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Deformation in a partially molten mantle: Constraints from
plagioclase lherzolites from Lanzo, western Alps

Katherine Higgie, Andréa Tommasi ⁎

Geosciences Montpellier, CNRS & Université de Montpellier 2, F-34095 Montpellier cedex 5, France

We studied the deformation in a partially molten mantle through detailed petrostructural analysis of plagioclase lherzolites from the northwestern part of the 

central Lanzo massif. These peridotites display a pervasive anasto-mosed network of millimetre to centimetre-scale plagioclase-rich bands, which grades locally 

into a planar layering marked by an intercalation of plagioclase-rich and olivine-rich layers up to tens of centimetres wide. Both the anastomosed and the planar 

layering are subparallel to the deformation fabric, characterized by a foli-ation defined by the shape-preferred orientation of olivine and by crystal preferred 

orientation (CPO) of olivine, orthopyroxene, and clinopyroxene. This parallelism, the coexistence of microstructural evidence for melt–rock reactions and for 

deformation by dislocation creep, and the predominance of axial-[010] olivine CPO patterns, characterized by [010] axes clustered normal to the layering, 

indicate that deformation and the reactive melt per-colation that formed the layering were coeval. Strong heterogeneity in mineral composition in the planar 

layering domains, with Fe-enrichment in olivine and spinel and highly variable Ti content in spinel in cm-scale plagioclase-rich bands, implies that the latter 

interacted with higher melt volumes. High Ti contents in pyroxenes and spinel in the anastomosed layering domains point to changes in melt composition, 

hinting to less effective melt transport. We propose therefore that the planar layering records melt segregation in layers parallel to the shear plane, whereas the 

anastomosed layering results from melt alignment along grain boundaries subparallel to the shear plane, without segregation. Finite strain in the different layers 

cannot be quantified, but comparison of the present observations with data from experiments and from other mantle outcrops displaying shear-controlled melt 

organization suggests that the transition from the anastomosed to the planar layering might record an increase in finite strain, that is, strain localization 

associated with variations in the instantaneous melt fraction.

1. Introduction

The mechanical behaviour of partially molten regions in the shallow

upper mantle and the processes governing melt transport and distribu-

tion in these domains are important, yet largely unresolved questions in

geodynamics. Very low melt fractions (≤1%) may reduce the rocks'

viscosity by more than one order of magnitude (Rosenberg and

Handy, 2000; Takei, 2005). On the other hand, deformation may

enhance permeability and lead tomelt focussing into layers or channels

(Holtzman et al., 2003a,b; Katz et al., 2006). These interactions

between melt distribution and deformation play an essential role

in localizing strain, as documented in shear zones formed at the

lithosphere–asthenosphere boundary (Dijkstra et al., 2002; Kaczmarek

and Tommasi, 2011; Kelemen and Dick, 1995; Le Roux et al., 2008) and

in the middle and lower crusts (e.g., Brown and Solar, 1998; Hollister

and Crawford, 1986; Tommasi et al., 1994).

Experiments showed that deformation of partially molten aggre-

gates in shearing leads to melt segregation into bands oriented at

≤20° to the shear plane (Holtzman et al., 2003a, 2005; King et al.,

2010; Zimmerman et al., 1999). This melt segregation results in further

weakening of the melt–rock aggregates (Holtzman et al., 2012). Melt

segregation in layers may also produce anisotropy in viscosity

(Holtzman et al., 2012), electrical conductivity (Caricchi et al., 2011),

and seismic wave propagation and attenuation in the upper mantle

(Holtzman and Kendall, 2010; Vauchez et al., 2000). Shear-induced

melt organization has been proposed to strongly contribute to

seismic anisotropy in rift zones and, more generally, in the lithosphere–

asthenosphere boundary (Holtzman and Kendall, 2010).

A recent study of the shallowmost mantle section (Moho Transition

Zone, MTZ) of the Oman ophiolite provided evidence that deformation-

controlled melt segregation also occurs in nature and that melt–rock

reactions during this process produce compositionally layered perido-

tites (Higgie and Tommasi, 2012). This study also highlighted a change

in olivine crystal preferred orientation from axial-[100] to axial-[010],

where the [100] axis becomes distributed in the plane of foliation and

[010] concentrated normal to it, in the melt-rich bands. This change
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has been interpreted as due to a combination of melt-assisted glide on

preferentially wetted (010) boundaries, local transpressive deforma-

tion, and limited activation of the (010)[001] system in olivine (Higgie

and Tommasi, 2012). However, these observations come from an end-

member situation (active ridge setting, in the vicinity of a mantle

diapir), where strong shear deformation affected peridotites containing

melt fractions that probably largely exceeded, at least locally, the 1–2%

values generally accepted for the upper mantle. One may question if

they can be extrapolated to the ‘normal’mantle. Here we present a de-

tailed petro-structural study of a section of plagioclase-rich lherzolites

from the central domain of the Lanzo peridotite massif in southern

Alps, which records interactions with melts at shallow depths in the

mantle (b40 km depth; Bodinier et al., 1991).

2. Geological background and study site

The Lanzo massif is a N150 km2 peridotite body located in the

western Alps (Boudier, 1978). It is traditionally interpreted as a part of

the mantle section of the Piemont–Ligurian oceanic plate (Lagabrielle

et al., 1989), which has been subducted to eclogite facies before fast ex-

humation during the Alpine orogenesis (Compagnoni and Sandrone,

1979; Kienast and Pognante, 1988). Pervasive eclogitic metamorphic

equilibration is however restricted to the borders of the massif

(Kienast and Pognante, 1988; Pelletier and Müntener, 2006); most of

the massif records a tectono-metamorphic evolution under high-

temperature, low pressure conditions interpreted as associated to the

extension that formed the Piemont–Ligurian ocean (Bodinier, 1988;

Bodinier et al., 1991; Boudier, 1978; Kaczmarek and Muntener, 2008;

Lagabrielle et al., 1989).

The massif is split into three bodies: the southern, central and

northern bodies (Fig. 1), which are separated by retrogressive shear

zones (Boudier, 1978; Kaczmarek and Muntener, 2008; Kaczmarek

and Tommasi, 2011). The three bodies have contrasted compositions,

which record different evolutions. The northern body is traditionally

interpreted as a fragment of subcontinental lithospheric mantle sepa-

rated from the convective mantle N400 Ma years ago (Bodinier et al.,

1991). The southern body was proposed to represent asthenospheric

mantle, which rose from the garnet stability field to shallow depths,

being submitted to partial melting and melt extraction (6–12%, locally

up to 20%) during the formation of the Piemont–Ligurian ocean

(Bodinier et al., 1991). The central body, in which the present study

area is located, displays transitional geochemical features. It is com-

posed dominantly by plagioclase lherzolites (Boudier, 1978) and was

interpreted as a subcontinental mantle lithosphere fragment modified

by reactive percolation of low fractions ofmelts of asthenospheric origin

(Bodinier et al., 1991). Reactive transport of MORB-type melts in Central

and South Lanzo is recorded in the field by the formation of plagioclase-

rich lenses aligned in the foliation or at a low angle to it in the lherzolites,

by the development of reactive spinel harzburgite–dunite channels, and

byMORB-type gabbro dykeswhich intrude all lithologies (Bodinier et al.,

1991; Boudier, 1978). Reactive melt percolation in Central and South

Lanzo is also evidenced by microstructures recording replacement

of olivine by orthopyroxene and of clinopyroxene by intergrowths

of orthopyroxene and plagioclase (Kaczmarek and Muntener, 2008;

Muntener and Piccardo, 2003). Zircon ages in the gabbro dikes date

this event at ca. 161–163 Ma (Kaczmarek et al., 2008), whereas the

high pressure metamorphism was dated at 45–55 Ma (Rubatto et al.,

2008).

Partial melting and reactive melt percolation resulted in an impor-

tant compositional heterogeneity of the massif, which is illustrated by

the variation in Al2O3 content of the peridotites (Fig. 1). As the aim of

the present study was to analyse the relations betweenmelt and defor-

mation, we focused our observations in the northwestern part of the

Central Lanzo body, which shows the highest Al2O3 contents within

themassif, reflecting high plagioclase contents (Bodinier, 1988).Within

this domain, the best outcrops, which were selected for the present

study, occur in the Rio Ordagna, between N45°15.56, E7°25.665′ and

N45°15.511′, E7°25.324′ (Fig. 1). These outcrops are characterized by

coarse-grained peridotites with a well-developed layering recorded by

variations in the plagioclase content (Fig. 2).

3. Methods

Twenty-one 25 mm-wide geographically oriented cores sampling

the different compositional and textural facies observed in a 500 m

long almost continuous riverbed outcrop were drilled in three locations

separated by ~50 m (Table 1). Due to the necessity to drill on a flat

surface, the cores were often drilled oblique to the compositional

layering. To sample the textural variability at the cm-scale and to ensure

that a representative volumewas analysed, formost cores, two polished

thin-sections for microstructural analysis and crystal preferred orienta-

tion (CPO)measurementswere prepared along a vertical plane contain-

ing the core axis. Core orientations were used to rotate the crystal

preferred orientation data to a geographic reference frame using the

Rotctf programme by D. Mainprice (ftp://www.gm.univ-montp2.fr/

mainprice//CareWare_Unicef_Programs/). This rotation allowed straight-

forward comparison between the CPO data from different samples and

between the CPO and the orientation of the layering.

CPO of olivine, orthopyroxene, clinopyroxene, and plagioclase were

measured by indexation of electron back-scattered diffraction (EBSD)

patterns at the Geosciences Montpellier SEM-EBSD facility using a

scanning electron microscope JEOL JSM5600 with an acceleration volt-

age of 17 kV and a working distance of 23 mm. Oxford Instruments

Channel+ software was used to process the images and index themin-

erals with respect to their crystallographic orientation. Orientation

maps covering 80–90% of the thin section surface were acquired in au-

tomatic acquisition mode. Step sizes between 35 μm and 80 μm were

used (at least 1/4 of the smallest grain size) to ensure a correct sampling

of the smaller grains. Raw indexation rates ranged from 45% to 80%.

Non-indexed areas resulted from polishing defects, alteration, fractures,
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Fig. 1. Simplified map of the Lanzo peridotite displaying the location of the study area in

the northwestern part of the Central Lanzo body, which shows the highest Al2O3 contents

within the massif, reflecting high plagioclase fractions. Al2O3 content map and foliation

and pyroxenite layering orientations were derived from Bodinier (1988) and Boudier

(1978), respectively. (1) Lanzo serpentinite; (2) Piedmontese ophiolitic sequences; (3)

Mesozoic metasedimentary rocks; (4) Late cenozoic metasedimentary rocks.
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and grain boundaries. Standard post-acquisition data treatment for

olivine-rich rocks (cf. Tommasi et al., 2008), controlled by comparison

with opticalmicroscopy observations, allowed the increasing of thepro-

portion of indexed points. All CPOs are shown on equal area lower

hemisphere stereonets in the geographic reference frame. They are

plotted as one average orientation measurement per grain to avoid

oversampling of larger crystals and are density contoured when more

than 100 grains could be measured in the thin section.

CPO intensities and symmetry were analysed using both one-

orientation-data-per-pixel and one-average-orientation-per-grain,

ensuring in the latter case that ≥100 grains were measured to ensure

statistical representativity (Ben Ismail and Mainprice, 1998). The CPO

strength was determined using the J-index, which is the volume-

averaged integral of the squared orientation densities, ranging from 1

for a random distribution to infinity for a single crystal (Bunge, 1982).

The J-index was calculated using the MTEX toolbox in MATLAB

(Bachmann et al., 2010; Hielscher and Schaeben, 2008; Mainprice

et al., 2011), using orientation distribution functions (ODF) calculated

using a ‘de la Vallée Poussin’ kernel with a half width of 10°, corre-

sponding to a bandwidth of 28.

To characterize the symmetry of the olivine CPO the BA-index was

used. This index is based on the LS-index proposed by Ulrich and

Mainprice (2005). It is calculated as:

BAXindex ¼ 1=2 2−
P010

G010−P010

� �

−
G100

G100−P100

� �� �

ð1Þ

where P and G are the Point and Girdle fabric indices (Vollmer, 1990)

for the [100] and [010] crystallographic axes. These indices are calculat-

ed using the MTEX software (Bachmann et al., 2010; Hielscher and

Schaeben, 2008). For each axis, the orientation tensor and its three

eigenvalues λ1, λ2, λ3(where λ1 ≥ λ2 ≥ λ3 and λ1 + λ2 + λ3 = 1) are

used to determine:

P ¼ λ1−λ2 and G ¼ 2 λ2−λ3ð Þ: ð2Þ
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Fig. 2.Meso andmacroscopic structures. (a) Dominant diffuse anastomosed layering that grades to a planar layering containing a ~10 cm thick olivine-rich layer in the centre of the photo;

labels mark the location of cores 1 to 4, which sample the diffuse anastomosed layering. (b) Detail of the transition between the diffuse anastomosed layering to the planar layering domain.

(c) Diffuse anastomosed layering,white arrowsmark plagioclase concentrations oblique (~20° counterclockwise) to the dominant orientation of the layering (S), indicated by the black line.

(d) Plagioclase-rich sectionwithin thediffuse anastomosed layering. (e) Planar layering domain, which grades at the bottomof thephoto into a coarse anastomosed layering; labelsmark the

location of cores 13 to 15 and 20 to 21, which sample planar layers with different plagioclase contents and the transition between a planar and a coarse anastomosed layering, respectively.

(f) Coarse anastomosed layering, characterized by cm-thick diffuse plagioclase-rich layers enclosing olivine-rich lenses a few cm thick and tens of cm long (continuation of outcrop displayed

in (e)); labels mark the location of cores 16 to 19.
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For a perfect axial-[010] CPO (also called fibre-[010]), the P and

G values for [010] and [100] are 1, 0 and 0, 1, respectively, and the

BA-index is 0. For a perfect axial-[100] CPO (also called fibre-[100]),

the P and G values for [100] and [010] are 1, 0 and 0, 1, respectively,

and the BA-index is 1.

Modal compositions were estimated from EBSDmaps. Due to wide-

spread alteration, plagioclase was poorly indexed, except in sample 9,

where it was fresh. The modal percentage of plagioclase was thus esti-

mated by manual drawing of the plagioclase distribution in plane-

polarized and cross-polarized optical images of the thin sections and

treating the resulting image with Photoshop and ImageJ.

Mineral compositions in eight thin sections representative of the dif-

ferent lithologies and textures were analysed at Université Montpellier 2

using a CAMECA SX100 Electron ProbeMicro Analyser (EPMA) equipped

withfivewavelength-dispersiveX-ray spectrometers (WDS) using an ac-

celerating voltage of 20 kV, a beam current of 10 nA, and 30 s counting

time for all elements.

4. Results

4.1. Field observations: meso- and macroscale structures

The studied section is mainly composed of plagioclase and spinel-

bearing lherzolites, which display a well-developed compositional

layering marked in the field by variations in the plagioclase (and

pyroxene) content (Fig. 2a–f). The morphology of the layering varies

at the decimetre (Fig. 2a,b) to tens of metres scale.

A pervasive anastomosed network of plagioclase-rich bandswith dif-

fuse limits, a few millimetres to centimetre wide, enclosing plagioclase-

poor lenses, characterizes most of the section (Fig. 2a–d, f). The

anastomosed nature of the layering results from orientation of the

plagioclase-rich lenses both parallel (dominant) and at ~20° to the peri-

dotite foliation (arrows in Fig. 2c). The relative proportion of plagioclase-

rich bands and plagioclase-poor lenses is highly variable. Plagioclase-rich

domains contain olivine-rich lenses a few millimetres wide and 1–2 cm

long (Fig. 2d), whereas in plagioclase-poor domains, diffuse millimetre-

thick plagioclase bands surround olivine-rich lenses few centimetres

wide and tens of centimetres long (Fig. 2f). Outcrops parallel to the

layering do not show a clear shape-preferred orientation of the

plagioclase-rich bands or plagioclase-poor lenses indicating a planar

(oblate) fabric. In addition, plagioclase-rich domains tend to have a

more planar structure than the plagioclase-poor ones (compare Fig. 2d

and c,f).

This anastomosed compositional layering locally grades into a planar

banding formed by the alternation of layers a fewmillimetres to tens of

centimetres wide, which are strongly enriched or depleted in plagio-

clase (Fig. 2a, b, and e). Olivine-rich layers are, in average, thicker than

plagioclase-rich ones (Fig. 2b and e). These layers have diffuse limits

(Fig. 2b) and are rather continuous in length; some may be followed

for a few metres. Rare, metric-scale spinel-bearing dunitic layers also

occur in the studied section. In these thick dunitic layers, the spinel

displays whitish rims, which could be interpreted as plagioclase rims,

but are mainly due to alteration to chlorite. 1–10 cm wide pyroxenite

bands, generally concordant with the plagioclase layering, also occur

locally.

The changes in the layering morphology from anastomosed to

planar or in the relative content in olivine and plagioclase do not follow

a regular pattern. They are repeated many times over the studied sec-

tion, which is composed by discontinuous metric to decametric scale

outcrops spread over ~200 m along the riverbed. There is also no

evidence of modal grading, i.e., plagioclase contents or the frequency

of plagioclase-rich bands becoming more/less frequent up or down

Table 1

Sample description and olivine CPO data (J- and BA-indexes). Starred samples had two parallel thin sections produced from the same core (modes and CPO data are averaged over the two

sections). Italicized samples are those selected for EMPA analysis of mineral compositions. Plg = plagioclase; SPO = shape-preferred orientation.

Sample Layering Modal composition (%) Olivine CPO Description

Ol Opx Cpx Plg Sp J BA

KHLZ1* 016/60SE 64.5 19 9 .5 1 6.16 0.43 Anastomosed layering: plg-rich domain with distributed isolated plg crystals and plg-poor domain

containing 2 mm wide plg-rich lenses

KHLZ2 016/60SE 67 13 11 9 – 7.67 0.35 Anastomosed layering: mostly plg-poor, but containing discontinuous 2–3 mmwide plg-rich layers

KHLZ3 016/60SE 61 17 11 1 – 3.9 0.44 Anastomosed layering: 1–3 mm wide plg-rich layers enclose plg-poor lenses (~6 mm wide and

15 mm long), large ‘poikilitic’ opx

KHLZ4 040/50SE 70 13 9 8 – 5.16 0.37 Anastomosed layering: plg-rich lenses, very altered

KHLZ5 040/50SE 79 13 4 3 1 6.78 0.46 Planar layering: olivine-rich, plg-poor layer a few cm wide, in between 6 & 7, olivine SPO

KHLZ6* 040/50SE 66.5 13 9 11 0.5 4.57 0.44 Planar layering: plg-rich layer 1–2 cm wide, core at low angle to layering plane, plg evenly distributed,

forming lenses slightly elongated parallel to olivine lineation

KHLZ7* 040/50SE 72 9 10 9 – 4.75 0.43 Transition from planar to anastomosed layering: mostly plg-poor, but containing discontinuous

plg-rich layers 2–3 mmwide, weak olivine SPO, sp elongated

KHLZ8* 050/50SE 68 15 10 7 – 7.34 0.20 1 m thick band with diffuse anastomosed layering: interconnected plg-rich lenses, very coarse grains

KHLZ9* 050/50SE 67 15 11 7 – 6.2 0.18 Anastomosed layering: large plg-poor lenses containing isolated interstitial plg surrounded by

discontinuous plg-rich layers

KHLZ10* 050/50SE 64 18 9 8 1 4.59 0.32 Anastomosed layering: large plg-poor lenses containing isolated interstitial plg surrounded by

discontinuous plg-rich layers

KHLZ11 050/50SE 69 19 6 6 – 6.44 0.37 Limit between a planar and an anastomosed layering domain: discontinuous plg-rich lenses parallel

to olivine SPO

KHLZ12* 050/50SE 71.5 16 9 3 0.5 4.62 0.22 Anastomosed layering: plg-poor layer with distributed interstitial plg in the lower part

KHLZ13 030/50SE 88 5 3 4 – 5.49 0.35 Planar layering: plg-poor with discontinuous 2–3 mm wide plg-rich lenses in the upper part of the

thin section, weak olivine SPO

KHLZ14 030/50SE 76 10 3 10 1 5.39 0.41 Planar layering: well-defined 1–2 cm wide plg-rich layer, very coarse grain size (N1 cm) in

olivine-rich layer

KHLZ15* 030/50SE 79 2 11 8 – 5.0 0.37 Planar layering: well-defined 1 cm wide plg-rich layers

KHLZ16* 030/50SE 70 17 7 6 – 4.62 0.31 Transition between anastomosed and planar layering: dominantly anastomosed, 2–3 mm wide

diffuse plg-rich layers surrounding ol-rich lenses

KHLZ17* 060/40SE 71 22 3 4 – 7.45 0.31 Transition between anastomosed and planar layering: mainly plg-poor, but diffuse plg-rich layers in

the upper part of thin section

KHLZ18* 060/40SE 72.5 14 6 7 0.5 5.24 0.28 Coarse anastomosed layering: 2–5 mm wide continuous plg-rich layers enclosing cm-scale plg-poor

lenses containing some interstitial plg

KHLZ19* 060/40SE 68 21 7 4 – 5.46 0.35 Coarse anastomosed layering: plg-poor lens containing aligned plg-rich aggregates, very coarse

grain sizes (up to 1 cm)

KHLZ20* 060/40SE 81 8 4 7 – 5.8 0.29 Transition between coarse anastomosed and planar layering: irregularly shaped plg-rich lenses

KHLZ21* 060/40SE 76 13 6 5 – 5.75 0.28 Transition between coarse anastomosed and planar layering: discontinuous plg-rich layers

4



section. Despite the variations in morphology, the layering orientation

remains constant, with a NE direction (20–60°) and intermediate dips

(40–60°) towards the SE over the entire studied section.

4.2. Modal compositions and microstructures

Most cores sampled the dominant diffuse anastomosed layering, but

cores 5, 6, 13, 14, and 15 sampled the planar layering (Table 1). Most

samples are fertile plagioclase lherzolites (Fig. 3, Table 1). When aver-

aged at the thin section scale, plagioclase content ranges from b3% to

11% (Table 1). However, the plagioclase distribution is highly heteroge-

neous (Fig. 4); at least half of the analysed thin sections display

plagioclase-poor regions (b2% plg) that alternate with plagioclase-rich

lenses or layers; the latter may be up to 1 cmwide and have plagioclase

contents of ~30% (Fig. 4d).

All samples display coarse-grained porphyroclastic to coarse granu-

lar textures (Fig. 4). Olivine and orthopyroxene crystals may reach N1

cm in diameter (Fig. 4d, upper left corner). The grain size distribution

is, however, not bimodal; grain sizes vary continuously. Olivine crystals

have irregular shapes, with interpenetrating grain boundaries, but

display a weak shape preferred orientation, marking the foliation

(Figs. 4 and 5a). Small polygonal crystals, as well as locally straight

grain boundaries and triple junctions are also common (Fig. 5b).

Although rare, 90° four-grain junctions were also observed. Undulose

extinction and subgrain boundaries are ubiquitous (Figs. 4 and 5a,b).

Olivine often displays concave contacts with orthopyroxene or occurs

as inclusions in the latter (Fig. 5c–e).
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theplagioclase distributionhighlighted in yellow andmicrostructures (photomicrographsunder crossed polarized light) for four typical thin sections. (a) Plagioclase-poor layer fromaplanar

layering domain (sample 5). (b) Discontinuous mm-scale plagioclase-rich layers from a diffuse anastomosed layering domain (sample 9B). (c) Diffuse anastomosed layering domain,

plagioclase-rich layer (sample 3). (d) Alternating centimetre-scale plagioclase-poor and plagioclase-rich layers in the planar layering domain (sample 14).
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Orthopyroxene generally occurs as large (up to 15 mmwide), irregu-

larly shaped grainswith sinuous grain boundaries (Figs. 4b upper left cor-

ner and 5c–e), which form cusps ‘filling’ triple junctions with olivine

grains (Fig. 5c–d) or even enclose fragments of a previously unique oliv-

ine crystal, as indicated by their common extinction angle (Fig. 5c).

Large orthopyroxene crystals often have olivine inclusions, which have

an almost identical orientation to adjoining olivine crystals (Fig. 5d).

Orthopyroxene shows no obvious shape preferred orientation, but

undulose extinctions and kinks are common (Fig. 5d–e). Fine exsolution

lamellae of clinopyroxene are ubiquitous (Fig. 5c–e). In the plagioclase-

rich lenses, orthopyroxene is often associated with plagioclase (Fig. 5f,h).

Clinopyroxene often occurs as irregularly shaped grainswith cusped

grain boundaries (Fig. 5f). It has generally smaller grain sizes than

orthopyroxene (b8 mm). It often contains orthopyroxene exsolution

lamellae (Fig. 5c) andmay also contain olivine inclusions. Some crystals,

but not all, show undulose extinction.
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Fig. 5. Photomicrographs in plane-polarized light illustrating typical microstructures. (a) Irregularly shaped olivine crystals, with interpenetrating grain boundaries, undulose extinction,

and subgrains (long white arrows mark subgrain boundaries, short white arrows indicate 120° triple junctions). (b) Olivine crystals with more polygonal shapes (arrows as in (a)) inter-

calatedwith small plagioclase crystals (outlined by thinwhite dashed lines)with either subhedral shapes andmechanical twins or irregular shapes. (c) Irregularly-shaped orthopyroxene,

with interpenetrating grain boundaries with olivine; note that this orthopyroxene separates fragments of olivine crystals with similar crystal orientations, denoted by the similar birefrin-

gence. (d & e) Large irregularly-shaped orthopyroxene crystalswith interpenetrating grain boundarieswith olivine and kinks (white arrow)marked by the sharp change in the orientation

of the clinopyroxene exsolutions. (f) Detail of a diffuse plagioclase-rich layer showing the irregular shapes of the individual plagioclase crystals (outlined by thin white dashed lines) and

their associationwith ortho- and clinopyroxene; note the very irregular shape of clinopyroxene and the spinel cores in someplagioclases. (g) Plagioclase and orthopyroxene-rich lens in an

olivine-rich domain, plagioclase crystals show either subhedral or irregular shapes, mechanical twins, and sometimes spinel cores, orthopyroxene has interstitial shapes (white arrow

marks a subgrain wall in olivine). (h) Rare large isolated plagioclase crystal elongated parallel to the foliation, but with irregular grain boundaries, displaying bending of the crystalline

network outlined by the twins.

6



Plagioclase is often completely transformed to sericite, but the ag-

gregates preserve their original shape (Fig. 4). Although they were not

observed optically in the studied thin sections, very small volumes of

relict high-pressure assemblages (zoizite ± talc ± kyanite ± chloritoid)

as the ones described in metagabbros crosscutting the peridotites in this

part of the massif (Pelletier and Müntener, 2006), may also be present

in these aggregates. For simplicity sake, in the following, although

strongly transformed during the late stages of the evolution of themassif,

these aggregates will be referred to as plagioclase. In layers with low

plagioclase contents, the plagioclase occurs as isolated crystals with irreg-

ular shapes, forming discontinuous chains aligned in the foliation

(Figs. 4a, 5b). Most often, plagioclase occurs in lens-shaped aggregates a

few mm wide and a few cm long (Fig. 4b) or in discontinuous layers

ranging from a few mm wide (Fig. 4c) to 1–2 cm wide (Fig. 4d). These

plagioclase-rich lenses or layers are composed of plagioclase, pyroxenes,

and olivine. Plagioclase crystals have usually irregular, interstitial shapes

(Fig. 5b,f–h), but may locally be subhedral (Fig. 5b,g). They are usually

1–2 mm long, but may attain 5 mm (Fig. 5h). Plagioclase crystals have

undulose extinction and mechanical twins (Fig. 5b,f–h). Some crystals

display spinel cores (Fig. 5f,h).

Spinel occurs most often as isolated submillimetric crystals with ir-

regular, holy-leaf shapes (Fig. 5a), which may show chlorite rims. It

may display a shape-preferred orientation or crystal alignments that

mark the lineation.

4.3. Crystal preferred orientation (CPO)

Fig. 6 illustrates the olivine, orthopyroxene, and clinopyroxene CPO

in 5 cores characterized by different plagioclase contents. The CPO

data for all cores is presented in the Supplementary material (Fig. S1).

Olivine displays a clear CPO, which is coherent with the field-

measured compositional layering (Fig. 6). A small (b5°) anticlockwise

rotation between the olivine CPO and the compositional layering is,

however, observed in some samples (cf. sample 12 in Fig. 6). The CPO

symmetry ranges from orthorhombic to axial-[010], with a predomi-

nance of axial-[010] patterns (BA-indexes b 0.35, Fig. 7a). In both

cases, [010] axes cluster normal to the layering and [100] and [001]

axes are distributed in a girdle along the layering plane, forming two

roughly orthogonal maxima, which are usually weaker to the [010]

one and of equivalent intensity (Fig. 6).

The olivine CPO is rather strong, with J-indexes ranging from 4 to 8

(Fig. 7). There is no clear correlation between the olivine CPO strength

or symmetry and the olivine content when the analysis is performed

at the core scale (addition of data acquired on the two thin sections par-

allel to the core axis, when possible), but the compositional variations

occur at the cm scale and most cores are composed by layers with

very different plagioclase contents. A fine analysis of the changes in

olivine CPO symmetry and intensity at the layers' scale could not be per-

formed, because the compositional layering is in most cases only a few

Fig. 6. Pole figures showing typical relations between the crystal preferred orientations (CPOs) of olivine, ortho- and clinopyroxene for representative samples with variable

plagioclase contents and different morphologies of the layering (2, 3, and 12 = diffuse anastomosed layering; 13 = planar layering; 21 = transition between diffuse anasto-

mosed and planar layering, cf. Table 1). Lower hemisphere stereoplots in the geographic reference frame, North at the top and East on the right; contours at 0.5 multiples of

a uniform distribution (m.u.d.); when less than 90 grains were measured, stereoplots were not contoured. MD = maximum density of the contours. The solid line represents

the compositional layering.
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grains (3–10) wide and, as a consequence, not enough olivine grains

could be measured within a homogeneous compositional layer. Never-

theless, samples from planar layering domains, in which the olivine

CPO is dominated by data from the plagioclase-poor layers, show

systematically orthorhombic olivine CPO (BA-indexes N 0.35, Fig. 7a).

Samples from domains transitional between anastomosed and planar

layering show olivine CPO with symmetries intermediate between

axial-[010] and orthorhombic (0.25 b BA-index b 0.38). In contrast,

anastomosed layering samples have highly variable olivine CPO

symmetry, ranging from strongly axial-[010] (BA-index = 0.18) to

orthorhombic (BA-index = 0.44).

Orthopyroxene has also a clear CPO, characterized by an alignment

of [001] axes in the layering plane with a maximum that is subparallel

to the olivine [100] axes maximum (Fig. 6). [100] axes tend to concen-

trate at high angle to the layering. [010] axes are more dispersed.

Clinopyroxene shows a much weaker CPO (Fig. 6). In most cores, [001]

axes form, however, a wide girdle in the layering plane, with a poorly-

defined maximum parallel to the orthopyroxene [001] maximum, and

[010] axes tend to concentrate normal to the layering. [100] axes are

very dispersed, but tend to align in the layering plane.

Due to pervasive alteration, a statistically significant plagioclase

CPO could only be measured in core 9, which contains ~7% of plagio-

clase, mostly concentrated in anastomosed bands 3–5 mm wide, but

also as isolated crystals in the olivine-rich lenses. Plagioclase shows a

clear crystal preferred orientation (Fig. 8), which is correlated with

the olivine CPO. The plagioclase [100], [010], and [001] maxima are

close to the [100], [010], and [001] maxima of olivine, respectively.

However, plagioclase [100] and [001] axes tend to show point-like

concentrations, whereas the olivine [100] and [001] axes are dispersed

in the layering plane. Moreover, there is a 15° anticlockwise rotation of

the plagioclase CPO relative to both the compositional layering and the

olivine CPO.

4.4. Mineral compositions

Eight samples from 7 cores were chosen for EMPA analysis based

on their differing plagioclase contents and distributions to check for

heterogeneities in the mineral chemistry that could record spatial

variations in melt content. We focused therefore on gradients in the

mineral composition that may be directly associated to reactive melt

percolation, such as enrichment in Fe in olivine, pyroxenes, and spinel

or in Ti in pyroxenes and spinel. Sub-solidus re-equilibration in both

cases will result in the smoothing of the chemical gradients; it may

therefore partially mask the effect of a heterogeneous melt percolation.

The analysed samples are highlighted in Table 1 and their mineral

compositions are shown in Supplementary material Table S1.

Plagioclase has a labradorite composition, with higher An contents

in the rims (76–77) than in the cores (67–72). Ti contents vary between

125 and 400 ppm and Cr contents are b60 ppm.

Olivine Mg# ranges from 86 to 90. Systematic core–rim variations

were not observed, but the lowest values (Mg# b 88) were measured

in olivine crystals within or close to plagioclase-rich layers in samples

derived from planar layering or coarse anastomosed layering domains
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Fig. 8. Plagioclase and olivine CPOs in sample 9 (measurements on two parallel thin sec-

tions along the core axis). Lower hemisphere stereoplots in the geographic reference

frame, North at the top and East on the right; contours at 0.5 multiples of a uniform distri-

bution (m.u.d.). MD = maximum density of the contours. The solid line represents the

compositional layering.
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(samples 14, 15, and 18B in Fig. 9a). These samples also show the largest

variation in olivine Mg#, encompassing the whole range of analysed

values, as olivine crystals in plagioclase-poor layers in these samples

have ‘normal’ mantle compositions (Mg# ≥ 89). The highest and least

variable olivine Mg# (89–89.5) is displayed by a plagioclase-poor lens

in an anastomosed layering domain (sample 9A in Fig. 9a). Intermediate

olivine Mg# (88–89.2) is observed in samples from anastomosed

layering domains showing plagioclase-rich layers (samples 6A and 8B

in Fig. 9a) and by an olivine-rich layer from a planar layering domain

(sample 5 in Fig. 9a). Ni contents in olivine vary from 2250 ppm to

3310 ppm. High and least variable Ni contents are observed in

plagioclase-poor sample 9, but the other samples show no correlation

between the Ni content and olivine Mg# (Fig. 9a).

Orthopyroxenes are enstatites with Mg# between 88.5 and 90.2

and Ti contents from 500 to 2400 ppm (Fig. 9b and Table S1).

Orthopyroxenes from diffuse anastomosed layering domains show

high Ti contents (≥1500 ppm), but variable Mg#, which are lower in

the plagioclase-poor layers (Mg# ≥ 89.5) than the plagioclase-rich ones

(Mg# = 88.5–89.3). Orthopyroxenes from planar layering domains

show in average lower Ti contents (b1500 ppm). In addition,

orthopyroxenes from plagioclase-rich layers in planar layering

domains have higher Mg# (N89.7) than those from the plagioclase-

poor layer.

Clinopyroxenes are augites rich in Al2O3 (Table S1). They havehighly

variable Mg# (88–92) and Ti contents (1500–6000 ppm, Fig. 9c). Few

rims were measured but they tend to have slightly higher Mg# and Ti

contents. Mg# and Ti contents in clinopyroxenes are correlated to

those in orthopyroxene. Clinopyroxenes from planar layering domains

have low Ti contents (b4000 ppm): the plagioclase-poor sample (5)

has the clinopyroxenes with the lowest Mg# (88.3) and Ti contents

(b2500 ppm), whereas samples with both plagioclase-poor and

plagioclase-rich layers have clinopyroxenes with high Mg# (N89.5)

and intermediate Ti contents (2000–4000 ppm). Clinopyroxenes from

diffuse anastomosed layering domains have higher Ti contents

(N4000 ppm); their Mg# are more heterogeneous and, in average,

lower in the plagioclase-rich layers or lenses.
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The spinel composition varies widely (Fig. 9d–e, Table S1).

Plagioclase-poor layers have spinels with low Cr# (32–36), high Mg#

(45–65), and high Ni contents (1800–2000 ppm). Ti contents in spinel

from plagioclase-poor layers are low in planar layering domains, but in-

termediate (~4000 ppm) in diffuse anastomosed layering domains.

Plagioclase-rich layers have spinels with higher Cr# (39–52), which

shows a weak negative correlation to the Mg# (25–60). The samples

with well-developed cm-scale plagioclase-rich bands (14A, 15A–B,

and 18) show almost as much variation in both Cr# and Mg# within a

thin section as in the entire dataset. In these samples, spinel with

lower Mg# is generally associated with the plagioclase-rich bands. The

Ti content in plagioclase is also highly variable (1000–8000 ppm); the

highest values are observed in spinels from plagioclase-rich layers or

lenses in diffuse anastomosed layering domains.

The relations between the layering structure and the mineral chem-

istry data are illustrated in Fig. 10, which presentsmineral compositions

as a function of the location of the analysis point and the plagioclase

distribution for a plagioclase-poor and three layered thin sections. Al-

though the relation is not one to one, in plagioclase-poor sample 9A

olivine has always high Mg# and Ni contents, whereas olivine crystals

within or in the vicinity of the cm-wide plagioclase-rich bands in the

planar layering domains have mainly low Mg# (b88). The cm-wide

plagioclase-rich layers in planar layering domains are also characterized

by clinopyroxenes with lower Ti contents and spinels with lower Mg#.
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5. Discussion

5.1. Synkinematic reactive melt percolation

Our observations corroborate previous studies in Central and South

Lanzo (Bodinier et al., 1991; Kaczmarek andMuntener, 2008;Muntener

and Piccardo, 2003; Piccardo et al., 2007), which interpreted the plagio-

clase layering as formed by reactive transport of melts at the base of a

thinned mantle lithosphere. Microstructural evidence of melt–rock re-

action, leading to crystallization of orthopyroxene, clinopyroxene, and

plagioclase at the expense of olivine (refertilization), such as irregularly

shaped orthopyroxenes enclosing olivine fragmentswith similar crystal

orientations (Fig. 5c), is ubiquitous in the studied section. Refertilization

reactions may also be inferred from the analysis of the modal composi-

tions, which are enriched in clinopyroxene relative to partial melting

trends (Fig. 3). The mineral chemistry, in particular the Fe-enrichment

of olivine (Mg# b 88) and the high Cr# of spinel (N40) within or in

the vicinity of the plagioclase-rich layers (Fig. 10), also supports that

the compositional layering formed by reactivemelt percolation. This in-

terpretation is further corroborated by: (i) the absence of plagioclase

enrichment in the pyroxenite bands relative to the surrounding perido-

tites and (ii) the interstitial to subhedral shapes of plagioclase crystals in

the peridotites (Fig. 5b, f–h). Moreover, though some plagioclases

display spinel cores (Fig. 5f), suggesting that they might have formed

by solid-state reaction, most plagioclase in the peridotites is not

associated with spinel (Fig. 5b, g).

Analysis of the relations between the layering, the deformation

structures (SPO-defined foliation and lineation), and the CPO

(Figs. 4 and 6) allows constraining the relative timing of deformation

and melt percolation. The diffuse limits of the compositional layers

(Fig. 2) preclude pre-kinematic reactive melt percolation, where the

parallelism between the layering and the foliation would result from

ductile transposition, as the latter process produces sharp limits

between the layers. A diffuse compositional layering parallel to the foli-

ation may, however, form synkinematically, if the melt distribution is

controlled by the deformation, or post-kinematically, if the melt perco-

lates preferentially along the pre-existing foliation planes (anisotropic

percolation, cf. Le Roux et al., 2008; Tommasi et al., 2008; Waff and

Faul, 1992).

The coexistence of microstructural evidence for reactive melt perco-

lation, like the very irregular shapes and interpenetrating grain bound-

aries of both reactant and product phases, and of intracrystalline

deformation features, such as the ubiquitous undulose extinction in all

mineral phases, subgrains in olivine and kinks in orthopyroxene, and

mechanical twins and crystal network bending in plagioclase (Fig. 5)

clearly points, however, to synkinematic melt percolation, because if

the two processes were not contemporaneous, the latter one would

have erased the record of the other. Percolation of basaltic melts imply

near solidus conditions and if it is post-kinematic, the association of

high temperature and presence of interstitial melts results in fast an-

nealing of the plastic deformation structures by restoration and static

recrystallization processes. On the other hand, the interpenetrating

grain boundaries produced by melt–rock reactions (e.g., the olivine–

orthopyroxene grain boundaries in Fig. 5c–d) are not stable during

plastic deformation, as the bulges tend to recrystallize into new grains

at small strains.

Analysis of the CPO of the different mineral phases corroborates

synkinematic refertilization reactions. Pyroxenes and plagioclase have

CPOs that are consistent with the olivine CPO, but less concentrated

(Figs. 6 and 8). The higher dispersion of the pyroxene CPO, in particular

of clinopyroxene, and the obliquity of the plagioclase CPO relative to the

olivineCPO and the layering suggest that theseminerals accommodated

lower finite strains by dislocation creep. These lower finite strains may

be due to either a late-kinematic crystallization of some of the

pyroxenes and plagioclase or to a higher contribution of diffusional pro-

cesses to deformation in the partially molten peridotites.

5.2. Deformation processes in a partially molten mantle

The strong olivine and orthopyroxene CPO (Figs. 6 and 7), together

with the ubiquitous undulose extinction in all mineral phases and the

well-developed (100) subgrains in olivine and kinks in orthopyroxene

(Fig. 5) are consistent with deformation by dominant dislocation

creep. The coarse grain sizes, interpenetrating olivine–olivine grain

boundaries (Fig. 5a), as well as the common 120° triple junctions

(Fig. 5b,c) imply that dislocation creep was assisted by effective grain

boundary migration, coherently with the inferred near-solidus defor-

mation conditions. The presence of melt along grain boundaries may

have favoured grain boundary migration, not only among single phase

grain pairs, but also between different minerals, as interconnected

melt may provide fast diffusion paths. However, the well-developed

dislocation-related microstructures and the strong CPO of olivine indi-

cate thatmelt fractions remained at all times below the solidmatrix dis-

ruption threshold (20–40%; Rosenberg and Handy, 2005).

A characteristic feature of these plagioclase lherzolites is the pre-

dominance of olivine CPO with a strong axial-[010] tendency (BA

index≤ 0.35, Fig. 7a). Similar axial-[010] olivine CPO patterns were ob-

served in the impregnated rocks from the Oman ophiolite crust–mantle

transition zone (Fig. 7a; Higgie and Tommasi, 2012) and in refertilized

peridotites from the Lherz and Ronda peridotite massifs (Le Roux

et al., 2008; Soustelle et al., 2009). The observations in the Moho transi-

tion zone (MTZ) of the Oman ophiolite, in particular, clearly illustrate

the relation between synkinematic melt fractions and olivine CPO, as

the changes in olivine CPO symmetry occur at themm-scale, as function

of themodal composition of the layer (Fig. 7); dunitic layers have axial-

[100] olivine CPO (BA N 0.65), whereas gabbroic layers have ortho-

rhombic to [010]-axial patterns (BA b 0.65).

Axial-[010] olivine CPO patterns also developed in partially molten

olivine aggregates deformed in simple shear when melt was homoge-

neously distributed as elongated pockets throughout the aggregate

(Zimmerman et al., 1999). In contrast, in experiments where melt

segregated, [010] concentrates normal to the shear plane, but [001]

axes align in the shear direction (Holtzman et al., 2003b). The sum of

observations on both natural and experimental systems points there-

fore to development of axial-[010] olivine CPO patterns favoured by

deformation in the presence of melt.

In the present dataset, variations in the olivine CPO symmetry at the

layer scale could not be clearly evidenced due to the diffuse character of

the layering and the coarse grain sizes, which make the layers a few

grains wide only, not allowing for a separated treatment of the olivine

CPO data at the individual layer scale, and to the high degree of alteration

of the plagioclase-rich bands, which hindered the measurement of the

olivine CPO in these bands. However, olivine-rich layers from planar

layering domains show systematically orthorhombic olivine CPO

(Fig. 7a), whereas anastomosed layering domains show olivine CPO

patterns ranging from strongly axial-[010] to orthorhombic (Fig. 7a).

Similar to the more common axial-[100] and orthorhombic olivine

CPO, axial-[010] patterns may form in response to dominant activation

of the [100](010) system, but the dispersion of both [100] and [001]

axes in the foliation plane implies either additional activation of

the [001](010) system (Tommasi et al., 2000) or 3D deformation,

with stretching in multiple directions in the foliation plane (3D

transpression; Tommasi et al., 1999). High pressure (Mainprice

et al., 2005) or hydration (Jung and Karato, 2001; Mackwell et al.,

1985) may favour the activation of [001](010). However, in the studied

section, the crystallization of plagioclase implies low synkinematic

pressures (b0.8 GPa, Borghini et al., 2010). In addition, in a partially

molten system at low pressure, water would mainly partition into the

melt (Hauri et al., 2006) and thus not strongly affect the deformation

of olivine. Analysis of the orthopyroxene CPO indicates, nevertheless,

that transpression may explain the axial-[010] olivine CPO patterns,

since those samples showing the lowest BA-indexes, such as 21 and

12, have also orthopyroxene CPO characterized by dispersion of [001]
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in the foliation plane (Fig. 6). Strain partitioning betweenmelt-rich and

melt-poor bands, with a component of layer normal shortening in

addition to simple shear in the melt-rich bands, was already proposed

to explain the changes in olivine CPO symmetry in the Oman MTZ,

where this interpretation was supported by slight asymmetry relative

to the layering displayed by the axial-[100] CPO, but not by the axial-

[010] ones (Higgie and Tommasi, 2012).

In Lanzo, development of axial-[010] olivine CPO due to deformation

in the presence of small melt fractions is also supported by the compar-

ison between the olivine CPO measured in the study zone and those

measured across the retrogressive shear zone that separates the Central

andNorthern bodies (Kaczmarek and Tommasi, 2011). Outside the shear

zone, coarse-porphyroclastic plagioclase lherzolites from the Central

body, which are very similar to those in the study area and display evi-

dence for deformation under near-solidus conditions, have strong

olivine CPO with an axial-[010] tendency, very similar to those in the

present study area (BA indexes b 0.45, Fig. 7a). In contrast, fine-

porphyroclastic andmylonitic peridotites from the shear zone,which de-

formed under sub-solidus, decreasing temperature conditions, show

weaker olivine CPO with orthorhombic to axial-[100] patterns (BA

indexes N 0.45 with a predominance of values N 0.6, Fig. 7a); the high

dispersion of the olivine CPO in themylonites (J-indexes b 4) is probably

due to dynamic recrystallization. Finally, spinel peridotites from the

Northern body, which is interpreted as an old lithospheric mantle frag-

ment, less affected by melt percolation (Bodinier et al., 1991), show

strong axial-[100] patterns (BA indexes N 0.65, J indexes N 6).

The pyroxene CPO is not changed by deformation in the presence of

melt. The alignment of [001] in the layering plane, with a maximum

subparallel to the olivine [100] maximum, and the concentration of

[100] for orthopyroxene and of [010] for clinopyroxene normal to the

layering (Fig. 6) is consistent with dislocation creep with dominant ac-

tivation of the usual [001](100) and [001]{110} systems in enstatite and

{110}[001] systems in clinopyroxene (Bascou et al., 2002; Frets et al.,

2012; Green and Radcliffe, 1972). The slight obliquity (5–15°) of the py-

roxenes CPO relative to the olivine CPO may result from lower shear

strains accommodated by the pyroxenes due to their higher strength

and/or from late-kinematic crystallization of a part of them. The latter

process may also explain the dispersion of the clinopyroxene CPO.

Late crystallization of at least a part of the pyroxenes is also suggested

by their highly irregular shapes, characterized by grain boundaries

with cusp shapes ‘filling’ triple junctions with olivine grains or even

enclosing fragments of a previously unique olivine crystal (Fig. 5).

The plagioclase CPO is consistent with deformation by dislocation

creep with dominant activation of the (010)[100] slip system (Fig. 8).

However, plagioclase crystals show dominantly interstitial shapes and

have low densities of intracrystalline deformation features (Fig. 5b,f–h),

which are not consistent with high finite strains accommodated by

solid-state deformation. An alternative explanation for the formation of

this CPO, whichwas proposed by Higgie and Tommasi (2012) to explain

the strong CPO of plagioclase and clinopyroxene with interstitial shapes

in the gabbroic and intermediate composition layers in the Oman

Ophiolite Moho transition zone (MTZ), is oriented crystallization in a

deforming crystalline medium containing low melt fractions, where

the alignment of the melt is controlled by the deformation.

5.3. Melt distribution controlled by deformation

Mineral compositions are more heterogeneous and more enriched

in basaltic components in the plagioclase-rich domains (Fig. 9), suggest-

ing interactionwith variablemelt volumes. The high Cr# of spinel in the

plagioclase-rich layers probably records both near-solidus and sub-

solidus re-equilibration with plagioclase and cannot be used to infer

melt–rock interaction intensity. In contrast, as solid-state chemical re-

equilibration results in homogenization of the Fe, Mg, and Ti contents,

the strong heterogeneity in Mg# and in Ti content, which is preserved

in the studied samples at the mm-scale, corroborates focusing of melt

in the plagioclase-rich bands. In particular, the Fe-enrichment in olivine

and spinel in the plagioclase-rich bands from the planar layering

domains (Fig. 10) implies that these layers have interacted with

larger melt volumes (e.g., Tommasi et al., 2004). The orthorhombic oliv-

ine CPO patterns in the planar layering domain (Fig. 7a) are also consis-

tent with lower synkinematic melt fractions in the plagioclase-poor

layers from this domain. Together, these data suggest that the planar

layering domains record melt segregation in layers parallel to the

shear plane.

Based on a similar association of microstructural and chemical data,

we interpret the anastomosed layering, which is characterized by

plagioclase-rich lenses or discontinuous layers a few grains wide

aligned in the foliation, as recording melt distribution controlled by

the deformation, but no melt segregation. The higher Ti contents in

ortho- and clinopyroxenes from the anastomosed layering domains

(Fig. 9b,c) may record local variations in the melt composition

(local enrichment in Ti of the melt) due to the melt–rock reactions

(e.g., Bodinier et al., 2008), suggesting less effective melt circulation,

or trapped melt effects (e.g., Kaczmarek and Muntener, 2008). This

interpretation is in agreement with the very high Ti contents in

spinel (5000–8000 ppm, Fig. 9e) and low Mg# in pyroxenes from

plagioclase-rich lenses in this domain. Variations in time and space in

the melt content may also explain the strong variability of the olivine

CPO symmetry within the diffuse anastomosed layering domain, the

more axial-[010] patterns being associated with higher synkinematic

melt fractions (integrated through time/strain).

Simple shear experiments in olivine aggregates containing low frac-

tions of basaltic melts show either melt distributed in grain-scale

pockets aligned at ~20° antithetically to the shear plane or segregated

into melt-rich layers, which are several grains wide and form an inter-

connected anastomosed network with the main bands oriented at

~20° antithetically to the shear plane and the secondary bands subpar-

allel to it (Holtzman and Kohlstedt, 2007; Holtzman et al., 2003a,b; King

et al., 2010; Zimmerman et al., 1999). In these experiments, the transi-

tion between a homogeneous melt distribution to melt segregation is

controlled by the compaction length of the system and by the finite

strain; in experiments where the compaction length is significantly

smaller than the sample size, segregation is observed at shear strains

higher thanone (King et al., 2010). An analysis of themechanical behav-

iour in these experiments also shows a reduction in the shear viscosity,

whichmay be accounted for by local reduction in strength and strain lo-

calization in the melt-rich bands (Holtzman et al., 2012).

Shear controlled melt organization, leading to melt segregation in

layers subparallel to the shear plane has also been proposed to explain

the centimetre to metre scale compositional layering and CPO of the

main rock-forming minerals in the crust–mantle transition zone of the

Oman ophiolite (Higgie and Tommasi, 2012; Jousselin et al., 2012) and

the centimetre-scale pyroxenitic layering in the strongly deformed

lherzolites far from the harzburgitic bodies in the Lherz massif (Le

Roux et al., 2008). Both settings are characterized by high finite shear

strains, recorded by the well-developed foliations and lineations and

by the boudinage of the thicker pyroxenite layers in Lherz (Le Roux

et al., 2008). In Lherz, lherzolites proximal to the harzburgites, which

are less deformed, are not layered (Le Roux et al., 2008).

Together, observations in experimental and natural partially molten

systems suggest that shear-induced melt segregation only occurs above

a given finite strain. We may thus speculate that the predominance of a

diffuse anastomosed layering implies low finite strains in most of the

studied section, with the planar layering domains marking strain locali-

zation, may be associated with variations in the instantaneousmelt frac-

tion. However, there are no markers allowing the quantifying of

variations in finite strain in the studied section. There is also no correla-

tion between the layering morphology and the intensity of the olivine

CPO. Similar olivine CPO intensities in spite of higher finite strains may,

however, be accounted for if diffusion or grain boundary sliding accom-

modated part of the deformation in the melt-rich bands, as previously
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proposed to explain the inconsistency between themacroscopicmarkers

of strain and the CPO in the lherzolites of Lherz (Le Roux et al., 2008).

Finally, in the present study, as in theOmanMTZ or in the lherzolites

from Lherz (Higgie and Tommasi, 2012; Le Roux et al., 2008), both

plagioclase-rich lenses and layers are dominantly subparallel to the

shear plane and not at ca. 20° to it as in the experiments (Holtzman

et al., 2003a,b; King et al., 2010). As proposed by Higgie and Tommasi

(2012), this difference may result from the much lower strain rates

and stresses in nature relative to the experiments. An alternative expla-

nation for this apparent discrepancy between experimental and natural

observations was recently proposed by Soustelle et al. (2013) based on

simple shear experiments on olivine + Si-rich melt assemblages. In

these experiments, the orthopyroxenes produced bymelt–rock reaction

are oriented parallel to the shear plane, but the residualmelt pockets are

oriented at ~20° from it, leading Soustelle et al. (2013) to propose that

melts initially concentrate along the crystal interfaces in extension,

but stress concentration and preferential recrystallization resulted in

higher reaction rates along the compressional interfaces, with post-

crystallization shearing producing the final alignment of the reaction

products with the shear plane. However, melt segregation was not ob-

served in these experiments.

5.4. Consequences to the mantle seismic and mechanical properties

Development of a preferred orientation of melt-rich lenses forming

an anastomosed network or layers subparallel to the shear plane will

result in a strong anisotropy of the upper mantle physical properties.

The seismic anisotropy of a partially molten peridotite may be estimat-

ed by a method that associates the Gassman poro-elastic approach at

low frequencies with a differential effective medium approach at high

frequencies (Mainprice, 1997). Even at melt fractions as low as 2%, the

presence of melt pockets flattened in the foliation plane with aspect ra-

tios of 5:5:1, which are consistent with the shapes of the plagioclase-

rich lenses in the anastomosed layering domain (Fig. 4), results in an

almost transverse isotropic pattern with a slow symmetry axis

(Tommasi et al., 2006; Vauchez et al., 2000). This results in low P- and

S-wave velocities and weak S-wave birrefringence for waves propagat-

ing normal to the foliation and in a high birefringence for S-waves

propagating parallel to it. The intensity of the seismic anisotropy and

its transverse isotropy symmetry are strongly enhanced for increasing

aspect ratios of the melt pockets and melt fractions (Tommasi et al.,

2006; Vauchez et al., 2000).

Development of a network of melt-rich layers parallel to the shear

plane will thus induce an impedance contrast for waves propagating

at high angles to the melt layering that may account for the strong

receiver function signal observed at depths corresponding to the

lithosphere–asthenosphere boundary in many locations worldwide

(e.g., Kawakatsu et al., 2009; Rychert and Shearer, 2009). It may also

produce the strong SKS splitting observed in the East African rift, if the

melt pockets or lenses are oriented vertically (Kendall et al., 2005).

This processmay also produce strong anisotropy in: (i) permeability,

with an enhanced permeability along the shear plane (Rosenberg and

Handy, 2000; Takei and Holtzman, 2009), and (ii) viscosity, with a

significant reduction of the resistance to layer-parallel shearing

(Holtzman et al., 2012). It could therefore provide amechanismwhere-

by melt lubrication would localize deformation at plate boundaries

(Holtzman and Kendall, 2010).

The seismic signature of deformation in the presence of melt may be

preserved even after the total crystallization of the system, as it changes

the olivine CPO patterns. Axial-[010] olivine CPO results in low S-wave

birrefringence (apparent isotropy) normal to the flow plane (Bascou

et al., 2008; Tommasi et al., 2008). This contrasts with the upper mantle

seismic anisotropy associated with orthorhombic or axial-[100] olivine

CPO, which are the typical olivine CPO developed by deformation by

dislocation creep under dry conditions in the upper 200 km of the

mantle (b200–250 km depth), where the apparent isotropy direction

is subparallel to the flow direction (Mainprice et al., 2005; Tommasi

et al., 2000).

6. Conclusions

Petrostructural analysis of the plagioclase lherzolites from the

northwestern part of the Central Lanzo peridotite body shows that the

compositional layering results from synkinematic reactivemelt percola-

tion, during which the melt distribution is controlled by the deforma-

tion. Evidence for coeval deformation and melt percolation comprises:

(i) the parallelism between the layering, the foliation and lineation

marked by the olivine SPO, and the CPOs of all rock-forming minerals,

(ii) the diffuse limits of the layers, and (iii) the coexistence of micro-

structural evidence for melt–rock reactions (interpenetrating phase

boundaries) and for deformation by dislocation creep (undulose extinc-

tion, subgrains in olivine, kinks in orthopyroxene). Deformation in the

presence of melt is also suggested by the coarse grain sizes, the micro-

structural evidence for effective grain boundary migration (sinuous or

polygonal olivine grain boundaries), and the predominance of axial-

[010] olivine CPO, which has been systematically observed both in

experiments and in other peridotites deformed in the presence of

melt. However, the strong CPO and microstructural evidence for dislo-

cation creep in olivine and pyroxenes implies that instantaneous melt

fractions remained low (≪20–30%).

Themost characteristic feature of the studied section is the variation

in morphology of the layering. The dominant pervasive anastomosed

network of plagioclase-rich bands with diffuse limits, a fewmillimetres

to centimetres wide, enclosing plagioclase-poor lenses, grades locally

into a planar layering formed by the alternation of plagioclase-rich or

poor bands a few centimetres to tens of centimetreswide. The heteroge-

neity of mineral compositions in the planar layering domains, in partic-

ular the Fe-enrichment in olivine and spinel and the Ti content in spinel

in the plagioclase-rich bands, implies that these layers have interacted

with larger melt volumes than the olivine-rich ones. This suggests

melt focusing in these layers. On the other hand, the marked enrich-

ment in Ti in pyroxenes and spinel and the low Mg# in pyroxenes in

the plagioclase-rich lenses of the anastomosed layering domain implies

local variations in the melt composition, suggesting a less effective cir-

culation, or trapped-melt effects.We conclude therefore that the planar

layering records melt segregation in layers parallel to the shear plane,

whereas the anastomosed layering results from a more homogeneous

melt distribution, in which melt aligns preferentially along grain bound-

aries subparallel to the shear plane. Although finite strain variations be-

tween layers cannot be quantified, we speculate, based on comparison

with data from experiments, which show both melt segregation as a

function of finite strain and reduction in shear viscosity due to the segre-

gation, and from other mantle outcrops displaying shear-controlled melt

organization, that the transition from the anastomosed to the planar

layering records an increase in finite strain, that is, strain localization as-

sociated with variations in the instantaneous melt fraction.

This study corroborates that in a deforming mantle, the melt

distribution is controlled by the deformation and that this process

does not require high melt fractions. The alignment of melt pockets or,

at high strains, melt segregation in the shear plane will produce a

marked anisotropy in themantle physical properties, notably a reduction

of the shear viscosity parallel to the layering and a seismic anisotropy

characterized by a transverse isotropy with a slow symmetry axis.

Supplementary data to this article can be found online at http://dx.

doi.org/10.1016/j.tecto.2014.01.007.
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