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Feedbacks between deformation and melt distribution in the crust–mantle 
transition zone of the Oman ophiolite

Katherine Higgie n, Andrea Tommasi

Geosciences Montpellier, CNRS & Universite´ de Montpellier 2, F-34095 Montpellier Cedex 5, France

This study presents microstructural evidence for deformation-controlled melt organization and for

changes in olivine deformation associated with the presence of melt in an 80 m vertical section of the

crust–mantle transition zone in the Oman ophiolite. This zone represents an ‘end member’ case for

analyzing feedbacks between deformation and melt distribution in the upper mantle, since it

experienced strong shear strains in presence of large melt fractions. It is characterized by a

subhorizontal compositional layering at the mm to meter scale, from weakly impregnated dunites to

olivine-rich gabbros, which parallels a pervasive foliation containing a strong stretching lineation. The

parallelism between the compositional layering and the foliation, the diffuse limits of the layers, the

alignment of elongated plagioclase-rich aggregates devoid of internal deformation structures with the

elongation of olivine crystals in the dunitic layers, and the sharp compositional changes across some,

but not all layer limits suggest deformation plays an essential role on the development of the layering.

The variation on a mm-scale of the olivine crystal preferred orientation (CPO) symmetry as a function of

the modal content: from axial-[100] symmetry in layers with o70% modal olivine to axial-[010] in

more gabbroic levels (o40% olivine), which is repeated over the entire section, implies deformation in

presence of variable melt fractions. Axial-[100] olivine CPO in olivine-rich layers is consistent with

deformation by dislocation creep under high temperature, low pressure, dry conditions. Axial-[010]

olivine CPO patterns imply additional sliding along preferentially wetted (010) grain boundaries,

increase in the activity of [001] glide, or transpression localized in the melt-rich layers. Since the change

in CPO symmetry is not accompanied by dispersion, instantaneous melt fractions must have remained

o30–40% in all layers. The continuous variation in olivine CPO symmetry with decreasing olivine

content implies therefore that the former depends on the cumulated strain in presence of melt rather

than on the instantaneous melt fraction.

1. Introduction

Melts play an essential role in the dynamics of extensional plate

boundaries. Seismic anisotropy data in the East African rift, for

example, implies the presence of aligned melt pockets parallel to the

rift trend in the upper mantle (Kendall et al., 2005). Seismic and

gravity data consistently imply that up to 5% volume of melt is

present in the uppermost mantle (4–10 km) beneath the Mid-

Atlantic ridge (Dunn et al., 2005). P-wave tomography models in

the East Pacific Rise indicate that melt accumulates both in an upper

crustal magma lens and in the topmost mantle, at the crust–mantle

transition (Dunn et al., 2000). The above interpretations are sup-

ported by petrological studies of both ophiolites (e.g., Boudier et al.,

1996) and active ridges (e.g., Drouin et al., 2009). Petrostructural and

geochemical studies on peridotite massifs also highlight the role of

melt percolation on the compositional evolution and thinning of the

subcontinental lithospheric mantle (Le Roux et al., 2007; Soustelle

et al., 2009). Small melt fractions, probably organized as to form a

layered medium, have been proposed to exist in the lithosphere–

asthenosphere boundary beneath both continental and oceanic

plates on the basis of receiver function data (e.g., Kawakatsu et al.,

2009; Rychert et al., 2005).

Melting may have a profound effect on the upper mantle

rheology. Deformation experiments show that peridotites strength

strongly decreases in presence of melt (e.g., Kohlstedt and

Zimmerman, 1996; Scott and Kohlstedt, 2006). Theoretical ana-

lyses suggest that a viscosity decrease of one order of magnitude

occurs at melt fractions as low as 0.1% (Rosenberg and Handy,

2005; Takei and Holtzman, 2009). Melt-induced strain weakening

in the upper mantle is corroborated by field studies that show

spatial changes in melt fraction control strain localization (e.g.,

Dijkstra et al., 2002; Kaczmarek and Müntener, 2008; Kaczmarek
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and Tommasi, 2011; Kelemen and Dick, 1995; Le Roux et al.,

2008; Soustelle et al., 2009).

On the other hand, ductile shearing may enhance permeability

favoring melt percolation (Rosenberg and Handy, 2000; Takei,

2005; Tommasi et al., 1994). It may also control the melt

distribution. Laboratory experiments showed that shearing leads

to melt organization in pockets oriented at low angle to the shear

plane at the grain size scale (Kohlstedt and Zimmerman, 1996),

and, if length-scales are higher than the compaction length, to

segregation, with development of melt-rich and melt-poor bands

(Holtzman et al., 2003a, 2003b; Holtzman et al., 2005; Holtzman

and Kohlstedt, 2007). Olivine CPO formed in melt-present defor-

mation experiments also differ from those formed under dry

conditions; they are weaker and have [100]-axes dispersed in the

shear plane, instead of aligned in the shear direction. Melt

segregation results in further evolution of the olivine CPO, leading

to alignment of [001] parallel to the shear direction.

If active at large scale in the mantle, these feedbacks may have

implications for seismic studies, as both the presence of a layered

melt-solid structure and variations in the olivine CPO significantly

change seismic velocities and anisotropy (e.g., Holtzman and

Kendall, 2010; Mainprice, 1997; Tommasi et al., 2006; Vauchez

et al., 2000). Deformation-induced melt segregation will also

result in a local enhancement of porosity and hence of perme-

ability, allowing for faster melt extraction, and in a highly

anisotropic mechanical behavior.

To test for feedbacks between deformations and melt distribu-

tion in a natural system, we performed a detailed microstructural

study of a section of the crust–mantle (Moho) transition zone

(MTZ) in the Oman ophiolite. This section represents an end-

member case for analyzing the deformation of olivine-rich rocks

in presence of melt, since it records both high shear strains and

melt fluxes (Boudier and Nicolas, 1995).

2. Geological background

The Oman–United Arab Emirates ophiolite is the largest and

most studied ophiolite in the world. It outcrops over 200 km in km-

sized bodies, displaying the full classic ophiolite sequence (Nicolas

et al., 2000). This study concentrates on the mantle–crust transition

– the Moho Transition Zone (MTZ, Fig. 1), which locally associates

high shear strains and melt fractions as the upwelling mantle is

forced away from the ridge axis in a corner flow (Ceuleneer et al.,

1988; Jousselin and Mainprice, 1998; Rabinowicz et al., 1987).

Its thickness ranges from a few to 4100 m; its upper limit is the

base of the continuous layered gabbro section of the lower crust and

its base is marked by the transition from dunites to harzburgites

(Benn et al., 1988; Boudier and Nicolas, 1995).

The MTZ is formed by interlayered dunites, wehrlites, trocto-

lites, and olivine-rich gabbros, which form lenses, a fewmm to tens

of meters thick and several meters to tens of meters long, locally

crosscut by wehrlites and by chromite pods (Boudier and Nicolas,

1995). It is interpreted as produced by reactive percolation and

accumulation of basaltic melts in the uppermost part of the mantle

beneath an active ridge (Boudier and Nicolas, 1995; Korenaga and

Kelemen, 1997; Rabinowicz et al., 1987). Field studies show that

the MTZ limits and its internal structure (layering, foliation, and

sampled 
outcrop

sampled 
outcrop

sampled 
outcrop

gabbros

magma

chamber MTZ

sheeted dikesgabbro sills

fine-scale 

gabbroic layers

harzburgitesmantle diapir

dunite

bodies

impregnated

dunite

N

inferred ridge axis

Harzburgite

MTZ

Gabbro/Crust

Lineation 
trajectories

Tuf

Diapir 
lineation dip > 45°

5 km

Maqsad

 Diapir

Study Site

Fig. 1. (a) Geological map of the MTZ in the Maqsad massif (based on Nicolas et al., 2000 and Jousselin et al., 2012) showing the location of the studied section.

(b) Photograph of the studied section indicating the sampled outcrops. (c) Conceptual 2D cross-section (not to scale) of a fast-spreading ridge, showing the context of

formation of the studied section (F. Boudier, personal communication).
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lineation, when present) are roughly parallel to the regional Moho

(Benn et al., 1988; Jousselin et al., 2012). Lineations tend to radiate

away from domains with steeply dipping lineations (Fig. 1a), which

were proposed to represent mantle diapirs feeding the ridge

(Jousselin and Nicolas, 2000). Microstructural studies reveal a

range of fabrics and textures, from coarse-grained dunites with

strong shape and crystal preferred orientations that record large

plastic strains at high-temperature conditions to magmatic tex-

tures in gabbroic lenses, as a function of the position relative to the

diapirs (Boudier and Nicolas, 1995; Jousselin et al., 2012).

3. Field observations

We studied a �80 m thick continuous section of a �250 m

thick MTZ in the Maqsad massif (Fig. 1b). The studied section is

located near Tuf at N2310700000, E5715602100, 45 km away from the

main Maqsad diapir (Fig. 1a). It represents a domain of the MTZ

submitted to strong horizontal shearing (Fig. 1c). Harzburgites crop

out �20 m below the base of the section. The lower crust layered

gabbro sequence starts �150 m above the top of the section. In

between, a fewmetric to decametric scale gabbroic lenses crop out.

The studied section is characterized by a centimetric to metric-

scale interlayering of dunites, wehrlites, and olivine-bearing

gabbros (Fig. 2a and b). This compositional layering parallels a

pervasive subhorizontal foliation (Fig. 2b) containing a lineation

trending N1101E. The foliation is materialized by a sheet-like

alteration in the dunitic layers (Fig. 2b) and the lineation by a

shape-preferred orientation of plagioclase and clinopyroxene

aggregates in the more gabbroic levels (Fig. 2c). The layering is

discontinuous; most layers are lens-shaped and cannot be fol-

lowed laterally for more than a few meters (Fig. 2d). Layer

boundaries are generally diffuse (Fig. 2e and f), but asymmetric

layers characterized by a sharper upper or lower boundaries as

well as continuous changes in modal composition are also

observed within the section.

No systematic variations of modal composition, grain size, or

layer thickness were observed across the section. 34 oriented

samples were collected, sampling as completely the section as

possible (Fig. 1b). Some samples contained 2–3 layers with

different compositions (Fig. 2e and f). This allowed a detailed

study of the compositional and microstructural changes across

layer limits. Strong serpentinization of olivine-rich layers resulted

in predominance of gabbroic rocks in the sampling, but dunitic

and wehrlitic layers are as common as or even more abundant

than gabbroic levels in the section.

4. Modal compositions and microstructures

The samples were classified into three groups based on their

olivine content, which was derived from a joint analysis of EBSD

maps and thin-sections. Dunites (sensu lato) are layers contain-

ing 470% olivine; this group encompasses impregnated dunites

lineation
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Fig. 2. (a) Sub-horizontal layering in the central part of the section characterized by thick gabbroic lenses (up to 10 cm thick) intercalated with thin olivine-rich layers that

grade upwards into a more olivine-rich domain containing thin gabbroic layers; scale is 10 cm long. (b) Parallelism between the compositional layering and the foliation,

which is highlighted by the sheet-like alteration in the lowermost dunitic layer. (c) Subhorizontal lineation (dashed lines) on the foliation plane of an intermediate

composition layer; hammer handle is 40 cm long. (d–f) Detail photographs illustrating the variation in scale and structure of the layering. (d) Lateral pinch-like termination

of a thin gabbroic layer within an olivine-rich level. (e) Diffuse transition between olivine-rich and more gabbroic layers. (f) Fresh-cut section showing gradational

transitions between dunitic and intermediate composition layers; note the preferred orientation of the plagioclase aggregates parallel to the cm-scale layering.
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ranging from actual dunites (495% olivine, Fig. 3a) to wehr-

lites or troctolites. Intermediate composition samples contain

between 30% and 70% olivine; they are often derived from levels

showing continuous compositional variations at the mm-scale

(Fig. 3b and c). Olivine-gabbros have o30% olivine (Fig. 3d and

upper layer of 3c).

Dunitic layers are coarse-grained and generally strongly

serpentinized. All have some clinopyroxene (Fig. 3a) and some

also display low degrees of plagioclase impregnation (lower layer

of Fig. 3b). Olivine crystals are plurimillimetric. They are usually

slightly elongated (aspect ratios may attain 4:1, but are more

commonly 2:1), marking the foliation and lineation (Figs. 3b

and 4a); the elongation is less marked in more wehrlitic samples

(Fig. 3a). Most olivine crystals show widely spaced subgrain

boundaries normal to the crystal elongation and weak undulose

extinction. Grain boundaries are curved, forming festoons (Fig. 4a).

1201 triple junctions are also observed (Fig. 3a). Spinels (o2%) are

either interstitial or included in olivine. They are small (o0.1 mm

in diameter), anhedral, and show no preferred orientation. Clin-

opyroxene and plagioclase are always interstitial; they occur
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Fig. 3. EBSD maps (left) and photomicrographs (crossed-polarized light, right) of full thin sections displaying typical microstructures for dunitic, intermediate, and olivine-

bearing gabbroic layers. In (B) and (C), diffuse limits between layers are also illustrated. Scale is the same for all sections. Large arrow indicates the vertical, upwards

direction; both layering and foliation are normal to it. Except for section (A) that was cut normal to the lineation, all sections were cut in the XZ plane, that is, normal to the

foliation and parallel to the lineation. Olivine crystals in EBSD maps are color based on the orientation of the lineation relative to their main crystallographic axes (inverse

pole figure coloring; see legend at the bottom left). Bluish and reddish crystals have their [100] and [001] axes aligned with the lineation (X), respectively. Note that in top

3 samples the X-direction is parallel to the short axis of the thin section rather than to the long one. Plagioclase is white, clinopyroxene is grey, and black indicates non-

indexed areas (due to alteration, fractures, non-indexation, polishing defects). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

4



either as oikocrysts enclosing deformed olivine crystals or as

anhedral interstitial crystals devoid of intracrystalline deforma-

tion features (Fig. 3a).

Intermediate composition samples share microstructural

features with both dunites and gabbros (Fig. 4b and c). The

average grain size and the elongation of olivine decrease as

clinopyroxene and plagioclase become more abundant (Fig. 3b

and c). Average grain sizes of all phases are more homogenous

than in the dunites. Olivine grains are anhedral, showing cusp-

shaped boundaries, but still elongated parallel to the foliation

(Figs. 3c and 4b). In some samples, chain-like alignments of

olivine crystals mark the foliation. Clinopyroxene and plagioclase

are anhedral, usually displaying interstitial shapes that suggest a

magmatic origin (Figs. 3b, c and 4b, c). Some samples have,

however, a clear planar structure, characterized by a higher

fraction of flattened plagioclase crystals with twins subparallel

to the foliation and by more elongated olivine crystals (Fig. 3c).

Olivine crystals have undulose extinctions and sometimes,

subgrains. Although serpentinization hinders the observation of

grain boundaries, there is evidence for grain boundary migration

as irregular, interpenetrating olivine-olivine contacts (Fig. 4b).

Olivine-gabbros are usually rather homogeneous (Fig. 3c and

d), but may contain 1–2 mm wide anorthositic or dunitic levels

that could not be treated separately at the scale of this study.

Olivine tends to be smaller (r0.8 mm) than clinopyroxene and

plagioclase (r1.2 mm). Euhedral crystals with well-developed

(010) and {110} facets are locally observed (Fig. 4d), but olivine is

usually anhedral, displaying cusped grain boundaries (Fig. 4e).

It still has a weak shape preferred orientation marking the

foliation (Fig. 3d). Subgrains are rarer than in olivine-rich layers,

but are observed locally (Fig. 4f). Plagioclase and clinopyroxene

have irregular shapes (Fig. 3d) and contain olivine inclusions

(Fig. 4e and f). They show a weak shape-preferred orientation

(aspect ratios of 1:1.5), marking the foliation and the lineation

(Figs. 3d and 4d). Mechanical twins in plagioclase are more

common than in olivine-rich layers. They are preferentially

Fig. 4. Photomicrographs (crossed-polarized light) showing details of the microstructure in the different layers: ol¼olivine, cpx¼clinopyroxene, plg¼plagioclase,

sp¼spinel. White lines mark the trace of the foliation. (A) Dunite showing olivine grains elongated parallel to the foliation with curved grain boundaries and small rounded

spinels (white arrows) as inclusions or pinning olivine grain boundaries. (B) Intermediate composition layer characterized by irregularly shaped minerals with a weak

elongation parallel to the foliation plane. Average grain sizes are smaller than in dunites. (C) and (D) are adjacent layers sampled within a single thin-section. (C) Olivine-

rich gabbro displaying no clear shape preferred orientation; all minerals have irregular shapes and interpenetrating grain boundaries. Interstitial plagioclase is outlined by

dashed white lines. (D) More gabbroic layer showing a weak shape-preferred orientation and a more equilibrated texture. Note the preferential orientation of the

plagioclase twins parallel to the foliation. White circle marks olivine crystals with well-developed (010) and {110} facets, the former are parallel to the foliation. These

crystals coexist with large anhedral olivine crystals with embayments filled by plagioclase (arrow) or clinopyroxene. (E) Detail of an olivine-rich gabbro showing olivine

crystals with cusp-shaped grain boundaries, where the embayments are filled by plagioclase. (F) Detail of an olivine-rich gabbro showing an elongated olivine crystal with

(100) subgrains (white arrows) as well as small rounded olivine crystals included in clinopyroxene and plagioclase. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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aligned in the foliation. These twins are the sole intracrystalline

deformation features observable in plagioclase. Clinopyroxene is

devoid of intracrystalline deformation features.

5. Crystal preferred orientations

Typical crystal preferred orientations (CPO) for olivine,

clinopyroxene, and plagioclase in dunites, intermediate com-

position layers, and olivine gabbros are presented in Fig. 5.

Measurement conditions and data treatment, as well as the

modal composition and CPO data for all 61 analyzed thin

sections as a function of their position in the section are

presented as Electronic Supplementary Material (Methods sec-

tion and Fig. S1).

All samples have a well-developed olivine CPO. Clinopyroxene

and plagioclase, where significantly present (45%), also show

clear CPO although more dispersed than the olivine CPO. Spinel

contents in most samples are too low for measurement of a

statistically relevant CPO, but samples that have higher contents

(r80 grains measured) show a random spinel CPO.

5.1. Olivine

In dunites, olivine has an axial-[100] CPO characterized by a

strong point concentration of [100] axes subparallel to the

lineation and by a girdle distribution of the [010] axis at high

angle to it, with a weak maximum subperpendicular to the

foliation (Fig. 5). [001] axes are more dispersed than [100] and

[010], but form a girdle normal to the lineation with a weak

maximum close the foliation plane. A small obliquity between the

olivine CPO and the crystals elongation is often observed (Fig. 5).

In olivine-bearing gabbros, the olivine [100] axes is more dis-

persed, forming a girdle in the foliation plane, and the [010] axes

tend to concentrate normal to the foliation, resulting in an axial-

[010] pattern. [001] axes also form a girdle in the foliation plane.

Intermediate composition layers have transitional olivine CPO

patterns, characterized by a [100] girdle in the foliation plane, but

with preservation of a maximum subparallel to the lineation.

Analysis of the orientation distribution of the olivine [100] and

[010] axes shows that the transition from axial-[100] to axial-

[010] olivine CPO patterns happens gradually over a range in

olivine modal contents from 70% to 40% (Fig. 6). It is, however,

very sharp spatially, occurring over a few millimeters following

Y X

Z Plagioclase Olivine

Clinopyroxene

C
S

1.87  3.87     3.45    3.03     7.07     2.44     3.37      4.59   1.87    

5.22     7.41     3.99   6.24    4.93    4.91   2.76   4.57     2.61   

3.35     5.32    2.93      5.50     5.80     5.83     6.90      7.72     3.64     

J 
=

 1
0

.1

J 
=

 4
.6

5.55    7.08     3.66     2.92      6.73     3.42      3.18     2.68      2.53     

3.57      5.56      3.30      4.93      11.50      3.48      

9.08      6.41     3.83      

[010] [001]

Plagioclase

[100]

J=
 9

.6
J 

=
 7

.3
J 

=
 9

.0
J 

=
 4

.0
J 

=
 4

.7
J 

=
 7

.6

J 
=

 1
8

.0
J 

=
 3

.1
J 

=
 6

.6

J 
=

 4
.7

J 
=

 4
.8

J 
=

 4
.6

J 
=

 5
.2

Olivine

[010] [001] [010] [001][100] [100]

Clinopyroxene

1
0
O

K
3
2
C

o
r

9
1
4
.4

6
m

1
0
O

K
3
2
C

p
r

9
1
4
.4

7
m

1
0

O
K

3
4

B
9
1
5
m

0
9
O

A
T

1
0
A

1
o
r

0
9
O

A
T

1
0
A

1
p
r

1
0

O
K

1
6

A

9
2
3
.0

m

Fig. 5. Pole figures showing the crystal preferred orientation (CPO) of the three major mineral phases for representative samples in the studied section (CPO for all studied

samples are presented in Supplementary Material Fig. S1). Pole figures are displayed as a function of the sample modal composition (pie charts on the right of the diagram).
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strength, see text and the supplementary methods section for the definition.
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compositional variations in layered samples (e.g., sample

10OK32C in Fig. 5). The change in olivine CPO symmetry may

be accompanied by a change in rotation axes accommodating

low-angle (o101) misorientations; olivine-rich layers have

mainly /0VWS rotation axes, whereas olivine-poor layers also

show rotations around /U0WS (Fig. 7). There is no correlation

between modal composition and the strength of the olivine CPO

(Fig. 8a). The J-index, which quantifies the CPO strength, ranges

between 4 and 12.

5.2. Clinopyroxene

Clinopyroxene has a CPO characterized by a concentration of

[001] axes parallel to the lineation and of (010) planes parallel to

the foliation (Fig. 5). [100] axes tend to be more dispersed. In

layers with o5% of clinopyroxene, CPO is almost random.

Clinopyroxene J-index varies strongly from sample to sample

(Fig. 8b). However, data in olivine-rich layers may be biased,

because few grains were measured, causing potential J-index

overestimation. Intermediate and gabbroic layers, which have

higher pyroxene contents, show more homogeneous and weaker

clinopyroxene CPO.

5.3. Plagioclase

In intermediate composition layers and olivine–gabbros, pla-

gioclase has a CPO characterized by a girdle of [100] in the

foliation plane with a clear maximum parallel to the lineation

and a concentration of [010] normal to the foliation with, in some

cases, some dispersion in a plane normal to the lineation (Fig. 5).

In layers with o10% of plagioclase, plagioclase has an almost

random CPO. There is no correlation between the strength of the

plagioclase CPO and the modal composition of the layer (Fig. 8c).

6. Mineral compositions

Electron microprobe analyses of major and trace element

compositions of olivine, clinopyroxene, plagioclase and spinel

were carried out on 12 selected thin sections (16 different layers)
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1990); they are represented as ternary diagrams (insets).
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representative of the different modal compositions and textures

in the section (EPMA acquisition conditions and data are pre-

sented as Electronic Supplementary Material – Methods section

and Table 1). Mineral compositions are consistent with previous

data from the Oman MTZ (Korenaga and Kelemen, 1997). They are

as variable within the studied section as the modal composition

and mineral fabrics. They also vary strongly at the cm-scale, that

is, within a layer or at the layers limits (Fig. 9). Although there are

core–rim variations, they tend to be equivalent to the composi-

tional variation among different grains in a layer (Fig. 9). There is

no evidence for zoning in plagioclase, an observation confirmed

by cathodoluminescence analyses.

Detailed sampling of mineral compositions along transects

normal to the layering in three composite samples highlights

sharp variations in chemical composition at some layer limits

(Fig. 9). It also shows that although there are general trends

linking modal and minerals compositions, at the layer scale the

trends may change. Gabbroic samples where the layering is

marked by variations in the olivine and plagioclase contents are

characterized by sharp variations in olivine composition at the

layers limits (Fig. 9a and b). Olivine Mg] is always low, but it may

either increase (from 83.5 to 84.5, Fig. 9a) or decrease (from 82.2

to 81.8, Fig. 9b) towards the more plagioclase-rich layer. Cr

content in clinopyroxene also shows weak variations across layer

limits (within the measurement error) and opposite behaviors in

these two samples. In contrast, the studied transition from a

dunitic to an intermediate composition layer (Fig. 9c) is not

characterized by changes in olivine Mg] or Ni content, but olivine
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composition is more variable in the dunitic layer whereas

plagioclase composition is more variable and tend to be more

An-rich in the more gabbroic layer.

7. Discussion

7.1. Feedbacks between deformation and melt distribution

Many processes have been invoked to explain the composi-

tional layering in the MTZ of the Oman ophiolite, ranging from

intrusion and fractional crystallization in horizontal fractures

associated with a reorientation of the stress field (Ildefonse

et al., 1993; Boudier et al., 1996) to melt accumulation during

porous flow in a media with variable porosity (Boudier and

Nicolas, 1995; Kelemen et al., 1997; Korenaga and Kelemen,

1997; Rabinowicz et al., 1987). Mineral major- and trace-

element compositions as well as REE chemistry in the gabbroic

lenses favor a compositional layering produced by porous flow in

a conductively cooling system, characterized by an interplay

between reduction of permeability due to partial crystallization

of the melt and continuous melt replenishing (Kelemen et al.,

1997; Korenaga and Kelemen, 1997) and reaction with the

preexisting harzburgites (Godard et al., 2000).

The present structural observations are consistent with a

porous flow origin for the compositional layering, but indicate

that the melt distribution in the MTZ is largely controlled by the

strong horizontal shearing in the ductile field that characterizes

this domain. These observations include: (i) parallelism between

the compositional layering and deformation structures (Fig. 2a

and b), (ii) the preferred orientation of the plagioclase aggregates

in the olivine-rich layers (Fig. 2e and f), and (iii) the correlations

of the plagioclase and clinopyroxene CPO in the olivine–gabbros

and intermediate composition layers with the olivine crystals

elongation and CPO in all layers (Fig. 5).

Deformation-controlled melt distribution in a two-phase

material submitted to shearing is consistent with experiment

data (Holtzman et al., 2003b) and numerical models (Butler,

2009; Katz et al., 2006). It is also corroborated by a recent study

by Jousselin et al. (2012), which shows a correlation between

macroscopic shapes and fabrics of gabbroic lenses sampled in the

Oman MTZ at varying distance from the Maqsad diapir, the fabric

strength increasing from isotropic to strongly layered gabbros.

The most striking feature pointing to strong feedbacks

between melt distribution and deformation in the studied section

is, however, the change in olivine CPO symmetry as a function of

modal composition (Figs. 5 and 6). Layers with high olivine

contents (470%) have axial-[100] patterns, which are typical of

mantle rocks deformed in simple shear under high-temperature,

moderate pressure conditions (e.g., Tommasi et al., 2000; Zhang

and Karato, 1995; Bystricky et al., 2000). In contrast, intermediate

composition and gabbroic layers have olivine CPO with axial-

[010] patterns, similar to those observed in simple shear experi-

ments on olivine-melt aggregates (Zimmerman et al., 1999). This

transition in olivine CPO symmetry occurs at the mm-scale

(Fig. 5). It cannot therefore be interpreted as due to changes in

pressure or temperature (Durham and Goetze, 1977; Mainprice

et al., 2005). Water being highly incompatible means deformation

of hydrous olivine (Jung and Karato, 2001) is also an unlikely

explanation for the axial-[010] CPO in the gabbroic layers.

Together, these data point to a change in olivine CPO controlled

by the melt content and hence to small-scale variations in the

melt content across the section.

Finally, the sharp variations in mineral chemistry characteriz-

ing some layer limits point to a component of layer-parallel melt

flow (Fig. 9). Numerical models analyzing the effects of buoyancy

on shear-induced melt bands (Butler, 2009) show that layer

parallel-flow in melt-rich bands is favored by low buoyancy to

shear ratios and non-linear rheologies in the solid matrix. These

conditions are probably fulfilled in the studied section, which

records strong horizontal shearing and has olivine CPO indicative

of dislocation creep, implying stress exponents �3, as discussed

in the next section.

7.2. Deformation processes: microstructures and crystal preferred

orientations

All major rock-forming minerals show clear CPO that is con-

sistent with the field-measured foliation and lineation (Fig. 5).

CPO strength does not depend on the modal composition; only

the symmetry of the olivine CPO changes (Fig. 6). An exception

is the poikilitic plagioclase and clinopyroxene in impregnated

dunites, which random orientation indicates post-kinematic

crystallization.

Microstructures in dunites, characterized by elongated olivine

crystals with widely-spaced (100) subgrain boundaries and

curved grain limits in olivine, are typical of solid-state deforma-

tion by dislocation creep at high temperature conditions. Axial-

[100] olivine CPO patterns in the olivine-rich layers may thus be

explained by dislocation creep under high temperature, low

pressure, dry conditions (Tommasi et al., 2000). As the plagioclase

and clinopyroxene content in the layer increases, olivine grain

size decreases. Olivine crystals show cusp-shaped grain bound-

aries (Fig. 4), suggesting olivine-consuming melt-rock reactions.

However, even in gabbroic layers, the largest crystals are still

elongated in the foliation and preserve subgrain boundaries

(Figs. 3 and 4). In contrast, plagioclase and clinopyroxene in these

layers have typical magmatic textures; they lack intracrystalline

deformation features, except for a few deformation twins in

plagioclase, and often preserve interstitial, interlocking shapes.

The deformation processes active in the melt-rich layers are

difficult to unravel due to the very effective textural re-

equilibration of these samples by grain boundary migration

(indicated by the common 1201 triple junctions, Fig. 4) that

erased part of the deformation-related features. Grain boundary

pinning prevented, however, total re-equilibration of grain

shapes. Present grain elongations should therefore be represen-

tative of the original ones.

The plagioclase CPO in the gabbroic layers is consistent with the

weak shape-preferred orientation of subhedral plagioclase in these

lenses. Such fabrics are traditionally interpreted as produced by

magmatic flow. They are indeed similar to those developed by

magmatic flow in Oman gabbros (Ildefonse et al., 2002) and

anorthosites (Morales et al., 2011). If produced by magmatic flow,

the alignment of the plagioclase [100] axes with the macroscopic

lineation (Fig. 5) would imply that melt flow was essentially layer-

parallel and normal to the ridge axis. However, magmatic flow is

unlikely to produce the clear CPO of coexisting clinopyroxene

(Fig. 5), since the latter, as the latest crystallizing phase, is usually

interstitial and displays no shape-preferred orientation (Figs. 3 and

4). Magmatic flow also cannot account for the clear plagioclase and

clinopyroxene CPO in olivine-rich intermediate layers (Fig. 5). The

lack of intracrystalline deformation features in both phases also

rule out CPO development by solid-state deformation. We propose

therefore an alternative explanation whereby the plagioclase and

clinopyroxene CPO result from oriented crystallization in a deform-

ing media (e.g., Fleet, 1983; Kamb, 1959).

Olivine CPO also cannot have a purely magmatic origin.

Analysis of products of incomplete melting experiments showed

olivine xenocrysts with well developed (010) and {110} facets

produced by preferential corrosion of olivine along (010) faces

and (100) subgrain boundaries plus anisotropic growth (Boudier,
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1991). Euhedral olivine crystals similar to those produced in these

experiments are locally observed in gabbroic layers (Fig. 3d).

However, most olivine crystals have anhedral shapes with cusped

grain boundaries (Fig. 5d), indicating corrosion by the melt and

associated crystallization of clinopyroxene and/or plagioclase.

This reaction would progressively reduce the aspect ratio of

olivine crystals (Fig. 4) and hence, the possibility to form strong

magmatic CPO. In addition, although grain interactions in a

crystal mush might explain the undulose extinction and sub-

grains in olivine, the associated strains are too low to produce

the strong CPO observed in most layers, independent of their

composition.

The continuous change in olivine CPO pattern from axial-[100]

to axial-[010] as a function of the olivine content (Fig. 6a and b) is

better explained by solid-state deformation accommodated by

dislocation creep accompanied by diffusion and limited sliding

along melt-wetted grain boundaries (Holtzman et al., 2003a,

Takei and Holtzman, 2009). The pre-existing olivine CPO might

have resulted in anisotropic melt distribution via preferential

corrosion of olivine crystals along (010) planes. Grain boundary

sliding along preferentially wetted (010) crystal faces would favor

the alignment of these faces in the shear plane and produce

rotations around the [010] axis, dispersing both [100] and [001].

Simultaneous activation of [100](010) and [001](010) might also

have contributed to the development of the axial-[010] patterns.

[001] glide is consistent with [UV0] rotation axes accommodating

low-angle misorientations in some gabbroic layers (Fig. 7), but

the physical causes favoring the activation of [001] glide in olivine

in the presence of melt are still not understood.

A variation in strain regime from simple shear to transpression

(Tommasi et al., 1999) may also explain the changes in the olivine

CPO. Compaction allowing for extraction of late crystallizing melt

fractions may result in transpressive deformation and hence in

development of axial-[010] patterns in the melt-rich layers, while

melt-poor layers would deform by simple shear, developing axial-

[100] olivine CPO. Simple shear in the dunitic layers is corroborated

by the obliquity between the olivine CPO and the foliation/lineation

(Fig. 5). In the gabbroic layers, CPO and macroscopic fabrics are

parallel, which is consistent with a larger component of layer-normal

shortening. This model is consistent with the open system behavior

inferred from the mineral compositions (Korenaga and Kelemen,

1997 and present data, Fig. 9 and Electronic Supplementary

Material). This externally-controlled strain partitioning is, however,

different from the one proposed by Holtzman and Kohlstedt (2007),

where the dispersion of [100] axes in the shear plane resulted from

local out-of-plane stresses due to anisotropic wetting of grain

contacts in a system where simple shear is mainly accommodated

by melt-assisted grain boundary diffusion creep plus limited sliding

along melt-wetted grain boundaries.

Finally, the preservation of a clear olivine CPO in all layers

independently of their modal composition (Figs. 5 and 7), implies

that the instantaneous melt fraction remained, at all times, below

the critical value allowing for loss of cohesion of the solid matrix

(20–40%; e.g., Rosenberg and Handy, 2005). This inference may be

reconciled with the observation that many layers contain 460%

melt-derived phases (plagioclase, clinopyroxene7olivine) by

considering that both the composition and the CPO evolution

are not instantaneous processes, but depend on the melt-rock

reactions integrated through time and on the finite strain accu-

mulated in presence of melt, respectively.

7.3. Comparison with experimental data and models

on two-phase systems

The present observations clearly point to shear-induced melt

segregation and to changes in the olivine deformation controlled

by the melt distribution in the Oman MTZ. There are, however,

significant differences between the present observations in a

natural system, the experimental data (Holtzman et al., 2003b;

King et al., 2010; Zimmerman et al., 1999), and predictions by

numerical models of shear deformation in two-phase aggregates

(Butler, 2009; Katz et al., 2006).

Preferentially wetted grain boundaries and melt-rich bands

are parallel to the shear plane in nature, rather than inclined at

201 to it as in experiments and numerical models. In the experi-

ments, melt-rich layers form an anastomosed network that

encloses melt-poor lenses, whereas in the Oman MTZ gabbroic

and intermediate composition layers form very elongated, but

finite lenses (aspect ratios 1:100 or higher, Fig. 2d). Olivine CPO in

the Oman MTZ is also much stronger than those formed in simple

shear experiments (Holtzman et al., 2003b; King et al., 2010;

Zimmerman et al., 1999). Finally, the alignment of [001] parallel

to the shear direction observed in experiments with melt segre-

gation also does not exist in our data, where [100] axes, although

dispersed in the foliation plane, always present a concentration

subparallel to the lineation.

These discrepancies may arise from the lower stresses in the

natural system. Boundary conditions also differ; the MTZ is an

open system, allowing for melt injection and extraction, whereas

both experiments and models consider closed systems. Moreover,

anisotropy arising from a preexisting olivine CPO (both models

and experiments consider an isotropic starting material) may

affect both the deformation (e.g., Tommasi et al., 2009) and the

melt distribution.

7.4. Rheological consequences of shear-induced melt segregation

At laboratory strain rates, the viscosity of mantle rocks depends

exponentially on the melt fraction (Kohlstedt and Zimmerman,

1996; Scott and Kohlstedt, 2006). Theoretical analyses consider-

ing the melt distribution anisotropy further predict that melt

fractions as low as 0.01% decrease the shear viscosity by up to an

order of magnitude (Takei and Holtzman, 2009). Shear-induced

melt segregation producing melt-rich layers parallel to the shear

plane should result in an anisotropic viscosity, characterized by a

lower resistance for layer-parallel shearing relative to other

deformation regimes. Such feedbacks between deformation and

melt distribution have been proposed to produce strain localiza-

tion at the base of the lithosphere as well as lubrication and fast

melt extraction paths in extensional plate boundaries (Holtzman

and Kendall, 2010).

Clear evidence for strain localization in melt-rich layers is not

observed in the studied section. Possible explanations are: (i) the

lack of strain markers allowing to quantify the strain distribution

between different layers and (ii) the strong textural re-

equilibration that partially erased the deformation structures.

Higher finite strains in the melt-rich layers may, however, be

indirectly inferred from the similar intensities of olivine CPO in all

layers, if one considers that a large proportion of the deformation

in the melt-rich layers has been accommodated by diffusion or

sliding along melt-lubricated grain boundaries.

Melt-rich lenses flattened parallel to the foliation or shear plane

as those observed in the Oman MTZ will also change the seismic

anisotropy response relative to a ‘dry’ or to an isotropic partially

molten medium (Holtzman and Kendall, 2010; Mainprice et al.,

1998; Tommasi et al., 2006; Vauchez et al., 2000). P-waves will be

faster parallel to the shear plane and slower normal to it. S-waves

polarized parallel to the shear plane will be also faster. P-waves

propagating and S-waves polarized in the shear plane, as well as

S-waves propagating normal to it will, in contrast, show very low

anisotropy.
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The present observations show that shear-driven melt segre-

gation occurs in the crust –mantle transition zone beneath an

oceanic ridge, which probably contained high instantaneous melt

fractions ({40%, however). One may question however if this

process also occurs at the low instantaneous melt fractions (o2%)

inferred for a ‘normal’ upper mantle. Shear-driven melt segrega-

tion was observed in experiments with average melt fractions as

low as 0.5% (Holtzman and Kohlstedt, 2007). This process was

also proposed to explain the fine-scale pyroxenite layering in the

lherzolites from the Lherz massif, which has been interpreted as a

fossil lithosphere–asthenosphere boundary (Le Roux et al., 2008).

Seismological data also point to shear-induced melt segrega-

tion in the asthenosphere and lithospheric mantle. Oriented melt

pockets were invoked to explain the high shear wave splitting

delay times in the Afar (Kendall et al., 2005; Holtzman

and Kendall, 2010). Kawakatsu et al. (2009) further interpreted

observed P–S and S–P conversions at the lithosphere–astheno-

sphere boundary as resulting from a strong velocity reduction for

vertically propagating P- and S- waves due to shear-induced melt

segregation at low average melt fractions (0.25–1.25%) in the

uppermost asthenosphere. Together, these observations suggest

that shear-driven melt segregation also occurs under ‘normal’

asthenospheric conditions.

8. Conclusion

This study presents direct microstructural evidence for

deformation-controlled melt organization and for changes in

olivine deformation in a partially molten natural system.

Together, the parallelism between the fine-scale compositional

layering and the foliation, the diffuse limits of the different

compositional layers, the alignment of elongated plagioclase-

rich aggregates devoid of internal deformation structures marking

a lineation in the intermediate and gabbroic layers subparallel to

the elongation of olivine in the dunitic layers, the coherent CPO of

olivine, plagioclase and clinopyroxene in the intermediate and

gabbroic layers, and the sharp compositional changes across

some, but not all layer limits clearly point to an essential role of

the deformation on the development of the layering in the

Oman MTZ.

The sharp changes in olivine CPO pattern (at the mm-scale)

may only be explained by deformation in presence of variable

melt contents. Axial-[100] olivine CPO in olivine-rich layers is

consistent with deformation by dislocation creep under high

temperature, low pressure, dry conditions. In contrast, axial-

[010] olivine CPO patterns imply an additional contribution of

sliding along preferentially wetted (010) grain boundaries, an

increase in the activity of [001] glide, or transpression localized in

melt-rich layers. The present observations do not allow discrimi-

nation between these processes; they rather suggest concomitant

activation of all three processes. Strong olivine CPO characterizes

all layers, implying that instantaneous melt fractions always

remained below the critical fraction (20–40%) allowing for the

disruption of the solid stress-bearing network. The continuous

variation in olivine CPO symmetry over a compositional range

(70–40% modal olivine) indicates therefore that the changes in

olivine CPO patterns are controlled by the cumulated strain in the

presence of melt rather than on the instantaneous melt fraction.

Analysis of experimental data pointed that deformation-induced

melt segregation should induce a strong directional weakening and

seismic anisotropy in the upper mantle (Holtzman and Kendall,

2010; Holtzman et al., 2005). The present observations show that

this process also occurs in nature, but that melt-rich layers form

parallel to the shear plane rather than at an angle to it. They also

show that deformation in presence of melt tends to disperse the

olivine [100] and [001] axes in the shear plane, producing axial-

[010] patterns, but does not result in dominant concentration of

[001] along the shear direction. The present observations concern,

however, an environment submitted to high shear strains in

presence of large melt fractions; caution should be used when

extrapolating these conclusions to the upper mantle, where instan-

taneous melt fractions are significantly lower.
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