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Abstract This study reports on feedback mechanisms between fluid migration, ductile deformation, and
strain localization processes in an incipiently forming mantle wedge: the basal banded unit of the Semail
ophiolite. These peridotites were located right above the plate interface during intraoceanic subduction
infancy that ultimately led to ophiolite obduction. During this stage, they were affected by coeval ductile
deformation, forming (proto)mylonites at ~900–800 °C to ultramylonites at ~700 °C, and interaction with
subduction fluids. From the petrological and microstructural study of these hydrated peridotites and their
protolith (preserved lenses of porphyroclastic tectonites), we show that peridotite interaction with hydrous
fluids triggered dissolution/precipitation processes. Dissolution of coarser grains and precipitation of new
and smaller ones (mainly pyroxenes, spinel, and amphibole) resulted in a drastic grain size reduction, phase
mixing and a switch from olivine dislocation to grain size sensitive creep in (proto)mylonites. Data also
evidence a feedback process of fluid focusing in actively deforming shear zones. This rapid switch in olivine
deformation mechanism, driven by subduction fluid-peridotite interaction, triggered an intense weakening
of the peridotites at ~900–800 °C and a transition from a mechanically decoupled to coupled plate
interface (as witnessed by the detachment and underplating of a high-temperature metamorphic sole to the
base of the ophiolite). It also explains the intense strain localization (<1-km-thick shear zone) along this
ductile portion of the plate interface. Considering that similar mechanisms take place in mature subduction
zones, they may explain plate interface coupling at subarc depths in worldwide subduction zones.

1. Introduction

Hydration of mantle wedge peridotites by fluids (and/or hydrous melts) released by downgoing plates is
expected to decrease mantle strength during subduction (Chernak & Hirth, 2010; Hilairet et al., 2007; Hirth
& Kohlstedt, 2003). Such peridotite weakening is considered to be critical for subduction initiation
(Regenauer-Lieb et al., 2001), for influencing middle- to long-term mechanical coupling of the subduction
interface (Agard et al., 2016; Wada et al., 2008), and for earthquake nucleation (Obara, 2002; Peacock &
Hyndman, 1999).

At T< 700 °C, hydration of peridotites mainly triggers serpentine crystallization, a rheologically weak mineral
(Chernak & Hirth, 2010; Hilairet et al., 2007; Raleigh & Paterson, 1965). From geological and geophysical argu-
ments, the presence of serpentinized peridotites in the fore-arc mantle wedge has been proposed as an
explanation to the (partial) decoupling of the subduction interface in this zone (Bostock et al., 2002; Fryer
et al., 1999; Hirth & Guillot, 2013; Hyndman & Peacock, 2003). Deeper down (from 70 to 80 km in mature sub-
duction zones), the subducting plate and the overlying hydrated mantle wedge are thought to be coupled
again and dragged down together (Furukawa, 1993; Wada &Wang, 2009), thereby leading to asthenospheric
mantle wedge return flow and changes in overriding plate thermal structure (Abers et al., 2017; Kelemen
et al., 2003; Peacock, 1996).

Mechanical coupling at the interface and, in particular, the rheology of mantle wedge peridotites over the
stability of serpentine (i.e., T > 550–700 °C, depending on pressure) therefore exerts a key control on the
dynamics and thermal regime of subduction zones (Arcay et al., 2007; Syracuse et al., 2010; van Keken
et al., 2002). However, the rheological behavior (i.e., deformation mechanisms, strain localization, and overall
strength) of this ductile mantle wedge is not well constrained (e.g., Agard et al., 2016). The origin of the subarc
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mantle wedge low seismic velocities revealed by geophysics remains debated (Kawakatsu & Watada, 2007;
Reynard, 2013; Wada & Wang, 2009), and nonserpentinized mantle wedge peridotites exhumed from suture
zones or as xenoliths are scarce and do not preserve structural relationship to the subduction interface.

An alternative approach is to study the exhumedmantle section of ophiolites, which are fragments of oceanic
lithosphere once located above an intraoceanic subduction zone (Dewey, 1976). The presence of metamor-
phosed crustal rocks (amphibolitic to granulitic metamorphic soles) immediately below the mantle base of
ophiolites indeed attests that parts of the downgoing plate were sheared, heated up, and accreted to the
ophiolite base during the first stage of intraoceanic subduction (Figure 1a; Agard et al., 2016; Dewey &
Casey, 2013; Spray, 1984; Wakabayashi & Dilek, 2003). In the Semail ophiolite, the basal ophiolitic mantle
and the metamorphic sole below were tectonically juxtaposed, deformed at temperature conditions of
~900–650 °C (Boudier et al., 1988; Boudier & Coleman, 1981; Gnos, 1998; Gnos & Kurz, 1994; Lippard et al.,
1986; Searle, 1980; Soret et al., 2017), and exhumed together during early subduction (Agard et al., 2016).
Prigent et al. (2018) have shown that these basal mylonitic peridotites are enriched in fluid-mobile elements
and in amphibole, suggesting subduction fluid release from the downgoing plate and fluid/peridotite inter-
action during mylonitic deformation.

The base of the Semail ophiolite is therefore a good proxy to examine ductile deformation of a mantle wedge
located and interacting with fluids immediately above a warm (~650-900 °C) subduction interface. Based on a
petrological and microstructural analysis of these basal peridotites, combined with the sample geochemical
characterization from Prigent et al. (2018), the present study aims at understanding the influence of
fluid/mantle interaction processes on (1) peridotite rheology, (2) strain accommodation within the mantle
wedge, and (3) the regime of the subduction plate interface.

2. Petrological and Tectonic Setting

A detailed description of the geological setting of the Semail ophiolite and/or of the ophiolite emplacement
is beyond the scope of the present contribution, and the interested reader is referred to the abundant litera-
ture on this subject (e.g., Agard et al., 2007, 2016; Ceuleneer et al., 1988; Coleman, 1981; Le Mée et al., 2004;
Morris et al., 2016; Nicolas et al., 2000; Rioux et al., 2016; Searle & Cox, 2002). In the first ~200–500 m above the
fossil plate interface (i.e., above the contact with the metamorphic sole), the ophiolitic mantle displays struc-
tural characteristics that differ from the overlying ophiolitic mantle section (Nicolas et al., 2000). Basal mantle
peridotites form a highly foliated banded unit (Searle, 1980), displaying centimetric to metric lithological alter-
nations of harzburgites, lherzolites, dunites, and pyroxenites (Boudier & Coleman, 1981; Lippard et al., 1986;
Searle, 1980; Takazawa et al., 2003). Detailed structural works performed on the whole ophiolitic mantle sec-
tion have revealed that the ductile mylonitic deformation of this basal banded unit took place at relatively
low temperature (LT deformation) and is superimposed on a higher temperature asthenospheric deformation
(HT deformation) attributed to the accretion process of the main magmatic sequence of the ophiolite
(Figure 1b; Boudier et al., 1988; Nicolas et al., 2000). This HT mantle is also crosscut by vertical mylonitic shear
zones interpreted as developing coevally with the banded unit during the LT event (e.g., Boudier et al., 1988).
In contrast to the basal banded unit, which has been studied only very recently from a rheological point of
view in the Kwar Fakkan massif (Ambrose et al., 2018), the vertical shear zones have been thoroughly char-
acterized by microstructural studies (Linckens, Herwegh, & Müntener, 2011, Linckens, Herwegh, Müntener,
& Mercolli, 2011; Michibayashi et al., 2000, 2006; Michibayashi & Mainprice, 2004). The temperature of the
LT deformation event, affecting high-temperature (~1200 °C) porphyroclastic tectonites, has been estimated
at ~900–800 °C for the (proto) mylonitic deformation and down to ~700 °C for the ultramylonitic deformation
(Linckens, Herwegh, & Müntener, 2011).

Themetamorphic sole of the Semail ophiolite crops out all along the ophiolite at its base (Figure 1b) and exhi-
bits tectono-metamorphic characteristics similar to those of other metamorphic soles worldwide (Agard
et al., 2016; Soret et al., 2017). When the sequence is complete, the metamorphic sole comprises at least
two units: an upper (amphibolitic to granulitic) HT sole and a lower (greenschist facies) LT sole. The HT sole
is mainly composed of sheared metabasalts metamorphosed at ~800 ± 50 °C and 1.0 ± 0.2 GPa (Agard et al.,
2016; Cowan et al., 2014; Ghent & Stout, 1981; Gnos, 1998; Hacker & Mosenfelder, 1996; Searle, 1980; Searle &
Malpas, 1980; Soret et al., 2017), corresponding to ~30 km depth. The LT sole comprises far more metasedi-
ments and shows lower pressure (P)-T peak conditions at ~600 ± 50 °C and 0.5 ± 0.1 GPa (Agard et al., 2016;
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Bucher, 1991; Gnos, 1998; Soret et al., 2017), corresponding to a depth of ~15 km. HT and LT units at the base
of the Semail ophiolite are interpreted as resulting from deformation, heating up and slicing off the
downgoing plate during the first stages of intraoceanic subduction (Agard et al., 2016; Searle & Cox, 1999),
long before ophiolite emplacement onto the Arabian continent in the late Cretaceous. HT sole
metamorphism has been dated at 94–95 Ma, supporting the view that the overlying lithosphere was still
young (~1–2 My old) and hot when the HT sole formed (Goodenough et al., 2010; Hacker et al., 1996;
Rioux et al., 2013, 2016; Warren et al., 2005).

As the deformation patterns (foliation, lineation, and folds) and temperature of banded unit mylonitic peri-
dotites appear to be similar to those of the underlying high-temperature (HT) sole (Figure 1c), their defor-
mation was attributed to the same tectonic stage (Boudier et al., 1988; Boudier & Coleman, 1981; Nicolas
et al., 2000; Searle, 1980; Searle & Malpas, 1982), that is, deformation and cooling of the basal ophiolitic
mantle, located immediately above the interface, during early subduction and metamorphic sole accretion
(Figure 1a). Petrological and geochemical studies suggest that basal peridotites were affected by metaso-
matic processes during this deformation. Metasomatism is evidenced by constitutive mineral enrichment
in fluid mobile elements (especially boron; Khedr et al., 2013, 2014; Prigent et al., 2018; Yoshikawa et al.,
2015), in heavy boron (11B) compared to 10B (Prigent et al., 2018), and crystallization of metasomatic
minerals: amphibole and secondary olivine, clinopyroxene, orthopyroxene, and spinel (Ambrose et al.,
2018; Khedr et al., 2013, 2014; Prigent et al., 2018). These authors relate the cryptic and modal metasoma-
tism of basal peridotites to fluids released by dehydration of the underlying metamorphic sole. From
geochemical arguments, Prigent et al. (2018) propose that the interaction of basal peridotites with these
fluids started during the protomylonitic deformation stage (at ~850 °C), coevally with the formation and
dehydration of the underlying HT sole.

3. Sample Selection and Methods

Banded unit peridotites directly overlying the HT sole were sampled across several ophiolite transects (from
the Kwar Fakkan to the Wadi Tayin massifs; Figure 1b) in order to characterize their mechanical behavior and
the interplay between fluid percolation, ductile deformation, and strain localization processes. Deformation

Figure 1. (a) Geodynamic sketch of the setting of intraoceanic subduction infancy. This stage results in the (de)formation of
the HT (amphibolitic to granulitic) metamorphic sole and the LT deformation of the ophiolite basal peridotites resulting in
the formation of the banded unit. (b) Simplified geological map of the Semail ophiolite featuring the main petrological
units and highlighting the location of the LT mylonitic basal peridotites of the ophiolite section (mapmodified after Nicolas
et al., 2000) and of analyzed samples. (c) Field view of the basal contact between the HT sole and the overlying ophiolitic
banded unit. Note the concordant foliation of the two units. HT = high temperature; LT = low temperature.

10.1029/2018JB015492Journal of Geophysical Research: Solid Earth

PRIGENT ET AL. 7531



of the banded unit is heterogeneous along strike the ophiolite (Figures 2a–2c and Table 1). The banded unit is
generally composed of centimetric to decimetric (proto)mylonitic to ultramylonitic shear zones/bands. Along
the Haylayn cross section, however, these LT shear zones wrap around preserved decimetric lenses of high-
temperature porphyroclastic tectonites. We selected 20 samples showing different stages of deformation,
from porphyroclastic to ultramylonitic microstructures from the different massifs, to perform detailed
petrological and microstructural analysis. One mylonitic shear zone located in Haylayn massif is more
thoroughly documented in order to further assess the evolution of peridotites across a well-defined strain
gradient. The investigated sample set (Table 1) comprises six porphyroclastic tectonites (Figure 2a), six
protomylonites (one with ultramylonitic bands, UMB, sample SE13-37B; Figure 2b), seven mylonites (three
with UMB, samples SE13-37B, SE14-06B, and SE13-113; Figure 2c), and one ultramylonite (sample SE11-01).
Sample classification, established after petrographic observation, follows that of Linckens, Herwegh, and
Müntener (2011).

Petrological and microstructural analyses were carried out on 30 μm-thick polished thin sections using
SEM (scanning electron microscope) imaging and coupled Electron BackScattered Diffraction (EBSD)/
Energy Dispersive Spectroscopy (EDS) mapping. EBSD measurements were performed on a Camscan
Crystal Probe X500FE SEM at Geosciences Montpellier (France) using a 15 kV acceleration voltage.
EBSD/EDS map step size (35 to 1 μm) was adjusted to sample minimum grain size. At each step, phase
identification (olivine, clinopyroxene, orthopyroxene, amphibole, or spinel) and crystallographic orienta-
tions were acquired in automatic mode from the diffraction pattern and phase crystallographic para-
meters. Indexation rates for the raw maps range from 95% to 50%, depending on the degree of
serpentinization. Raw maps were first processed using the Channel 5 software (HKL Oxford Instruments
5) in order to remove isolated pixels, correct errors due to olivine hexagonal pseudosymmetry, and fill
nonindexed pixels surrounded by five or six identical (phase and orientation) neighbors. Then, the
MTEX free toolbox for Matlab (Bachmann et al., 2010) was used to analyze the data and calculate phase
modal proportion, grain size, shape preferred orientation (SPO), crystallographic preferred orientation
(CPO), and misorientation distributions. Grain boundaries (in black on EBSD maps below) were identified
as the boundaries between two different phases or between two adjacent pixels of the same phase

Figure 2. (a–c) Optical microphotographs showing the change in banded unit peridotite microstructures associated with
increasing low temperature deformation and cooling during subduction infancy: from the protolith (porphyroclastic
tectonites), protomylonites, mylonites to ultramylonites or ultramylonitic bands (UMB). (d) Evolution of orthopyroxene
(Opx), clinopyroxene (Cpx) and amphibole (Amp) mean grain size as a function of olivine mean grain size in analyzed EBSD
maps. (e) Evolution of minor phase abundance—Opx, Cpx, spinel (Spl), and Amp–during increasing deformation.
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with >10° of crystallographic misorientation. Grains with less than five pixels were discarded to eliminate
potential misindexing.

To characterize mineral CPO, the orientation distribution function was calculated using a half width of the de
la Vallée Poussin kernel of 10° (Mainprice et al., 2014) and the mean orientation of each grain to avoid over-
representation of coarser grains. Phases mapped with<200 grains were not considered in order to get repre-
sentative mineral fabrics (Table 1; Ismail & Mainprice, 1998). CPO, reported in Figure S1 in the supporting
information, is plotted on lower hemisphere, equal area pole figures and contoured at multiples of a uniform
distribution. We used the eigen analysis described in Mainprice et al. (2014) to calculate for each mineral crys-
tallographic axis the eigenvectors Ei of its orientation tensor. E1 represents the preferred orientation of the
axis. We also calculate the fabric-index angle of Michibayashi et al. (2016) for olivine, using the elastic coeffi-
cients of Abramson et al. (1997), and a density of 3.355 g/cm3 to calculate seismic velocities. To quantify
mineral CPO strength, we use two different indexes, both decreasing with decreasing fabric strength: the
M-index (Skemer et al., 2005) and the J-index (Mainprice & Silver, 1993). The M-index is equal to 1 for a single
crystal and decreases to 0 for a random fabric, while the J-index ranges from infinite (single crystal) to 1
(random fabric).

Intragranular misorientation is characterized by plotting the difference in orientation between each pixel to
the mean orientation of the grain (Mis2mean). Low-angle (2–10°) misorientations and the distribution of
corresponding misorientation rotation axes are shown on inverse pole figures to identify dominant rotation
axes (Figure S1).

Boron separation and analyses were made at LHyGeS (University of Strasbourg, France). The boron extraction
procedure, adapted from Lemarchand et al. (2012), is detailed in Prigent et al. (2018). Sample isotopic ratios
were then measured by Multicollector-Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS) on a
Thermo Scientific Neptune. The full set of results is reported and discussed in Prigent et al. (2018). Herein,
we only report the boron composition of samples taken along the well-documented mylonitic shear zone
in the Haylayn massif.

4. Results
4.1. Grain Size and Mineralogy Evolution

Samples are spinel lherzolites (clinopyroxene >5%) or cpx-harzburgites (clinopyroxene >2%) and may con-
tain amphibole (magnesio-hornblende to pargasite; Table 1). Olivine and pyroxene mean grain size progres-
sively decreases from porphyroclastic tectonites (~300 μm) to ultramylonites/UMB (~5 μm; Figure 2d).
Amphibole grain size is similar in porphyroclastic tectonites and protomylonites but markedly decreases in
mylonites and ultramylonites/UMB. Except in some area of the ultramylonitic sample from Fanjah, olivine
is systematically the dominant indexed phase (Table 1). The average proportion of minor phases slightly
decreases from porphyroclastic tectonites to mylonites but is the highest in the ultramylonite and UMB
(Figure 2e). Along the Haylayn cross section, no significant variation is observed with increasing deformation.
While the modal amount of every minor phase increases in the ultramylonite/UMB, amphibole is the only
phase whose proportion progressively increases with increasing deformation (Figure 2e).

4.2. Petrography and Microstructures

In porphyroclastic tectonites, orthopyroxene and olivine porphyroclasts (up to a fewmillimeters) have irregu-
lar grain boundaries. Grain aspect ratios are up to 1:5 for orthopyroxene and 1:4 for olivine (Figure 2a). Both
phases show important intracrystalline deformation with undulose extinction and kink bands. In some sam-
ples, orthopyroxene and clinopyroxene are partly overgrown by amphibole.

Two distinct domains can be recognized in protomylonites: a coarser-grained olivine-rich domain and a finer-
grained polymineralic one (Figures 2b and 3a–3c). In coarser-grained zones, olivine grains may also have
grain sizes up to a few millimeters and irregular grain boundaries (Figures 2b and 3a). Olivine commonly
shows triple junctions and is in places strongly elongated with aspect ratios of up to 1:6 for the coarse grains.
In these zones, olivine is locally associated with spinel and sometimes orthopyroxene and clinopyroxene por-
phyroclasts. Olivine and pyroxene porphyroclasts show intense intracrystalline deformation with numerous
kink bands, undulose extinction, and bent exsolution lamellas in pyroxene (Figure 3c). In these protomylo-
nites, drastic grain size reduction (to grains <300 μm) mainly occurs around pyroxene porphyroclasts
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(Figures 3a–3d). Small grains destabilize their grain boundaries and crystallized in fractures dissecting the
porphyroclasts in places (Figure 3c). Small grains are, however, also found dispersed as interstitial phases
at coarser olivine grain boundaries (Figure 3e). In these finest-grained zones, olivine, orthopyroxene,
clinopyroxene, spinel, and amphibole are mixed together. Straight grain boundaries suggest that they are
in textural equilibrium (Figures 3b and 3e). EBSD maps reveal that olivine, orthopyroxene, and
clinopyroxene minerals from these fine-grained zones may also have subgrain boundaries (Figure 3a).

In mylonites, clinopyroxene and orthopyroxene porphyroclasts may reach aspect ratios of 1:6 with bent exso-
lution lamella. They are also rounded or have very irregular shapes in places. Olivine grain size (<800 μm;
Figures 2e and 2f) is more homogeneous than in the less deformed peridotites. In olivine-rich zones, grains
are elongated parallel to the foliation, reaching aspect ratios of up to 1:5 (Figure 2c). They share 120° triple
junctions in places and may show kink bands subperpendicular to the foliation. In zones where secondary
phases are more abundant (Figure 4a), olivine is smaller (<200 μm) with very irregular grain boundaries
(Figure 4e). EBSD maps show that subgrain boundaries are also present in these olivine grains, as well as in
minor phases (Figures 4a and 4e). Theseminor phases (orthopyroxene, clinopyroxene, spinel, and amphibole)
have very irregular interstitial shapes (Figures 4a–4d). They are found at olivine triple grain junctions
(Figure 4a), along olivine grain boundaries (forming film-like structures in places) and along olivine subgrain
walls near grain boundaries (black zoom in Figure 4a). These phases display cusps in between olivine-olivine
grain boundaries (Figures 4b and 4c) and embay (Figure 4d) or completely armor olivine grains in
places (Figure 4c).

Figure 3. Microstructures and grain textures in protomylonites (a–d: sample SE13-81 and e: sample SE13-83). (a, b) Electron
BackScattered Diffraction phase maps (in black: grain boundaries and in red in Figure 3a: subgrain boundaries). In Figure 3b
only grains with sizes <300 μm are shown on the band contrast image. (c) Microphotograph highlighting the irregular
texture of pyroxene porphyroclasts surrounded by the fine-grained polymineralic matrix (location shown in Figure 3a).
White arrows point to subgrain walls in large olivine grains and red arrows to fractures dissecting a pyroxene porphyroclast
and filled by smaller grains. (d, e) Scanning electron microscope images highlighting the irregular interstitial textures of
smaller grained phases (Cpx2, Spl2, Opx2, and Amp). Mineral abbreviations are reported in Figure 3a.
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In ultramylonites and UMB, phases are highly mixed (Figure 4a). EBSD maps highlight that olivine and pyrox-
enemay have subgrain boundaries and that olivine quadruple junctions are observable in these zones (white
zooms in Figure 4a). These quadruple junctions are filled with olivine, pyroxene, or amphibole grains. In the
mylonites and ultramylonites/UMB, minerals have a SPO (Figure 4f). Olivine elongation is close to the shear
plane, whereas pyroxene is elongated oblique to it, close to a C’-band orientation.

4.3. Fabric Strength and Boron Isotopic Composition

To characterize the CPO of the different phases, we first quantify their fabric strength and its evolution as a
function of grain size reduction, using the M- and J-indexes. The J-index of natural peridotites generally
ranges from 1 to 20, with a predominance of values <6 (Tommasi & Vauchez, 2015).

The values of these two indexes are represented in Figures 5a–5c and 5d–5f, respectively, as a function of
the mean olivine grain size and peridotite microstructure. J values (from 2.5 to 1.1) indicate that all phases
in basal peridotites have weak to very weak CPO (Tommasi & Vauchez, 2015), except for clinopyroxene in
one porphyroclastic tectonite (Figure 5f). Olivine fabric strength progressively decreases with decreasing
grain size, from porphyroclastic tectonites (M 0.07–0.12 and J 1.8–2.4) to a random fabric in
ultramylonites/UMB (M 0.0–0.03 and J 1.1–1.3; Figures 4f, 5a, and 5d). J- and M-indexes of orthopyroxene
and clinopyroxene also suggest that their fabric strength slightly decreases from porphyroclastic tectonites
to mylonites. However, in contrast to olivine, their CPO strength does not get completely randomized in

Figure 4. Microstructures and grain textures in a mylonite with ultramylonitic bands (UMB, sample SE13-37A). (a) Phase
map and (b, d) selected enlargements (see dashed rectangles for location in Figure 4a). Black lines are grain boundaries
and red lines are subgrain boundaries. (e) Olivine grains colored by the intragranular misorientation angle of each pixel
compared to the average grain orientation (Mis2mean), showing the presence of subgrain walls in olivine. (f) Shape
preferred orientation (SPO) and crystallographic preferred orientation (CPO) distribution of olivine, orthopyroxene, and
clinopyroxene in this map. CPO is represented on lower hemisphere pole figures. Black squares indicate the preferred axis
orientation (eigenvector E1).
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ultramylonite/UMB, remaining weak but present, with that of clinopyroxene potentially getting even
stronger than in mylonites (Figures 4f and 5).

We also report the evolution of the boron isotopic composition of the samples taken across the protomylo-
nitic to ultramylonitic shear zone located upsection in the massif of Haylayn, together with constitutive
olivine grain size and J-index (Figure 6). The δ11B of samples reflects their 11B/10B ratio, which can be consid-
ered as a proxy for fluid-rock interactions (Prigent et al., 2018, and references therein). As noticed above,
olivine grain size and J-index decrease from porphyroclastic tectonites to the mylonites (± UMB) located in
the core of the shear zone. This decrease in fabric strength is associated with a progressive increase in
peridotite δ11B (i.e., a relative enrichment in 11B compared to 10B) from porphyroclastic tectonites having
values (-4 ± 2‰) close to the depleted MORB (Mid-Ocean Ridge Basalt) Mantle (-7.1 ± 0.9‰; Marschall et
al., 2017), protomylonites (0 ± 1‰) to mylonites with UMB (+4 ± 1‰).

4.4. Crystallographic Preferred Orientation

To further characterize deformation patterns, we report below the CPO of the different phases. The CPO is
shown in Figure S1, and, for the sake of clarity, only eigenvectors corresponding to the preferred axis orienta-
tion (E1) are reported in Figure 7a, on the same pole figure for every sample. On the pole figures, lineation
strikes in the east-west direction (X axis) and the normal to the foliation points to the north (Y axis). For some
(proto) mylonitic samples, foliation and lineation were difficult to determine and we thus orientated the sam-
ple according to the deformation patterns of nearby ultramylonitic samples.

In all samples, olivine [100] is preferentially aligned in the foliation plane, parallel to the lineation, but getsmore
dispersed in ultramylonite/UMB (Figures 4f and 7a). Olivine [010] and [001] are either preferentially aligned in
the foliation plane, perpendicular to the lineation, orthogonal to the foliation or have a girdle distribution nor-
mal to the lineation. In agreement with these observations, we use the fabric-index angle of Michibayashi et al.
(2016) to show that olivine mainly displays an E- or D-type fabric in porphyroclastic tectonites; an A-, D-, or
E-type fabric in protomylonites; and a D- or E-type fabric in (ultra)mylonites/UMB (which are not randomly
oriented; Figure 7b). In the finest-grained zones (Figure 4), olivine has an SPO but a random CPO.

Although orthopyroxene has a weak to very weak CPO (Figure 5), it is generally characterized by a maximum
distribution density of [001] axis subparallel to the normal to the foliation plane (Figures 4f and 7a). Axes [100]
and [010] are aligned in the foliation plane (showing a clear maximum either subparallel or subperpendicular
to the lineation or dispersed along a girdle within this plane).

Figure 5. Evolution of crystallographic preferred orientation strength, using the mean grain orientation, for olivine (Ol, left
column), orthopyroxene (Opx, middle column), and clinopyroxene (Cpx, right column) as a function of their mean grain
size. Values of 0 for the M-index (a–c; Skemer et al., 2005) and 1 for the J-index (d–f; Mainprice & Silver, 1993), indicate that
grains are randomly oriented in the sample. See text for further details.
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Clinopyroxene CPO is more dispersed and thus hard to describe in
detail (Figures S1 and 7a). It is, however, noticeable that, as orthopyrox-
ene, clinopyroxene [001] axis, which is also its main Burgers vector
being thus generally located subparallel to the lineation (Naze et al.,
1987; Steuten & Van Roermund, 1989; Van Roermund & Boland, 1981),
is oblique to the foliation and even normal to it in the majority of ana-
lyzed samples (Figures 4f and 7a). In the more deformed rocks, mylo-
nites, ultramylonites/UMB and some protomylonites, orthopyroxene,
and clinopyroxene [001] axes are located close (<30°) to each other
(Figure 7c). Figure 4 shows that the orientation of the pyroxene [001]
long axes is close to their direction of elongation (SPO) and to a C0-
band orientation.

4.5. Misorientation Rotation Axes

Rotation axes accommodating the low angle (2–10°) misorientations
within a crystal may allow identification of its dominant active slip
system(s). The main low-angle misorientation (LAM) rotation axis (or
axes) is (are) identified from inverse pole figures in Figure S1, and
examples of the different types of LAM distribution are reported in
Figures 7d–7f. Low-angle misorientations within olivine grains are
mainly accommodated by rotation around their [010] axis (Figure 7d).
This is consistent with the dominant activation of the olivine (001)
[100] slip system, hence with the predominance of olivine with E-type
CPO (Figures 7a and 7b). However, in a few (proto)mylonites and ultra-
mylonites, rotation around the [001] olivine axis is equally frequent,
even slightly dominant (SE14-06B; Figure S1), suggesting that the
(010)[100] is also significantly activated in these samples. In the
finest-grained ultramylonite/UMB, misorientation axes are more dis-
persed, maybe due to lesser amount of intragranular misorientations
in the grains (Figure S1).

For orthopyroxene, the main rotation axis is also [010] but rotation
around [001] is dominant in a few (ultra)mylonitic samples
(Figure 7e). Misorientation rotation axes for clinopyroxene are strongly
dispersed and ambiguous (Figure S1), with only weak maxima close to
[001], mostly in porphyroclastic tectonites and (proto)mylonites
(Figure 7f).

5. Discussion

The above results confirm that grain size reduction occurred during continuous ductile deformation and
cooling of the basal banded unit of the Semail ophiolite. Progressive strain localization into narrower shear
zones results in the preservation of peridotites equilibrated at different stages of deformation and
cooling, from porphyroclastic tectonites (~1200 °C), (proto)mylonites (~900–800 °C) to ultramylonites/UMB
(~700 °C). The following discussion focuses on the mechanism(s) responsible for this evolution.

5.1. Deformation in Porphyroclastic Tectonites

Preserved porphyroclastic tectonites from the Haylayn massif (spinel lherzolites and Cpx-harzburgites) indi-
cate that significant amounts of clinopyroxene were present before lower temperature ductile deformation.
Olivine in these rocks display E- and D-type CPOs (Figure 7b) and dominant LAM rotation axes around the
[010] axis (Figure 7d). Olivine E- and D-type CPOs suggest activation of the (001)[100] and (0kl)[100] disloca-
tion slip systems. Preferential activation of the (001)[100] slip system in olivine has been reported in experi-
ments at moderate water content (200–1000 H/106Si), low stresses (400 MPa), P < 2.2 GPa, and solidus to
hypersolidus temperature (Katayama et al., 2004). In natural mantle shear zones, it has also been described
at subsolidus conditions and has been attributed to deformation (1) under hydrous conditions (Cao et al.,

Figure 6. Evolution of olivine (Ol) grain size, crystallographic preferred orien-
tation strength (characterized by the J-index) and sample δ11B along one
protomylonitic to ultramylonitic shear zone located in the Haylayn massif,
~170 m away from the basal contact. Gray, vertical bands on the lowermost
diagram recall δ11B values of the depleted MORB mantle (Marschall et al.,
2017). Gray vertical overlay: shear zone location. DMM = depleted MORB
mantle.
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2015; Harigane et al., 2013; Hidas et al., 2016; Jung et al., 2014; Mehl et al., 2003; Michibayashi et al., 2009;
Michibayashi & Oohara, 2013) or (2) in the presence of melt (Suhr, 1993; Tommasi et al., 2006). The E-type
olivine CPO in the protolith may therefore be due to a mantle containing moderate amount of water or
affected by melt/rock interaction processes at 1200 °C before LT deformation. The second hypothesis may
better explain the observed relatively low mineral CPO strength and mean grain sizes (Figures 2d and 5),
as melt-assisted precipitation can produce new, smaller, and less oriented phases.

Figure 7. (a–c) Analysis of olivine (Ol), orthopyroxene (Opx), and clinopyroxene (Cpx) crystal preferred orientations (CPO).
CPO is projected on lower hemisphere equal area stereograms: the X axis represents the lineation and the Y axis the normal
to the sample foliation. CPOs (reported in Figure S1) are computed considering one value per grain only. (a) In pole
figures only the preferred orientation of each mineral crystallographic axis (eigenvector E1) is represented for each
analyzed sample. (b) Olivine fabric-index angle (FIA) of Michibayashi et al. (2016) as a function of olivine fabric strength
(M-index; cf Figure 5). The FIA allows identification of olivine fabric types. Gray fields are from Michibayashi et al. (2016).
(b) Angle between E1 of Opx and Ol [001] axes as a function of the angle between E1 of Opx and Cpx [001] axes on the
XY plane. (d–f) Main rotation axis (or axes) of intragranular misorientations inferred from the analysis of inverse pole
figures of low-angle misorientation distributions (cf. Figure S1). The b and c axes for samples showing a clear maximum
around one of these axes and b/c axes for samples showing two maxima around both b and c axes (N.I. when the
distribution is too dispersed to clearly identify the rotation axis). Examples of inverse pole figure are shown above (samples
SE14-05, SE14-06A for b/c axes for Ol and SE13-113 for b/c axes for Opx). Color coding and symbols (a–c) are for sample
microstructure and massif, respectively.
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5.2. Deformation in Protomylonites to Ultramylonites: Evidence for Fluid-Assisted Grain
Size Reduction
5.2.1. Olivine Deformation Mechanisms
The progressive grain size reduction from protomylonites to ultramylonites/UMB (Figure 2d) is an ubiquitous
process observed in mantle ductile shear zones during increasing deformation and strain localization
(Boullier & Gueguen, 1975; Drury et al., 1991; Tommasi & Vauchez, 2015; Warren & Hirth, 2006). As in similar
mylonitic shear zones, our observations suggest that this process of grain size reduction is associated with a
progressive transition in olivine deformation mechanism from dislocation creep to grain size sensitive (GSS)
creep. Indeed, undulose extinction and the presence of subgrains in olivine in (proto)mylonites to
ultramylonites/UMB (Figures 2, 3, and 4), as well as the occurrence of triple junctions between olivine grains,
suggest that they deformed through dislocation creep. Moreover, olivine CPO geometry is consistent with
the movement of dislocations inferred from the analysis of the LAMs. Olivine with A-type fabrics shows
equally frequent rotation of their dislocations around the [001] and [010] axes, whereas olivine with D-type
and E-type fabrics display mostly rotation around the [010] axis. This suggests that olivine CPO developed
by dislocation creep, by the dominant activation of the (010)[100], and the (001)[100] slip systems, respec-
tively. The progressive decrease in olivine CPO strength with decreasing grain size (Figure 5), a correlation
also observed by Ambrose et al. (2018) in the basal part of the mantle in the Kwar Fakkan massif, therefore
indicates a decreasing contribution of dislocation creep to olivine deformation during shearing. In ultramy-
lonites and UMB, the very fine grain sizes and CPO randomization of olivine imply that olivine deformation
no longer dominantly occurs by dislocation creep but rather by a GSS creep process. In these zones, olivine
has a SPO subparallel to the shear plane, indicating a significant contribution of diffusion creep, and also
shares quadruple grain boundary junctions, suggesting that the GSS process of grain boundary sliding
(GBS) might have also been active.

Such a transition in olivine deformation mechanism from dislocation creep to GSS creep is an efficient weak-
ening mechanism (Braun et al., 1999; Drury et al., 1991; Karato & Wu, 1993; Newman et al., 1999; Précigout &
Gueydan, 2009; Vissers et al., 1995; J. M. Warren & Hirth, 2006), enabling strain localization in the ductile man-
tle. As in those studies, we observe that grain size reduction is associated with a phase mixing process. As
noted by Ambrose et al. (2018), this phase mixing process and the increase of minor phases observed in
ultramylonites/UMB likely inhibited olivine grain growth and pinned olivine grain size in the GSS creep
domain (e.g., Evans et al., 2001). Grain sizes of basal peridotites indeed follow a Zener pinning relationship
(Figure S2; e.g., Hansen & Warren, 2015; Herwegh et al., 2011; Tasaka & Hiraga, 2013; Tasaka et al., 2014).
However, in contrast to Ambrose et al. (2018), we show that grain size reduction in (proto)mylonites is not
associated with an increase in minor phase proportion (Figure 2e). This indicates that the initial olivine grain
size reduction, and so peridotite weakening, is not a direct consequence of initial differences in minor
phase abundance.

5.2.2. Mechanism (s) of Grain Size Reduction and Phase Mixing
Different mechanisms have been invoked to account for these combined processes of grain size reduction
and phase mixing in ductile mantle shear zones: dislocation-mediated dynamic recrystallization and
GBS-related grain switching events (e.g., Linckens et al., 2014), dynamic recrystallization and stress-induced
differential cation diffusion (Tasaka et al., 2017), or dispersed nucleation of fine grains through dissolution-
precipitation processes (Hidas et al., 2016; Précigout et al., 2017; Précigout & Stünitz, 2016), associated with
metamorphic reactions (De Ronde & Stünitz, 2007; De Ronde et al., 2005; Newman et al., 1999; Toy et al.,
2010; Vissers et al., 1995) or melt-rock interaction (Dijkstra et al., 2002; Kaczmarek & Tommasi, 2011). The
evidence for dislocation mobility in olivine and pyroxene (undulose extinctions and subgrain walls;
Figures 3 and 4) and the occurrence of olivine triple junctions suggest that dynamic recrystallization by sub-
grain rotation partly contributed to reducing grain size. The possible activation of olivine GBS (see above) in
fine-grained zones might have played a role in mixing phases. The following textural and microstructural
observations, however, suggest that grain size reduction and phase mixing were principally triggered by
dissolution/precipitation processes, whereby finer grains precipitated dispersedly, and grew, at the expense
of coarser grains.

1. Drastic grain size reduction within protomylonites (from millimetric to <300 μm grains) is mainly
observed around pyroxene porphyroclasts, through crystallization of a finer-grained polymineralic matrix,
in which olivine, clinopyroxene, spinel, amphibole, and orthopyroxene are mixed and in textural
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equilibrium (Figures 3a–3c). The polymineralic nature of these finer-grained zones can hardly be
explained by dynamic recrystallization of porphyroclasts only (e.g., Linckens et al., 2015).

2. From protomylonites to ultramylonites/UMB, coarser grains have very irregular grain boundaries due to
embayment of finer grains (Figures 3a–3c and 4e) and fracture-like features filled by finer grains
(Figure 3c). In protomylonites, some porphyroclasts are almost completely replaced by these fine-
grained mixture and smaller grains have interstitial textures (Figures 3d and 3e). In ultramylonite/UMB,
these phases are found dispersed in the olivine matrix at olivine triple/quadruple grain junctions, along
olivine grain boundaries (forming film-like structures in places, embaying and/or armoring olivine grains),
and olivine subgrain walls near grain boundaries (Figures 4a–4d). Such interstitial textures of secondary
minerals, already observed in mantle (Hidas et al., 2016) and crustal rocks (e.g., Fusseis et al., 2009;
Kilian et al., 2011), are generally interpreted as evidencing crystallization by mineral precipitation and
subsequent growth at the expense of the matrix minerals, mainly olivine here.

3. In contrast to olivine, the (overall very weak) CPO strength of small pyroxene grains does not progressively
decrease during ongoing deformation (Figure 5) and does not get randomized in ultramylonites/UMB
(Figures 4f and 5). Moreover, while the dominant LAM rotation axis in orthopyroxene ([010]; Figure 7e)
and in clinopyroxene ([001]; Figure 7f) is consistent with former studies (Achenbach et al., 2011;
Kaczmarek & Tommasi, 2011; Soustelle et al., 2010), their CPO geometry is incompatible with any known
dislocation slip system. Indeed, the [001] axis corresponds to the Burgers vector in pyroxene (e.g., Bascou
et al., 2002; Naze et al., 1987; Van Roermund & Boland, 1981; Zhang et al., 2006) and should therefore be
observed subparallel to the lineation as in themajority of peridotitic natural shear zones (Achenbach et al.,
2011; Kaczmarek & Tommasi, 2011; Soustelle et al., 2010). In contrast, the [001] axis of both orthopyroxene
and clinopyroxene is systematically (Figure 7a), and consistently (Figure 7c), oblique to the foliation plane
and even normal to it in most cases. All these combined arguments support that the CPO of pyroxene
does not result from the movement of intracrystalline dislocations.

4. Such a CPO geometry of pyroxene has been reported in a few deformed peridotites and attributed to pyr-
oxene syntectonic, oriented precipitation, and growth (Dijkstra et al., 2002; Hidas et al., 2016; Suhr, 1993).
The overall weak CPO of pyroxene, which does not get randomized during deformation, and the orienta-
tion of their long crystallographic axis ([001]) subparallel to the direction of their SPO and to a C’-band
orientation (Figure 4f) support this interpretation. Moreover, the fact that the directions of pyroxene elon-
gation and [001] axis are at very high angle to olivine SPO direction and to σ3 strongly suggests that pre-
cipitation and growth of fine-grained minerals occurred mainly along grain boundaries that were under
deviatoric tension. The presence of tiny grains at olivine quadruple junctions hints that GBS-induced cav-
ities might also have been the locus of new mineral precipitation.

These arguments therefore support that dissolution/precipitation processes were key in promoting the initial
drastic grain size reduction in protomylonites and progressive grain size reduction and phase mixing from
protomylonites to ultramylonites/UMB.

5.2.3. Fluid-Assisted Deformation and Fluid Focusing in Shear Zones
Crystallization of amphibole in equilibrium with other phases in the finer-grained polymineralic zones
(Figures 3 and 4) testifies to the presence of hydrous fluids during deformation and
dissolution/precipitation processes. This is also confirmed by chemical data that show strong enrichments
of fine-grained minerals in (proto)mylonites in fluid mobile elements (especially boron; Prigent et al., 2018).
This observation is also in agreement with the predominant activation of olivine (001)[100] dislocation slip
systems in (proto)mylonites to ultramylonite/UMB (Figure 7), which is generally activated in hydrous
conditions (Cao et al., 2015; Harigane et al., 2013; Hidas et al., 2016; Jung et al., 2014; Katayama et al., 2004;
Mehl et al., 2003; Michibayashi & Oohara, 2013; Précigout et al., 2017). The geochemistry of newly crystallized
fine grains and whole rock isotopic compositions indicate that these aqueous fluids bear a subduction
signature (Khedr et al., 2014; Prigent et al., 2018; Yoshikawa et al., 2015). These authors proposed that these
fluids were most likely derived frommetamorphic sole dehydration (Ishikawa et al., 2005) and fluid migration
through the above mantle wedge (i.e., the banded unit). Dissolution-precipitation processes consistently
occurred in (proto)mylonites at temperatures matching those of the amphibolitic to granulitic HT sole
metamorphic peak (i.e., ~900–800 °C; Figure 1a). We therefore evidence that the release of subduction
fluids through the hot plate interface and subsequent fluid/peridotite interaction triggered
dissolution/precipitation processes and intense grain size reduction in the above mantle, forming the basal
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(proto)mylonites. The presence of interstitial hydrous fluids likely enhancedmass transfer at grain boundaries
(e.g., Demouchy et al., 2012) and thus dissolution/precipitation processes and grain size reduction during
ongoing shearing.

In addition, boron isotopic analyses from the Haylayn shear zone (Figure 6) indicate that grain size and fabric
strength reduction (from porphyroclastic tectonites, protomylonites to UMB-bearing mylonites) is associated
with a progressive increase in sample δ11B values (i.e., 11B/10B ratios) from near-depletedMORBmantle values
(Marschall et al., 2017) to +4‰ (Figure 7). Since 11B is preferentially mobilized in fluids relative to 10B, this
increase in peridotite δ11B values reflects (1) focusing of fluids in LT shear zones (preserving lenses of
porphyroclastic tectonites) and (2) higher interaction of peridotitic minerals with fluids in mylonites com-
pared to protomylonites. This suggests that fluid migration through the mantle was not totally pervasive
but focused along actively deforming shear zones running parallel to the plate interface.

5.3. Fluid/Rock Interactions During Deformation and Progressive Strain Localization
5.3.1. Mechanisms of Strain Localization and Fluid Migration in a Cooling Mantle Wedge
Our observations suggest that fluid/rock interactions strongly influenced the deformation of the basal peri-
dotites by enhancing grain size reduction from protomylonites to (ultra)mylonites (i.e., from ~900 to
700 °C) and that, in turn, deformation focused fluid migration.

In (proto)mylonites, subduction fluid/peridotite interaction led to a drastic grain size reduction by dissolu-
tion of millimetric grains and precipitation of polymineralic aggregates composed of grains <300 μm
(Figure 8). This grain size is small enough in the conditions of banded unit deformation (Ambrose et al.,
2018) to trigger a switch in the dominant deformation mechanism from dislocation to wet diffusion creep
of olivine. This fluid-induced change in olivine dominant deformation provides an efficient weakening

Figure 8. Summary of petrological and microstructural changes observed in the banded unit peridotites during LT defor-
mation, from (proto)mylonites at 850–750 °C to ultramylonites at 750–650 °C. This two-step evolution is set back within the
geodynamic setting of subduction initiation, HT sole, and banded unit (de)formation. Fluids derived from the metamor-
phosing HT sole percolated through the present-day banded unit at ~850 °C, inducing fluid/peridotite interaction and
crystallization of new smaller phases. Similar fluid/peridotite reactions prevailed during the ultramylonitic stage, further
reducing aggregate grain size. LT = low temperature; HT = high temperature; CPO = crystallographic preferred orientation;
GSS = grain size sensitive.

10.1029/2018JB015492Journal of Geophysical Research: Solid Earth

PRIGENT ET AL. 7542



mechanism, enabling strain localization in the 200- to 500-m-thick banded unit at 900–800 °C (Braun et al.,
1999; Drury et al., 1991; Karato & Wu, 1993; Newman et al., 1999; Précigout & Gueydan, 2009; Vissers et al.,
1995; Warren & Hirth, 2006), that is, in (proto)mylonites produced by interaction with the subduction
fluids compared to less deformed (dry) porphyroclastic tectonites lenses and overlying peridotites
(Figure 8). More extensive fluid/peridotite interaction in mylonites than in protomylonites, as highlighted
by B isotopes (Figure 5), explains variations in mantle deformation above the interface at this
tectonic stage.

Ultramylonitic shear zones within the banded unit indicate further grain size reduction and strain localization
in narrower shear zones at ~700 °C, as peridotites were deforming through GSS creep (Figure 8). This sug-
gests that continuous dissolution/precipitation processes, and nucleation-induced grain size reduction,
phase mixing, and grain boundary pinning, further forced strain to localize in narrow ultramylonitic
shear zones.

Heterogeneous deformation within the banded unit, reflecting heterogeneous fluid circulation and focus-
ing in actively deforming peridotites, suggests, in turn, that ductile deformation of the mantle wedge also
influenced subduction fluid circulation by channelizing them toward active shear zones running parallel
to the plate interface. Fluid pumping implies permeability changes with increasing deformation and/or
pressure gradients for moving fluids. Explanations may include (1) initial heterogeneous fluid distribution
and pressure gradients between strong (fluid poor) and weak (fluid rich) domains (Holtzman et al., 2003;
Kelemen & Dick, 1995; Stevenson, 1989; Tommasi et al., 1994), (2) progressive grain size reduction enhan-
cing rock permeability (Soustelle et al., 2010; Wark & Watson, 2000), or (3) increase of GBS contribution
during deformation due to grain size reduction, a deformation mechanism that may increase rock
dynamic porosity by promoting cavitation (Fusseis et al., 2009; Mancktelow et al., 1998; Menegon et al.,
2015; Précigout et al., 2017; Rybacki et al., 2008). In ultramylonites, the presence of nucleated phases at
quadruple olivine grain boundaries (Figure 4a) and the increase in the abundance of minor phases
(Figure 2e) may support that GBS has played a role in promoting rock porosity but more work should
be done to study the exact driving mechanism. Whatever the exact mechanism, the feedbacks between
fluid migration and peridotite deformation documented here for a young (incipient) mantle wedge are
key to understand fluid (and/or melt) transport in active subduction zones and the distribution of water
across such hot subduction interfaces.
5.3.2. Progressive Deformation of the Basal Banded Unit: Mechanical Coupling and Exhumation
Processes Along the Subduction Interface
Progressive deformation of the banded peridotites can be set back within the broader picture of subduction
infancy. The (proto)mylonitic deformation took place at ~900–800 °C, while the underlying HT sole was
(de)forming and dehydrating at ~ 30 km depth. Based on the worldwide observation that banded peridotites
and HT soles get juxtaposed at ~850 °C and 1 GPa, Agard et al. (2016) concluded that ultramafic and mafic
protoliths must have comparable mechanical strength at these conditions and that this process controls
the shift from a mechanically decoupled to coupled plate interface, which is required to scrap off meta-
morphic soles at these specific conditions. Comparison of the rheology of basalts (HT sole) with that of wet
peridotites (present-day banded unit, i.e., the mantle wedge) suggests that the switch from olivine deforma-
tion by dislocation creep to wet diffusion creep in (proto)mylonites, as a result of extensive fluid/rock inter-
action, leads to similar effective viscosities of ~1020 Pa s for the HT sole and the banded unit (Agard et al.,
2016). We therefore propose that the observed dramatic grain size reduction induced by subduction
fluid/peridotite interaction at the (proto)mylonitic stage is responsible for mantle wedge weakening and
mechanical coupling between the downgoing slab crust and the mantle of the future Semail
ophiolite (Figure 9a).

The decompression recorded in the HT sole, from its formation/accretion at ~1 GPa to its emplacement on
top of the LT sole at ~0.5 GPa, suggests that both units (banded unit and HT sole) were exhumed together
from ~30 to ~15 km along the subduction interface before emplacement onto the LT sole (and before the
final emplacement of the ophiolite). Ultramylonitic shear bands must therefore have developed during this
exhumation stage (Figure 9b). Future studies should help to elucidate the driving mechanism for this exhu-
mation (inset in Figure 9b), which could tentatively be due to (i) shearing and exhumation of the banded unit
(and HT sole) with respect to the overlying mantle, probably along ultramylonitic zones and/or (ii) thinning
within the overlying ductile mantle wedge (for a large part within the banded peridotites) resulting in the
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observed pressure decrease and passive exhumation of the two basal units. For the second scenario, it would
be essential to characterize the amount of deformation and thinning along ultramylonitic shear bands. The
first scenario would imply that, during the ultramylonitic stage (Figure 9b), deformation and fluid
migration across the banded peridotites may relate at least in part to exhumation processes and not solely
to subduction-related processes.

5.4. Implications for Active Subduction Zones

Regenauer-Lieb et al. (2001) showed that subduction (and therefore plate tectonics) relies on the progressive
release of water by the subducting plate while sinking. Their numerical results suggest that this process trig-
gers a weakening of the mantle wedge which, combined to shear heating, is needed to create a narrow shear
zone at the plate interface during subduction infancy, allowing for subduction to proceed. Here we show that
mantle wedgeweakening due to peridotite interaction with subduction fluids at 900–800 °C (without any evi-
dence of shear heating) led to coupling of the plate interface and localization of the high stress deformation
in a narrow (<1 km) shear zone (200- to 500-m banded unit and ~100-m HT sole). Inferred viscosity for this
shear zone is around 1020 Pa s (Agard et al., 2016; Ambrose et al., 2018; Linckens, Herwegh, Müntener, &
Mercolli, 2011; Tasaka et al., 2014), consistent with the low viscosity required in numerical models
(Regenauer-Lieb et al., 2001). We also show that this process of high strain localization is achieved due to
intense fluid/peridotite interaction processes and focusing of subduction fluids in mantle wedge shear zones
running parallel to the plate interface. Feedback processes between fluid percolation and strain localization
limit fluid migration to shallower levels of the mantle wedge (Prigent et al., 2018), thus producing a narrow
fault-like plate interface in the ductile deformation regime.

Figure 9. Importance of the reported deformation mechanisms for the geodynamic evolution. (a) At 850–750 °C, (proto)
mylonites weakening due to the interaction between banded unit peridotites and fluids released at ~30 km by the HT
metamorphic sole triggered plate interface coupling and ensuing accretion of the HT sole (i.e., by shifting the subduction
interface within the slab). (b) At 750–650 °C, ultramylonitic deformation accompanies the joint exhumation of the HT
sole and the banded unit along the interface, until their accretion on top of the LT sole at ~15 km. Although the exact
driving mechanism for their exhumation is unknown, two hypotheses are featured: shearing along ultramylonitic shear
zones (inset 1) and subduction flattening and mantle thinning (inset 2). HT = high temperature; LT = low temperature.
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The observed coupling between the ductile mantle wedge (~900–800 °C) and the downgoing plate at ~1 GPa
is likely to take place in active hot subduction zones as rheologies should be similar and perhaps more
generally near subarc depths. Thermal models indeed predict that such ductile mantle wedge (i.e., with simi-
lar temperatures) is in contact with eclogites at subarc depths in mature subduction zones (Abers et al., 2017;
Syracuse et al., 2010). The increase of pressure is not expected to greatly influence the deformation mechan-
isms of ductile peridotites (and therefore all the observed feedback processes between deformation, fluid
migration, and strain localization) but to increase their ductile strength (Hirth & Kohlstedt, 2003). It would
be therefore important to compare this increase in peridotite strength with that of the downgoing plate
(from amphibolite to eclogite rheology) to discuss the models supporting that, at these depths, the subduc-
tion interface is coupled (Arcay et al., 2007; van Keken et al., 2002; Wada & Wang, 2009). To do so, this study
points out the importance of subduction fluid/peridotite interaction processes and the need for constraining
the rheological laws for hydrated polymineralic peridotites at subsolidus temperatures, including the effect of
hydrous fluid present at grain boundaries and promoting grain size reduction through dissolution-
precipitation processes.

Our results also show that interaction of mantle wedge ductile peridotites with fluids is associated with (1)
grain size reduction, (2) activation of olivine (001)[100] slip system, and (3) the oriented precipitation of
new minerals leading to phase mixing and drastic reduction of mineral CPO strength. All these processes
should have major consequences on the seismic signature of this deep part of the hydrated mantle wedge,
drastically decreasing wave velocities and anisotropy (Tommasi & Vauchez, 2015). Constraining the exact
physical properties of these peridotites appears therefore important for refining and interpreting tomo-
graphic models of subduction zones.

6. Conclusions

Detailed petrological and microstructural SEM/EBSD observations allowed us to characterize the evolution of
grain size and deformation mechanisms in the basal banded unit peridotites from the Semail ophiolite. These
rocks, located immediately above the plate interface during subduction infancy, experienced fluid-assisted
progressive ductile deformation during their protomylonitic to ultramylonitic deformation, from ~900–800
down to ~700 °C.

Reaction of peridotites with subduction fluids from ~900 to 800 °C led to a drastic grain size reduction
through the dissolution of coarser millimetric grains and precipitation of new, smaller (<300 μm), and synki-
nematically oriented grains leading to the formation of (proto)mylonites. These processes account for the
observed (1) polymineralic nature of the fine-grained zones, (2) interstitial textures andmixing of small grains,
(3) (very) weak CPO of all minerals, and (4) pyroxene CPO geometry. This grain size reduction assisted by fluid-
peridotite interaction led to a rapid switch in olivine deformation from dislocation to GSS creep. This
decreased the strength of the banded unit peridotites significantly and, at the subduction scale, controlled
the shift from a mechanically decoupled to coupled plate interface during detachment/underplating of the
HT metamorphic sole beneath the banded peridotites. Release of subduction fluids by the downgoing plate
and subsequent fluid/mantle interaction processes appears therefore as key processes that control mantle
wedge rheology and plate interface regime at short time scales.

At ~700 °C, continuous nucleation of smaller grains during ongoing deformation (combined with dislocation
creep-related dynamically recrystallization) led to further reduction of aggregate grain sizes and mineral CPO
strength in the GSS creep domain of olivine deformation. Development of these ultramylonitic shear zones
can be ascribed to the coeval exhumation of the banded unit peridotites and HT sole along the
plate interface.

Results hint at increasing fluid focusing in actively deforming peridotites, advocating for nonpervasive
fluid/peridotite interactions and feedback mechanisms between ductile deformation and fluid migration.
This focusing of fluid along mantle shear zones developing parallel to the plate interface has contributed
to localize the high stress deformation within a narrow (<1 km) shear zone along this ductile portion of
the plate interface.

Similar mechanisms may prevail in mature (cooler) subduction zones at higher pressure and control plate
interface mechanical coupling at subarc depths.
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