth Materials: An introduction to the rheology of solid Earth[END_REF][START_REF] Jung | Lattice preferred orientation, water content, and seismic anisotropy of orthopyroxene[END_REF][START_REF] Demouchy | Viscoplasticity of polycrystalline olivine experimentally deformed at high pressure and 900 °C[END_REF]. Olivine and orthopyroxene CPO in the plagioclase-free coarse-grained peridotites that host the shear zone (Fig. 7) are coherent with the foliation and lineation of plagioclase tectonites (Fig. 1; [START_REF] Van Der Wal | Structural petrology of the Ronda peridotite, SW Spain: Deformation history[END_REF], indicating that all rock types that composed the plagioclase tectonite domain were submitted to the same pervasive high-temperature, low pressure deformation event.

Microstructural and petrological observations indicate that the shear zone formed under low pressure (ca. 0.8 GPa) and intermediate temperature (750-1000 °C) conditions via three stages of strain localization associated with increasing grain size reduction: formation of the Mylonite lenses and of the two generations of Ultramylonite bands (Ultramylonite-1 and 2). The shear zone kinematics is rather similar to those of the surrounding coarse-grained peridotites: lineations have the same orientation and foliation planes only differ by their shallower dips (Fig. 1, Fig. 7). This similarity may be interpreted as indicating that the coarse-grained peridotites outside the shear zone record the earlier stages of the same deformation event, pre-strain localization. An alternative interpretation would be that these rocks record an older, unrelated deformation and that their structure influenced the development of the shear zone. The data collected in the present study does not allow discriminating between these two hypotheses, but the marked change in the microstructure, in particular the marked grain size reduction between the protolith and the Mylonites suggest a gap in deformation conditions (significantly higher work rates in the shear zone, indicating either lower temperatures or higher strain rates).

Mylonites: the initial stages of strain localization

The porphyroclastic microstructure of the Mylonite lenses is characterized by highly elongated olivine grains and orthopyroxene porphyroclasts (Fig. 5a-b, Fig. 6d), with frequent intracrystalline deformation features (such as undulose extinction, subgrains, and kink bands; Fig. 5a,c) surrounded by a matrix of recrystallized olivine crystals with an average grain size of ACCEPTED MANUSCRIPT 20 180 µm (Fig. 6a). This microstructure is consistent with deformation by dislocation creep with dynamic recrystallization leading to significant grain size reduction of olivine. The almost total recrystallization of olivine and the asymmetry of the microstructure (Fig. 5) support deformation up to high shear strains. In contrast, orthopyroxenes are only elongated when well oriented for glide dislocation on the (100)[001] and do not show any clear evidence of recrystallization. Such microstructures are consistent with deformation under moderate to high stress conditions, consistent with the equilibrium temperatures estimated based on the orthopyroxene core compositions (850-1000 °C). Moderate stresses of 20-25 MPa are indeed obtained using the average olivine recrystallized grain size and the piezometers of [START_REF] Karato | Dynamic recrystallization of olivine single crystals during high-temperature creep[END_REF] and [START_REF] Van Der Wal | Relationships between dynamically recrystallized grain size and deformation conditions in experimentally deformed olivine rocks[END_REF].

The microstructures in the Mylonites are similar to those observed in shear zones developed under dry conditions and similar temperatures in other peridotite massifs, like Turon de Tecouère [START_REF] Newman | Deformation processes in a peridotite shear zone: reaction-softening by an H 2 O-deficient, continuous net transfer reaction[END_REF] and Beni Bousera [START_REF] Frets | The Beni Bousera Peridotite (Rif Belt, Morocco): an Oblique-slip Low-angle Shear Zone Thinning the Subcontinental Mantle Lithosphere[END_REF], or in the garnet-spinel mylonites from the top section of the Ronda massif [START_REF] Soustelle | Deformation and reactive melt transport in the mantle lithosphere above a large-scale partial melting domain: the Ronda Peridotite Massif, southern Spain[END_REF][START_REF] Precigout | Deformation and exhumation of the Ronda peridotite (Spain)[END_REF]. However, the olivine CPO in the Mylonites differs from those described for the mylonitic domains of these shear zones by its unusual concentration of [001] axes normal to the foliation (Fig. 7). The olivine CPO in the Mylonites is also markedly different from the one in the protolith (Fig. 7). This difference rules out formation of the CPO by reactivation of the protolith fabric as proposed for shear zones in the Oman ophiolite [START_REF] Michibayashi | The role of pre-existing mechanical anisotropy on shear zone development within oceanic mantle lithosphere: an example from the Oman Ophiolite[END_REF] and in the Red Hills massif [START_REF] Webber | Fabric superposition in upper mantle peridotite, Red Hills, New Zealand[END_REF]. The olivine CPO in the Mylonites suggests dominant activation of the (001)[100] system, instead of the (010)[100], which is the most common slip system in olivine in both the lithospheric and asthenospheric mantle. The predominance of [010] rotation axes accommodating misorientations across subgrain boundaries (that is, intracrystalline misorientations <15°) in olivine in the Mylonite lenses (Fig. 7) indicates a high density of dislocations of the (001)[100] system preserved in the subgrain boundaries, corroborating its activation during deformation.

The (001)[100] slip system has been proposed to be dominantly activated during deformation of olivine with water contents of 200-1000 H/10 6 Si (12-60 wt ppm H 2 O), moderate stresses (400 MPa) and pressures (2 GPa), and high temperature [START_REF] Katayama | New type of olivine fabric from deformation experiments at modest water content and low stress[END_REF]. Due to the small grain sizes and serpentinization along grain boundaries and fractures, water contents in olivine could not be measured by FTIR, not even for the rare porphyroclasts in the Mylonite lenses. Yet, the water solubility in olivine at the low-pressure and relatively low-temperature conditions inferred for the shear zone activity is very low. At 0.8 GPa and 750-1000 °C, it ranges from 11 to 38 ppm based on the extrapolation of experimental data in simple systems (MgO-SiO 2 -H 2 O; [START_REF] Bali | Pressure and temperature dependence of H solubility in forsterite: An implication to water activity in the Earth interior[END_REF]. Thus water saturation is needed to explain the change in dominant slip plane by incorporation of water in the olivine structure.

Olivine CPO characterized by concentration of [001] normal to the foliation plane has been observed in dunite and harzburgites from the shallow mantle section (<2 km from the Moho) of the Talkeetna arc, where it was attributed to high hydroxyl concentrations in olivine [START_REF] Mehl | Arc-parallel flow within the mantle wedge: Evidence from the accreted Talkeetna arc, south central Alaska[END_REF]. A similar interpretation had also been suggested to explain such olivine CPO in moderate temperature (~900 °C), hydrated domains of a shear zone at the Moho Transition Zone of the Oman ophiolite [START_REF] Michibayashi | Olivine fabric evolution in a hydrated ductile shear zone at the Moho Transition Zone, Oman Ophiolite[END_REF]. Olivine CPO characterized by concentration of [001] normal to the foliation plane was also described in dunitic bands from ophiolites, where deformation occurred in presence of Si-undersaturated melts (e.g., [START_REF] Cassard | Structure et origine des gisements de chromite du Massif du Sud-Ophiolites de Nouvelle-Caldonie[END_REF][START_REF] Suhr | Evaluation of upper mantle microstructures in the Table Mountain massif (Bay of Islands ophiolite)[END_REF][START_REF] Tommasi | Deformation and melt transport in a highly depleted peridotite massif from the Canadian Cordillera: Implications to seismic anisotropy above subduction zones[END_REF]. In the studied shear zone, deformation in presence of melts may be ruled out based on the lack of major changes in chemistry (Table 1) and by the equilibrium temperatures <1000 °C (Fig. 8). In contrast, as discussed below, evidence for the presence of aqueous fluids in the shear zone is widespread. We propose therefore that the observed change in dominant slip system in olivine is associated with presence of limited amounts of aqueous fluids during deformation.

Independent evidence for presence of fluids during the formation of the Mylonites can be derived from the analysis of the microstructures. The sinuous boundaries of the orthopyroxene porphyroclasts (cf. high shape factors of porphyroclasts in Fig. 6a) with embayments filled by olivine (Fig. 5c) imply replacement reactions of orthopyroxene by olivine involving silica mass transfer at the 10-100s of µm scale. [START_REF] Milke | Orthopyroxene rim growth between olivine and quartz at low temperatures (750-950 °C) and low water concentration[END_REF][START_REF] Milke | Very little water is necessary to make a dry solid silicate system wet[END_REF] observed similar features (which they called bulging) in orthopyroxene growth experiments at olivine-quartz reaction interfaces at 700-950 °C and 1.9 GPa that they interpreted as recording the presence of fluids. Synkinematic mass-transfer, but with even longer characteristic distances (≥ mm), is also needed to explain the formation of the asymmetric tails in pressure shadow configurations composed of well-mixed olivine-orthopyroxene aggregates, which extend up to several cm away from the orthopyroxene porphyroclasts, often evolving into Ultramylonite-1 bands (Fig. 5b-c). The spatial relation between the 'corrosion' on the orthopyroxene porphyroclasts and the olivine-orthopyroxene tails suggests that both features are genetically related. As discussed below (Section 8.4), solid-state diffusion is too slow to account for effective mass-transfer at these scales, implying advection of matter by fluids.

One point that cannot be constrained based on the microstructural data observations is whether strain localization leading to formation of the mylonites started under dry or wet conditions. The olivine CPO indicates nevertheless that most of the strain has been accumulated in presence of limited amounts of fluids, suggesting fluid focusing in the active shear zone.

Ultramylonite bands: Feedbacks between strain localization and fluids focusing

The finer grain sizes (Fig. 6), lower density of subgrain boundaries in olivine (Fig. 5c-e, inset), and increasing dispersion of the olivine CPO (Fig. 7) clearly point to a decreasing contribution of dislocation creep to the deformation in the Ultramylonite bands. On the other hand, the extensive and pervasive phase mixing, the sinuous olivine-orthopyroxene grain boundaries, and, most importantly, the interstitial or film-like shapes of orthopyroxenes (Fig. 5d-e) imply an increasing contribution of dissolution-precipitation creep.

Deformation by dissolution-precipitation creep may also account for the CPO of the finegrained orthopyroxenes (Fig. 7), which is difficult to explain otherwise. In contrast to olivine, neither the pattern nor the intensity of the CPO of the fine-grained orthopyroxenes vary significantly between the Mylonite lenses and Ultramylonite bands (Fig. 7). This CPO, which is characterized by a concentration of [001] axes normal to the foliation, cannot have formed by dislocation glide, since TEM observations in orthopyroxene show almost solely dislocations with

[001] Burgers vectors (e.g., [START_REF] Naze | A TEM study of lattice-defects in naturally and experimentally deformed orthopyroxenes[END_REF][START_REF] Steuten | An optical and electron microscopy study of defect structures in naturally deformed orthopyroxene[END_REF]. In a CPO formed by dislocation glide, the [001] axes should therefore align parallel to lineation, as usually described in deformed mantle rocks [START_REF] Soustelle | Deformation and Fluid-Rock Interaction in the Supra-subduction Mantle: Microstructures and Water Contents in Peridotite Xenoliths from the Avacha Volcano, Kamchatka[END_REF][START_REF] Frets | The Beni Bousera Peridotite (Rif Belt, Morocco): an Oblique-slip Low-angle Shear Zone Thinning the Subcontinental Mantle Lithosphere[END_REF].

Orthopyroxene CPO with [001] axes aligned normal to the foliation were nevertheless described in orthopyroxene-impregnated dunites of the Bay of Islands ophiolite [START_REF] Suhr | Evaluation of upper mantle microstructures in the Table Mountain massif (Bay of Islands ophiolite)[END_REF] and in ultramylonitic shear zones of the Othris peridotite massif [START_REF] Dijkstra | On the role of melt-rock reaction in mantle shear zone formation in the Othris Peridotite Massif (Greece)[END_REF]. In both cases this anomalous orthopyroxene CPO was interpreted as formed due to syntectonic melt-facilitated precipitation reaction. Similarly, we propose that the unusual CPO of the orthopyroxene neoblasts in the Mylonites and Ultramylonites results from oriented synkinematic crystallization via dissolution-precipitation processes (e.g., Wassmann and Stöckhert, 2013 and references therein). This interpretation is corroborated by the correlation between the shape-preferred orientation (SPO) and the CPO of the fine-grained orthopyroxenes (i.e., elongated parallel to

[100] and flattened parallel to [001], illustrated by comparison between Figs. 5 and7), as expected for oriented growth.

The synkinematic nature of the dissolution-precipitation reactions in both Ultramylonite-1 and 2 bands is attested by the elongation and alignment of the fine-grained orthopyroxene crystals parallel to the foliation or to the shear plane (Fig. 5d-e). In addition, the preferential occurrence of film-like orthopyroxene crystals along olivine boundaries parallel to the foliation, that is, in compressional sites, rules out crystallization in voids or cavities opened by grain boundary sliding [START_REF] Chokshi | A model for diffusional cavity growth in superplasticity[END_REF]. In-situ deformation of octachloropropane in the grain boundary sliding regime shows indeed that cavities develop preferentially along boundaries at low angle to the shortening direction [START_REF] Ree | Grain-boundary sliding and development of grain-boundary openings in experimentally deformed octachloropropane[END_REF] 

Diffusion-precipitation creep vs. solid-state diffusion-accommodated grain boundary sliding

Diffusion-assisted grain boundary sliding has been often proposed to account for mass-transfer and phase mixing (e.g., [START_REF] Warren | Grain size sensitive deformation mechanisms in naturally deformed peridotites[END_REF]. However, the sinuous, interpenetrating shapes of olivine and orthopyroxene interphase boundaries in the Mylonites and Ultramylonites (Fig. 5) are not compatible with grain boundary sliding. Moreover, when starting from a coarse-grained material as the protolith of the studied shear zone, phase-mixing by grain boundary sliding requires an initial grain size reduction by dynamic recrystallization. There is clear evidence in the Mylonites for grain size reduction of olivine by this process (Fig. 5a-c). However, orthopyroxenes do not show any sign of dynamic recrystallization by neither subgrain rotation (no core and mantle structure, only a few kinks are observed within the porphyroclasts), nor bulging (grain boundaries are sinuous, but the embayments are filled by olivine) (Fig. 5a-c). Last but not least, grain boundary sliding should either disperse the CPO of both olivine and orthopyroxene, or produce weak orientations of both, if they display anisotropic shapes [START_REF] Wheeler | The preservation of seismic anisotropy in the Earth's mantle during diffusion creep[END_REF]. In the studied shear zone the olivine CPO is strongly dispersed in the finegrained domains, but the fine-grained orthopyroxenes show a clear CPO with similar intensity in all domains from the Mylonite lenses to the Ultramylonite bands (Fig. 7). Moreover, the olivine and the orthopyroxene CPO in the studied shear zone are markedly different from those formed in experiments where diffusion-or dislocation-accommodated grain boundary sliding have been proposed to dominate (e.g. [START_REF] Sundberg | Crystallographic preferred orientation produced by diffusional creep of harzburgite: Effects of chemical interactions among phases during plastic flow[END_REF]Hansen et al. 2011;[START_REF] Miyazaki | Olivine crystals align during diffusion creep of Earth's upper mantle[END_REF].

In summary, 'dry' diffusion-or dislocation-accommodated grain boundary sliding cannot explain neither the microstructures nor the CPO in the studied shear zone. This conclusion is consistent with recent experiments especially designed to test for feasibility of long wavelength phase mixing by grain boundary sliding in an aggregate composed of coarse orthopyroxenes embedded in an olivine matrix, which show that such mixing is limited to a 1-2 grains-wide layer at the border of the porphyroclasts [START_REF] Linckens | Dynamic recrystallization and phase mixing in experimentally deformed peridotite[END_REF]. Dry mechanical phase mixing is also at odds with the predictions of numerical models of deformation of two-solid phase aggregates [START_REF] Dabrowski | A two-phase composite in simple shear: Effective mechanical anisotropy development and localization potential[END_REF] and with experiments in which superplasticity (diffusion-accommodated grain boundary sliding) predominates [START_REF] Hiraga | Comparison of microstructures in superplastically deformed synthetic materials and natural mylonites: Mineral aggregation via grain boundary sliding[END_REF], which show phase segregation in initially well-mixed aggregates.

Under fluid-absent conditions, mass-transfer may also be accommodated by solid-state diffusion. Sinuous olivine-orthopyroxene phase boundaries have been observed in high temperature (1200 °C) dry deformation experiments on fine-grained olivine-orthopyroxene aggregates (final grain sizes are <10 µm), in which interface-reaction-controlled diffusion creep dominated [START_REF] Sundberg | Crystallographic preferred orientation produced by diffusional creep of harzburgite: Effects of chemical interactions among phases during plastic flow[END_REF]. However, the length scale of the reactions (i.e., formation of olivine at the expenses of orthopyroxene and vice-versa) in these experiments is at most a few microns, that is, mass-transfers occur at the scale of preexisting olivineorthopyroxene grain boundaries in an initially well-mixed aggregate. This observation is consistent with the low atomic diffusivities in olivine. For instance, Si diffusion rates in olivine at 1000 °C range from 3.44×10 -22 m 2 /s (hydrous olivine; [START_REF] Costa | The effect of water on Si and O diffusion rates in olivine and implications for transport properties and processes in the upper mantle[END_REF] to 3.74×10 -24 m 2 /s (dry forsterite; [START_REF] Fei | High silicon self-diffusion coefficient in dry forsterite[END_REF]. Even considering the highest diffusion rate, the characteristic diffusion length is ca. 100 µm in 1 million year, which is already a too long time span for the continuous functioning of a small shear zone like the one studied here.

Mass transport at the ≥cm length scales observed in the studied shear zone is nevertheless possible in presence of fluids. Experimental investigation of orthopyroxene growth at olivinequartz reaction interfaces suggests that the presence of a free fluid phase enhances the kinetics of mineral replacement by 5 to 7 orders of magnitude with respect to dry conditions at the same temperature [START_REF] Milke | Growth kinetics of enstatite reaction rims studied on nano-scale, Part I: Methodology, microscopic observations and the role of water[END_REF][START_REF] Milke | Orthopyroxene rim growth between olivine and quartz at low temperatures (750-950 °C) and low water concentration[END_REF]. The formation of an interconnected fluid network results in a sudden and significant reduction in the solid diffusion distance, as it then corresponds to the distance to the closest wetted boundary [START_REF] Takei | Constitutive mechanical relations of solid-liquid composites in terms of grainboundary contiguity[END_REF][START_REF] Holtzman | Questions on the existence, persistence and mechanical effects of a very small melt fraction in the asthenosphere[END_REF]. Dissolution-precipitation during deformation in presence of a fluid phase may thus explain the corrosion of orthopyroxene porphyroclasts (cf. high shape factors of porphyroclasts in Fig. 6a), their partial replacement by olivine (Fig. 5c), and the crystallization of small orthopyroxene grains within the orthopyroxene tails (Fig. 5b-c) and Ultramylonite bands (Fig. 5d-e).

Very similar microstructuresirregularly-shaped orthopyroxene porphyroclasts with olivine embayments and intermixed fine-grained olivine-orthopyroxene aggregates with elongated, flaser-like orthopyroxenes crystallized along olivine grain boundariesand the same abnormal orthopyroxene CPO as those observed in the presently studied shear zone have been described in the Othris [START_REF] Dijkstra | On the role of melt-rock reaction in mantle shear zone formation in the Othris Peridotite Massif (Greece)[END_REF] and Table Mountain [START_REF] Suhr | Evaluation of upper mantle microstructures in the Table Mountain massif (Bay of Islands ophiolite)[END_REF] ophiolites. In both studies, these features were explained as resulting of melt-mediated dissolutionprecipitation processes. Given the low temperatures inferred for the functioning of the shear zone (Fig. 8) and the similarity in major element compositions between the protolith and the shear zone (Table 1), we propose that aqueous fluids and not melts are responsible for the efficient mass-transfer in the studied rocks.

An effective role of dissolution-precipitation by aqueous fluids has also been proposed to explain the formation of olivine-orthopyroxene well-mixed fine-grained aggregates in the Anita Bay peridotite [START_REF] Czertowicz | Recrystallization, phase mixing and strain localisation in peridotite during rapid extrusion of sub-arc mantle lithosphere[END_REF]. However, their model differs from the present one by proposing that the orthopyroxene neoblasts precipitate from a fluid into pores (cavities) opened between olivine grains during deformation by grain boundary sliding. As discussed in section 8.3, the preferential occurrence of film-like orthopyroxene crystals along olivine boundaries parallel to the foliation (Fig. 5c-e), that is, in compressional sites, rules out crystallization in voids or cavities opened by grain boundary sliding in the presently studied shear zone.

Is dissolution-precipitation creep physically viable in peridotites?

Dissolution-precipitation creep requires (i) the existence of a free fluid phase along grain boundaries and/or filling a transient porosity produced during fluid-mineral interaction, (e.g. Putnis, 2015 and references therein), (ii) a finite solubility of the oxide components in the fluid phase, and (iii) a physicochemical gradient. Recent experiments of [START_REF] Milke | Orthopyroxene rim growth between olivine and quartz at low temperatures (750-950 °C) and low water concentration[END_REF][START_REF] Milke | Very little water is necessary to make a dry solid silicate system wet[END_REF] at 700-950 °C and 1.9 GPa suggest that fluid saturation can be achieved even at extremely low water concentrations in MgO-SiO 2 -H 2 O simple chemical systems, representative of the mantle.

In these experiments, where mass transfer is triggered by a local chemical gradient resulting from the contact between an olivine and a quartz crystal, the existence of only 20 wt. ppm of excess water in the form of a free fluid phase (filling pores of 2-5 µm in length) is enough to produce ca. 20 µm wide orthopyroxene rim in 72 h, indicating reaction rates equivalent to those observed in systems with several thousands of ppm water. In natural systems, additional components, such as CaO, Al 2 O 3 , and Na 2 O, will result in the crystallization of hydrous phases, such as amphiboles, at the aforementioned pressure and temperature conditions (Fig. 9 and also [START_REF] Green | Water and its influence on the lithosphere-asthenosphere boundary[END_REF], limiting the free water content. For a peridotitic composition, fluid saturation is reached at 1.0-1.4 wt.% amphibole content at the pressure and temperature conditions estimated for the shear zone (Fig. 9). This value is in excellent agreement with the modal amount of amphibole observed in the shear zone, particularly in the Ultramylonites (1.0-1.6 area %; Fig. 5; Table 1). Note that once the system reaches saturation (i.e., the maximum amount of amphibole is formed), further fluid percolation will not result in increase of amphibole content, but in free fluid. It is also worth to note that at pressures higher than 3 GPa and lower than ca. 0.4 GPa, amphibole is no longer stable (Fig. 9) and dissolution-precipitation creep can be activated at very low water concentrations, similar to those in the experiments.

Available experimental data on aqueous fluids coexisting with olivine and pyroxene at deep crust/upper mantle conditions (700-900 °C and 0.4-1.5 GPa, Zhang and Frantz, 2000;[START_REF] Newton | Solubility of enstatite + forsterite in H 2 O at deep crust/upper mantle conditions: 4 to 15 kbar and 700 to 900 °C[END_REF] indicate that under the conditions inferred for the functioning of the shear zone, the molality of aqueous SiO 2 in the fluid ranges from 0.16 to 0.5 mol/kg. These values are only four times lower than the SiO 2 solubility in quartz-saturated fluids [START_REF] Manning | The solubility of quartz in H 2 O in the lower crust and upper mantle[END_REF] or in fluids buffered by albite+paragonite+quartz [START_REF] Manning | Premelting polymerization of crustal and mantle fluids, as indicated by the solubility of albite + paragonite + quartz in H 2 O at 1 GPa and 350-620 °C[END_REF]. Field and experimental evidence for dissolution-precipitation creep has been well documented in quartzrich and feldspar-rich lithologies under fluid saturation conditions (e.g., [START_REF] Tullis | Deformation-enhanced fluid distribution in feldspar aggregates and implications for ductile shear zones[END_REF][START_REF] Stöckhert | Low effective viscosity during high pressure metamorphism due to dissolution precipitation creep: the record of HP-LT metamorphic carbonates and siliciclastic rocks from Crete[END_REF][START_REF] Menegon | Dissolution-precipitation creep of K-feldspar in mid-crustal granite mylonites[END_REF]. By analogy to these systems, we conclude that SiO 2 solubility in fluids buffered by olivine and orthopyroxene is enough to promote effective mass transfer. This conclusion is corroborated by the experiments of [START_REF] Milke | Orthopyroxene rim growth between olivine and quartz at low temperatures (750-950 °C) and low water concentration[END_REF][START_REF] Milke | Very little water is necessary to make a dry solid silicate system wet[END_REF] and by natural observations suggesting dissolution (Padrón-Navarta et al., 2010a) or crystallization of orthopyroxene (e.g., [START_REF] Mcinnes | Hydrous metasomatism of oceanic sub-arc mantle, Lihir, Papua New Guinea: petrology and geochemistry of fluid-metasomatised mantle wedge xenoliths[END_REF][START_REF] Soustelle | Deformation and Fluid-Rock Interaction in the Supra-subduction Mantle: Microstructures and Water Contents in Peridotite Xenoliths from the Avacha Volcano, Kamchatka[END_REF] in peridotites by aqueous fluids with small amounts of dissolved silicates.

The third requirement that needs to be addressed is the existence of local physicochemical gradients necessary to produce a heterogeneous fluid composition and therefore effective mass transfer. It can be envisaged that the low permeability of peridotites, even under dynamic conditions, will result in a sluggish fluid flow. Under these conditions the composition of the fluid will be locally controlled by the minerals in direct contact with the fluid leading to local disequilibrium and to spatial variations in the silica concentration. These changes in the percolating fluid will allow for alternating dissolution and precipitation of olivine and orthopyroxene, accounting for the microstructural observations, which point to both crystallization of olivine at the expense of orthopyroxene (aqueous SiO 2 increasing in the fluid)e.g., the presence of olivine in the embayments of the orthopyroxene porphyroclasts (Fig. 5c)and the crystallization of orthopyroxene at the expense of olivine (aqueous SiO 2 decreasing in the fluid) in the pressure shadows and tails of orthopyroxene porphyroclasts, as well as in the Ultramylonite bands (Fig. 5c-e). An alternative explanation is that the fluid composition is heterogeneous due to variations in the stress field at the grains' scale (e.g., [START_REF] Wheeler | The significance of grain-scale stresses in the kinetics of metamorphism[END_REF]. This effect will be enhanced at relatively low-pressure conditions (<0.8 GPa) where the SiO 2 solubility in fluids is more dependent on local pressure variations than in temperature (cf. Fig. 6 in [START_REF] Newton | Solubility of enstatite + forsterite in H 2 O at deep crust/upper mantle conditions: 4 to 15 kbar and 700 to 900 °C[END_REF].

In experiments, crystallization of orthopyroxene at the expenses of olivine results in compositional gradients, in particular, enrichment in Ni in olivine in the vicinity of the reaction zone [START_REF] Milke | The behavior of Mg, Fe, and Ni during the replacement of olivine by orthopyroxene: Experiments relevant to mantle metasomatism[END_REF]. Such gradients are not observed in the Mylonites and Ultramylonites.

We have shown in Section 7.2 that solid state re-equilibration in the fine-grained peridotites that compose the shear zone may have reset even the elements with the slowest diffusion coefficients in orthopyroxene, such as Cr. Given that the diffusion of Ni in olivine is orders of magnitude faster (e.g., [START_REF] Petry | Experimental determination of Ni diffusion coefficients in olivine and their dependence on temperature, composition, oxygen fugacity, and crystallographic orientation[END_REF] than that of Cr in orthopyroxene [START_REF] Cherniak | Diffusion in Pyroxene, Mica and Amphibole[END_REF] and references therein), the current lack of compositional gradients in the studied shear zone may be explained by solid-state re-equilibration coupled to the high amount of olivine as Ni reservoir (Fig. 4) and the more diffuse spatial distribution of reactions (cf. Fig. 5) in nature than in the experiments.

Where in the upper mantle may dissolution-precipitation creep occur?

The conditions at which dissolution-precipitation may be active in the upper mantle are very restrictive. This process requires significant amounts of free aqueous fluids and, hence, the presence of a fluid-source. The existence of free aqueous fluids in the mantle is also limited by the crystallization of hydrous minerals, such as chlorite that forms at temperatures below ca. 700-750 °C (Fig. 9) (e.g., [START_REF] Vissers | Mantle shear zones and their effect on lithosphere strength during continental breakup[END_REF]Padrón-Navarta et al., 2010b) and by the onset hydrous melting (ca. 1000-1100 °C; [START_REF] Green | Experimental melting studies on a model upper mantle composition at high pressure under water-saturated and water-undersaturated conditions[END_REF].

It is therefore difficult to envisage a process leading to large fluxes of aqueous fluids through the subcontinental lithospheric mantle. However, the latest stages of exhumation of the Ronda peridotite massif involve kilometer-scale folding and subsequent shearing of a previously highly attenuated continental lithosphere in response to back-arc basin inversion (Hidas et al., 2013a[START_REF] Hidas | Hyperextension of continental to oceanic-like lithosphere: The record of late gabbros in the shallow subcontinental lithospheric mantle of the westernmost Mediterranean[END_REF]. The studied shear zone formed in the hinge zone of this large-scale fold (Fig. 1 and also Hidas et al., 2013a). In such a setting, limited amounts of fluids might have been released by dehydration of crustal units overthrust by the peridotites and channeled by pressure gradients in the hinge zone of the fold. This model is corroborated by the geometry of the shear zone, which suggests that it propagated upwards from the vicinity of the contact with the crustal units towards the center of the massif (Fig. 1). The presence of crustal units beneath the peridotites is further supported by the Sr-Nd-Pb radiogenic isotopic signature of late high-Mg pyroxenite dikes that crosscut the Ronda peridotites [START_REF] Marchesi | A late Oligocene suprasubduction setting in the westernmost Mediterranean revealed by intrusive pyroxenite dikes in the Ronda Peridotite (southern Spain)[END_REF], which suggests that they formed by fluid-flux melting of lower crustal granulites similar to those that currently overlie the massif (Varas-Reus et al., in prep).

The conditions allowing for the existence of significant amounts of free aqueous fluids may nevertheless be achieved locally in the mantle atop a subduction zone, in a domain delimited by the serpentinite and chlorite stability and the wet solidus (e.g., [START_REF] Van Keken | High-resolution models of subduction zones: Implications for mineral dehydration reactions and the transport of water into the deep mantle[END_REF]. If enough free fluids are present, dissolution-precipitation creep may allow deformation of mantle rocks in these rather cold domains of the mantle at lower stresses than dislocation creep.

It may therefore be a key process allowing for deformation and maybe partial decoupling of the plates between the deeper, higher temperature domains of the wedge and shallower, serpentinelubricated fault zones. If active, dissolution-precipitation creep would imply in feedback between deformation and fluids transport and, hence, in highly heterogeneous deformation in the shallow mantle wedge. Association of highly localized deformation and the very weak olivine CPO produced by dissolution-precipitation creep may also provide an explanation for the very weak seismic anisotropy usually recorded in the fore-arc domains of subduction zones (delay times <0.5 s, e.g., [START_REF] Long | The Subduction Zone Flow Field from Seismic Anisotropy: A Global View[END_REF][START_REF] Leo | Deformation and mantle flow beneath the Sangihe subduction zone from seismic anisotropy[END_REF].

Conclusions

Analysis of the compositions, microstructures and crystal preferred orientations from a shear zone in the Ronda massif (Southern Spain) consistently points to fluid-assisted ductile strain localization in the shallow mantle lithosphere. This shear zone is 50 m wide close to the contact with the crustal units, but <50 cm in its termination, close to the limit with the granular spinel The present study demonstrates that dissolution-precipitation creep may be an effective deformation process in the shallow upper mantle at temperature conditions ca. 750-1000 °C. It also points to strong feedbacks between deformation and permeability, leading to fluid focusing in actively deforming strain zones. In the studied shear zone, extensive dissolution-precipitation is restricted to mm-scale ultramylonite zones due to limited fluid availability. However, dissolution-precipitation creep might play an important role in the deformation of some domains of the mantle wedge above subduction zones, where large amounts of fluids may be present. In this case, we may, based on the present data, envisage major feedback between deformation and fluid transport. diameter of a grain is the diameter of a circle that has the same area as the grain. The shape factor is the ratio between the perimeter of a grain and the perimeter of an equal-area circle. The area-weighted mean grain size of olivine or orthopyroxene is used to avoid overrepresentation of the smallest grain fraction, which contains a large number of grains, but occupies a limited surface in the sample. 
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Table captions

Table 1: Modal compositions and whole rock major element concentrations (in wt%) in the coarse-grained protolith and the shear zone. Mineral modes of the protolith and shear zone whole rocks (WR) have been reconstructed by averaging the mass-balance of whole rock and mineral major element compositions, using the total inversion method of [START_REF] Tarantola | Generalized nonlinear inverse problems solved using the least squares criterion[END_REF]; modal proportions in anhydrous weight percent, marked by a star. Due to the lack of any characteristic major element, the amount of amphibole cannot be estimated with this method.

Mineral modes of amphibole in the whole rocks (both the protolith and the shear zone) and those of the other constituent phases in the microstructural domains of the shear zone are calculated by averaging out EBSD phase maps weighted by the area of the maps; modal proportions in area percent. To calculate the whole rock modal composition of the shear zone with this method, we assumed a Mylonite:Ultramylonite-1 ratio of 30:70 (cf. Fig. 2). Numbers in parentheses at the Mylonite represent values if the orthopyroxene porphyroclasts are not included in this domain.

Labels -Amp: amphibole; Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel. For whole rock major and minor transition element (e.g., Ni, Cr) analyses, samples were crushed and pulverized in a Pulverisette agate mortar. FeO t : all iron reported as Fe 2+ ; LOI: loss on ignition; mg#=[Mg/(Mg+Fe)] in cation ratio. Note that samples names are reported only to identify analyses and do not correspond to microstructural domains in the upper part of the table, which are averages of various analyses. 

  alignment of [100]-axes at high angle to the foliation and of [001]-axes subparallel to the foliation plane. Due to the relatively low amount of orthopyroxene porphyroclasts in the Mylonite (cf. Fig. 5a-b) the CPO is statistically not representative, but the porphyroclasts (not shown in Fig. 7) are usually elongated with [001]-axes subparallel to the lineation and [100]-axes perpendicular to the foliation. The CPO of the fine-grained orthopyroxenes in all domains of the shear zone (Mylonite lenses, Ultramylonite-1 and 2 bands) is markedly different. Although weak (J-index <2), it is characterized by a clear point maximum of [001]-axes perpendicular to the foliation and by a girdle distribution of [100]-and [010]-axes subparallel to the foliation plane with a weak concentration of [100]-axes subparallel to the lineation. The similarity of the finegrained orthopyroxene CPO in all three domains is noteworthy. Analysis of Fig. 7 also highlights that the distribution of the [001]-axes of fine-grained orthopyroxene mimics that of olivine [001]-axes with a ca. 20° obliquity in both the Mylonite lenses and Ultramylonite-1 bands. This relation is not verified in the Ultramylonite-2 bands, because the olivine CPO in these bands is almost random.

  . Dissolution-precipitation creep may, however, produce the observed microstructure if fluid flows dominantly parallel to the shear plane. Higher fluid fluxes along the faces parallel to the shear plane and the foliation will control the triggering of the crystallization reaction. The elongated shapes of the crystals suggest nevertheless that further growth occurred by continued precipitation on the extensional faces of orthopyroxene neoblasts. In conclusion, we propose that the change in microstructures and CPO of olivine and orthopyroxene from the Mylonite lenses to the Ultramylonite bands records a decreasing contribution of dislocation creep and increasing contribution of dissolution-precipitation creep, the Ultramylonite-1 bands representing an intermediate stage. This change in dominant deformation mechanism is accompanied by progressive strain localization. Feedbacks between deformation and permeability probably resulted in focusing of the fluid flow and by consequence in more effective deformation, favoring strain localization up to the formation of the very thin Ultramylonite-2 bands.

  peridotite domain. It is composed of Mylonite lenses surrounded by mm-scale Ultramylonite bands, which are composed of fine-grained (average grain sizes <20 µm) well-mixed olivineorthopyroxene aggregates with sinuous interphase grain boundaries. The microstructures in Mylonite lenses, such as the elongated porphyroclasts of olivine and orthopyroxene and the high density of subgrains in olivine, imply that dislocation creep predominated in the early stages of development of the shear zone. Channeling of aqueous fluids in this evolving shear zone is supported by (1) the unusual olivine CPO, which indicates dominant activation of (001)[100] glide; (2) the corroded shapes of orthopyroxene porphyroclasts, which indicate crystallization of olivine at the expenses of orthopyroxene, and (3) the olivine-orthopyroxene mixing in the pressure shadows of the orthopyroxene porphyroclasts, which indicates re-precipitation of orthopyroxene at mm distances. Further fluid focusing, leading to an increase in the contribution of dissolution-precipitation creep to the deformation, is corroborated by the enrichment in amphibole and by the analysis of the olivine-orthopyroxene shapes, spatial arrangements, and CPO in the Ultramylonite bands. Changes in Si molality of the percolating fluid allowed for alternating dissolution and precipitation of Si (crystallization of olivine at the expenses of orthopyroxene and vice versa), accounting for redistribution of both minerals in the ultramylonites. The increasing contribution of dissolution-precipitation to deformation is also recorded by the marked decrease in the strength of olivine CPO from the Mylonite to Ultramylonite-1 bands and the almost random olivine CPO in the Ultramylonite-2 bands. It is also supported by the atypical orthopyroxene CPO in the shear zone, which cannot be explained by dislocation creep and probably results from synkinematic oriented crystallization and growth.
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Table 1

 1 

		Protolith	Shear Zone	MYL	UMYL-1	UMYL-2
		(WR)	(WR)		(Domain)	(Domain)	(Domain)
	Ol	74.8*	77.3*	76.2	81.6	(95.1)	73.8	75.2
	Opx	23.3*	20.6*	21.6	17.9	(4.4)	23.2	21.4
	Cpx	1.1*	0.8*	0.9	0.2	(0.2)	1.2	2.0
	Spl	0.8*	1.3*	0.2	0.1	(0.1)	0.2	0.3
	Amp	<0.5	1.2		0.2	(0.2)	1.6	1.0
	Locality		Protolith whole rock			Shear zone whole rock	
	Sample#	RK025	RK026	RK027	RK109	RK111B	RK111E	RK112
	SiO 2	43.8	42.4	42.7	44.4	42.7	42.2	42.9
	TiO 2	0.03	0.01	0.03	0.04	0.10	0.02	0.07
	Al 2 O 3	1.67	0.49	0.42	0.52	1.21	0.42	0.38
	Cr 2 O 3	0.37	0.41	0.39	0.35	0.40	0.33	0.34
	FeO t	7.58	8.12	7.68	7.52	7.62	7.29	7.30
	MnO	0.14	0.13	0.13	0.13	0.13	0.13	0.13
	MgO	41.9	45.0	45.5	44.9	42.5	43.2	44.8
	NiO	0.28	0.29	0.30	0.30	0.28	0.29	0.30
	CaO	1.74	0.51	0.36	0.43	1.16	0.36	0.36
	Na 2 O	<0.01	<0.01	<0.01	<0.01	<0.01	<0.01	<0.01
	K 2 O	<0.01	<0.01	<0.01	<0.01	<0.01	<0.01	<0.01
	P 2 O 5	0.02	0.01	0.01	0.01	0.02	0.01	0.01
	LOI	2.42	2.67	1.96	0.41	3.03	4.80	2.79
	Total	99.9	100.0	99.5	98.9	99.2	99.0	99.4
	mg#	0.9079	0.9081	0.9135	0.9140	0.9086	0.9135	0.9163

Zhang, Y.-G., Frantz, J.D., 2000. Enstatite-forsterite-water equilibria at elevated temperatures and pressures. AmericanMineralogist 85,[918][919][920][921][922][923][924][925] 
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different microstructural domains of the shear zone. Pole figures are lower hemisphere, equalarea stereographic projections; contours as 0.5 multiples of a uniform distribution, black square: maximum density. Pole figures are plotted using the average orientation of each grain (‗one point per grain') to avoid over-representation of large porphyroclasts in the thin sections. All data are presented in the structural reference frame of the shear zone; the full line denotes the average orientation of the foliation and lineation is indicated by a white star. For the protolith, the dashed line indicates the average orientation of the foliation in the shear zone and the dotted one represents the average orientation of the high-T foliation in nearby plagioclase tectonites (Fig. 1). Labelsn: number of measured grains; J Ol and J Opx are the J-indices of olivine and orthopyroxene, respectively; UMYL-2: Ultramylonite-2. [START_REF] Brey | Geothermobarometry in four phase lherzolites II. New thermobarometers and practical assessment of existing thermobarometers[END_REF] and the Cr-Al-Opx method of Witt-Eickschen and Seck (1991) based on orthopyroxene major element chemical data. The effect of pressure on temperature estimates using the Ca-in-Opx method is depicted by presenting the values estimated for 0.8 GPa by symbols and those for a pressure range of 0.5-1.5 GPa by vertical bars. The 0.8 GPa value corresponds to the pressure of spinel to plagioclase phase transformation reaction responsible for development of small-scale shear zones in nearby pyroxenites with a kinematics similar to the presently studied shear zone (Hidas et al., 2013a,b). For comparison, we show pre-and post-kinematic conditions reconstructed by Perple_X thermodynamic modeling for these pyroxenites (Hidas et al., 2013b).

Tlc-in, Chl-in and Amp-out indicate the temperature ranges for the appearance of talc and chlorite, and disappearance of amphibole at 0.8 GPa, respectively, calculated using Perple_X (Fig. 9). S1: Electron microprobe analyses (EPMA) of minerals (in wt %). FeO*: all iron reported as Fe 2+ ; Cr#=Cr/(Cr+Al) and Mg#=Mg/(Mg+Fe) expressed in cation numbers of atomic per formula units; nd: not detected. 
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