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ARTICLE INFO ABSTRACT

Keywords: We have investigated the microstructure of naturally deformed olivine (chemically equilibrated at 1000 °C) by
Oli"’i"e‘ conventional transmission electron microscopy and electron tomography. The peridotite specimen, from Oman
Peridotite ophiolite, has a mylonitic microstructure with remnant, strongly deformed, millimetric porphyroclasts co-
Igzll:;me existing with small newly formed olivine grains generated by dynamic recrystallization. Imaging by trans-
Dislocation mission electron microscopy reveals that both newly formed grains and porphyroclasts display [100] and [001]
TEM dislocations activity. Subgrain boundaries are composed of either [100] or [001] dislocations. The character-
Tomography ization of this natural sample also permits to identify sporadic [100] dislocation loops, rare [010] dislocation,
Melt infrequent melt, and intragranular bubbles or along subgrain boundaries. Electron tomography permits to
Bubble identify several glide planes, which are similar to previous observations acquired on experimentally deformed

polycrystalline olivine, more importantly electron tomography also permits to evidence combination of glide,
climb and mixed climb (dislocation moving in an intermediate plane between the plane of glide plane and the
plane of pure climb). Our study further infers the diversity of linear defects responsible for plastic deformation of

olivine at lithospheric conditions.

1. Introduction

Rheological properties of olivine control the relative rigidity of the
lithospheric plates, which are mostly composed of olivine-rich rocks
(90%), but also the lower viscosity of the asthenosphere beneath the
lithospheric plates. Consequently, the fundamental mechanisms of the
elastic, plastic and brittle deformation of olivine have been the subject of
many investigations over the past half-century. Many different ap-
proaches were employed, from the study of natural mantle-derived ol-
ivines (e.g., Carter and Ave’Lallemant, 1970; Green, 1976; Gueguen,
1977; Ben Ismail and Mainprice, 1998), to deformation experiments
performed in the laboratory (e.g., Raleigh, 1968; Gaboriaud et al., 1981;
Bai and Kohlstedt, 1992; Couvy et al., 2004; Idrissi et al., 2016; Thieme
et al., 2018: Demouchy et al., 2023) or using numerical modeling (e.g.,
Durinck et al., 2007; Boioli et al., 2015a, 2015b; Gouriet et al., 2019;
Mahendran et al., 2017, 2019). Due to the nanoscale nature of the

defects involved in permanent deformation of minerals, characterization
at micro- to nano-scale has been challenging, although it represents an
invaluable source of information. Here, this study focuses on natural
occurrence of dislocations in mantle-derived, naturally deformed peri-
dotite. We assume that the microstructure is still representative of the
conditions at depth, without significant modification below 1000 °C.
The motion of dislocation, by glide and/or climb is considered to control
the large-scale creep flow in mantle minerals such as olivine with mil-
limetric grain size (e.g., Poirier, 1985, p.136-138, p.189-190). The
characterization of these linear defects (Burgers vector [uvw] and plane
(hkl) of glide and/or climb) has been investigated by transmission
electron microscopy (TEM) for decades in metals, and the same tech-
niques were employed for minerals such as silicates (Wenk, 1976;
McLaren, 1991; Cordier, 2013). Furthermore, decoration at high tem-
perature coupled to optical microscopy (Kohlstedt et al., 1976) or
imaged using scanning electron microscopy (Karato, 1987) was also
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Fig. 1. Optical microphotographs of the studied peridotite from Oman, showing (a) fine-grained olivine (Ol) matrix, olivine porphyroclasts with subgrain boundaries
formed by plastic deformation, orthopyroxene (Opx) and spinel (Sp); (b) and (c) details showing the fine-recrystallized olivine at the border of a porphyroclast; (d)
electron backscatter image showing large porphyroclasts with internal array of subgrain boundaries and areas with recrystallized olivine as well as cracks and rare
pluck out grains; (e) and (f) electron backscatter image showing close and open grain boundaries, cracks cross-cutting grains, and filled with secondary serpentine.
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Fig. 2. (a) and (b) Electron backscatter image showing intergranular cracks
and olivine (Ol) grain boundaries filled up with serpentine mixture (identified
using Fourier transformed spectrometry, and TEM, see main text for details).

used successfully. Recently, electron channelling contrast imaging
(Miyajima et al., 2018) has provided successful outcomes for charac-
terizing dislocations. We recall that the current knowledge on identifi-
cation of dislocations was mostly established on experimentally
deformed single crystal. Moreover, the aim of these laboratory defor-
mation experiments was to establish the impact of specific intrinsic or
extrinsic parameters such as temperature (e.g., Raleigh, 1968; Demou-
chy et al., 2013), pressure (e.g., Couvy et al., 2004), silica activity or
oxygen fugacity (e.g., Bai et al., 1991), water activity (e.g., Mackwell
et al., 1985; Jung and Karato, 2001) and even co-existence with melt (e.
g., Kohlstedt et al., 2000; Holtzman et al., 2003). We briefly recall the
main features of dislocations in olivine below (see for review Green,
1976; Gueguen and Nicolas, 1980; Demouchy, 2021). In olivine, dislo-
cation slip directions were theoretically established based on the
orthorhombic crystallographic lattice (a = 4.76 A, b =10.22 A, ¢ = 5.66
}o\) leading to two most favorable Burgers vectors [100] and [001] (the
shortest lattice repeats) over a significantly less favorable [010] Burgers
vector. While observation of [100] and [001] dislocations is common (e.
g., Carter and Ave’Lallemant, 1970; Mussi et al., 2014, 2015, 2017),
observation of [010] dislocations remains extremely infrequent (Goetze
and Kohlstedt, 1973; Fujino et al., 1993). Recent investigations by
electron tomography have further allowed for an assessment of the
diverse glide planes for both [100] and [001] dislocations (e.g.,
Demouchy et al., 2014; Mussi et al., 2014, 2015, 2017): [100](010);
[100]1(001); [100](041); [100](021); [100](011); [001](100); [001]
(010); [0011{110}; [001](140); [001](130); and [001](120). The rela-
tive activity of these different slip systems is of course a function of the
applied stress, but also of temperature. Below 1000 °C, [001] disloca-
tions glide in the {110} and (100) planes (Raleigh, 1968). At 1000 °C,
activation of [100] dislocation occurs, but the dominant glide planes
change to {Okl}. The [001] glide starts to be active again for high
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differential stresses (>100 MPa, e.g., Demouchy et al., 2014). At high
temperatures, such as those typical of the Earth’s asthenosphere (>1200
°C, and low differential stress, 1-10 MPa), the dominant slip systems in
olivine involve [100] glide (Raleigh, 1968; Gueguen, 1979; Couvy et al.,
2004; Demouchy et al., 2013). At even higher temperature (>1300 °C),
the diffusion coefficient of Si, which is controlled by the product of Si
vacancy concentration and vacancy diffusivity (Nakamura and
Schmalzried, 1983; Poirier, 1985, p. 42, see his eq. 2.13, J. Philibert,
1991) and by extension jog mobility (Poirier, 1985, p. 58), is signifi-
cantly enhanced up to the point where jogs are not negligible anymore.
Thus, at these high temperatures the dislocation climb mechanism un-
locks edge [100] dislocations in olivine (e.g., Goetze and Kohlstedt,
1973). Furthermore, numerical modeling of dislocation dynamics in 2.5
dimensions has shown that only a small amount of climb is actually
required (<0.1% of the strain) to maintain an efficient, steady-state like,
dislocation glide at macroscale in olivine single crystals (e.g., Boioli
et al., 2015a, 2015b; Gouriet et al., 2019). We remind that with
increasing stress and strain, the accumulation of intragranular disloca-
tions triggers recovery processes, such as the formation of subgrain
boundaries (also called dislocation walls), a feature commonly observed
in naturally deformed olivine-rich rocks.

The study of naturally deformed olivine has been the subject of
pioneering investigations in the seventies (e.g., Carter and Ave’Lallem-
ant, 1970; Green, 1976; Gueguen, 1977, 1979; Gueguen and Darot,
1980). They established the activity of both [100] and [001] disloca-
tions in peridotite xenoliths from various settings (transported by alkali
basalt, kimberlite or massif peridotites), most of them being represen-
tative of a low-temperature regimes typical of the uppermost mantle
(900-1150 °C). Taking into consideration uncertainties on equilibrium
temperatures (& 1000 °C for spinel-bearing peridotites, Brey and Kohler,
1990), these observations agree with results from experimentally
deformed olivine crystals. Here, we further characterize a naturally
deformed peridotite, from an ultra-fresh massif peridotite exhumed
tectonically into crustal conditions by conventional transmission elec-
tron microscopy (CTEM). Moreover, we use electron tomography to
further assess dislocation activity in a natural environment, where
multiple intrinsic or extrinsic parameters co-exist and compete.

2. Material and methods
2.1. Peridotitic mylonites from Oman

The mantle peridotite specimen investigated here (sample 980A87)
is a naturally deformed spinel-bearing harzburgite collected from a
mylonitic zone in the Wuqgba massif in the Oman ophiolite (Nicolas and
Boudier, 1995). This mylonitic zone has a km-scale and is a typical low-
temperature shear zone chemically equilibrated at ~1000 °C (based on
element partitioning, e.g., Brey and Kohler, 1990). Since ionic mobility
and dislocation recovery are both very limited below this temperature,
we assume that the microstructure was also equilibrated at ~1000 °C (e.
g., Costa and Chakraborty, 2008; Farla et al., 2011) and not significantly
modified during post-tectonic emplacement. This specific mylonite was
already used as an experimental starting material for deformation ex-
periments in traction (Ben Ismail et al., 2021). Our choice was motivated
by the characterization of a natural peridotite with distinct deformation
features and not being completely dislocation-free due to static
annealing at high temperature (> 1200 °C). The peridotite has a weak
texture and a relatively homogeneous olivine-rich mineralogical
assemblage, with 75% olivine (Ol, Mg# = 91; Mg# = 100 x (Mg + Fe)/
Mg); 20% orthopyroxenes (Opx); 3% clinopyroxenes (Cpx) and 2% Cr-
rich spinel (Sp); locally it can contain up to 90% olivine. The spinel-
bearing harzburgite is a fine-grained mylonite with a well-developed
lineation and foliation marked by shape preferred orientation of
olivine porphyroclasts and sometime enstatite porphyroclasts as illus-
trated by Fig. 1. The multi-millimetric porphyroclasts display undulose
extinction, numerous sub-grain boundaries and irregularly shaped grain
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Fig. 3. Representative TEM images of typical grain boundaries. (a) Bright field image of a clean grain boundary adjacent to two olivine grains, with very low
dislocation density; (b) bright field image of a clean and closed triple junctions of olivine, again with very low dislocation density; (c) bright field image of an example
of open grain boundary between olivine and orthopyroxene, with the latter contain stacking faults; (d) bright field image of serpentine along a crack cross cutting an
olivine grain; (e) bright field image of a zone used for selection area electron diffraction (SAED) to identified serpentine between two dislocation-bearing grains.
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Fig. 4. TEM images of typical microstructure of newly formed olivine grains with dislocation-free grain and grains with dislocation density from 10'® m~2 up to 10'2
m~2 (for these fields of view). (a) Bright field image of a dislocation-free newly formed grain; (b) weak-beam dark field image showing low dislocation activity; (c)
another newly formed olivine grain imaged in weak-beam dark field showing [100] dislocation activity (black arrows); (d) weak-beam dark field image of the same

grain as in (c) showing [001] dislocation activity (white arrows).

boundaries (Fig. 1a-d), while the matrix is mainly composed of small
newly formed olivine grains (1-20 pm, Fig. 1c) with equilibrated triple
junctions (Fig. 1c and f). The pyroxenes have cuspate shape, typical of
past percolating melt (Fig. 1e) (e.g., Hidas et al., 2016).

We briefly detail below the main petrographic features of this
mylonite previously reported in Ben Ismail et al. (2021): olivine displays
a weak crystallographic preferred orientation (CPO) characterized by
weak alignment of [100] parallel to the lineation marked by the elon-
gation of the porphyroclasts. The composition and microstructure of this
mylonite indicate a depleted oceanic lithosphere source, deformed at
temperature < 1000 °C, in a shear zone normal to the ridge axis (see
Nicolas and Boudier, 1995). While optical microscopy investigation did
not reveal significant alteration, previous analyses by unpolarized
Fourier transformed infrared spectroscopy (FTIR) revealed minor ser-
pentinization along grain boundaries and fractures, with OH band at
3690 cm’l, typical of lizardite (Post and Borer, 2000), although no
pervasive presence of melt is noted at this scale (see Ben Ismail et al.,
2021 for infrared spectroscopy method and representative unpolarized
spectra).

2.2. Sample preparations

A couple of thin sections were prepared for optical microscopy and
TEM (thickness < 30 pm, polished on both sides and glued with Crys-
talbond™) and one thick doubled polished section was prepared for
both FTIR (500 pm thick prepared with crystal bound) and scanning

electron microscopy (SEM). In all cases, the polishing stages include a
final chemo-mechanical polish with colloidal silica (0.04 pm particles,
average polishing duration of 1 h).

2.3. Scanning electron microscopy

Following FTIR analysis, the thick polished section is prepared for
SEM investigation by deposition of a ~ 20 nm carbon layer. The section
is then mounted on a SEM stub using carbon double tape. Backscattered
electron images were acquired at 10 kV and 0.8 nA using the focused ion
beam-scanning electron microscope ThermoFisher® Helios 5 PFIB CXe
at the University Clermont Auvergne (France).

2.4. Transmission electron microscopy

During this investigation, we have used different acquisition
methods in conventional transmission electron microscopy (CTEM):
bright field, weak-beam dark field (WBDF), scanning TEM (STEM).
Furthermore, WBDF was associated with precession for electron to-
mography (e.g., Mussi et al., 2014, 2015, 2017). We recall briefly below
the imaging conditions.

2.4.1. Conventional transmission electron microscopy

CTEM was primarily used to characterize the microstructures of the
naturally deformed peridotite. Several copper grids were glued on the
surface of the thin sections using araldite. Afterwards, the crystal bound
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Fig. 5. (a) Weak-beam dark field TEM images of olivine porphyroclasts (dislocation density ~ 3 x 10"¥ m?) showing typical microstructure with both [100] and
[001] dislocation images using g:222; (b) and (c) showing typical picket-fence feature of subgrain boundary (Sbg) wall composed of either [100] and [001]
dislocation, respectively. Rare [100] dislocation loops are also found (central top of (a) and in (b) and (c)). The short white arrows are pointing at dislocation loops.

was dissolved in acetone. Subsequently, the selected samples mounted
on Cu grids were Ar-ion milled at 5 kV under a low beam angle of 7°
using a Gatan® precision ion polishing system. Several holes formed
with adequate electron transparency at their borders. The foils were
subsequently covered with a thin layer of carbon to ensure electron
conductivity. TEM observations were carried out at the University of
Lille (France) using a FEI® Tecnai G220 TWIN microscope operating at
200 kV.

2.4.2. Electron tomography of dislocations

Dislocation electron tomography (DET) is a powerful technique for
reconstructing the 3D microstructure of dislocations (Barnard et al.,
2006). Unlike conventional tomographic studies, DET is based on
diffraction contrast, which necessitates a high orientation precision. To
get well-contrasted dislocations, a diffraction vector with a high struc-
ture factor must be selected. In this study, we have selected the 131
diffraction vector, the third more intense structure factor in the olivine
structure which allows to visualize both [100] and [001] dislocations.
To perform DET, a tilt-series is acquired along this diffraction vector
which must be perfectly aligned with the tilt axis to maintain constant
diffraction contrast conditions throughout the acquisition of image se-
ries. An accuracy of +0.1° is necessary for a successful alignment. The
micrographs were taken in WBDF to achieve a high signal-to-noise ratio,
and with a precession angle of 0.15° to enhance dislocation contrast as
this homogenizes the background by removing most of the thickness
fringes and to reduce the oscillating contrast of inclined dislocations
(Rebled et al., 2011). The method was fully presented in Mussi et al.
(2014, 2015). The tilt-series was acquired every 2° from —40° to 50° ina
double-tilt sample holder. Note that the contrasts of WBDF micrographs

are in general too weak to allow automatic alignments, post-acquisition
image treatment is required to improve the dislocation contrast and
obtain a valuable reconstructed volume. Dislocation contrast is
enhanced using the “rolling ball” tool, accessible in the ImageJ software
(Schindelin et al., 2012). We used the weighted back projection (WBP)
algorithm (Herman et al., 1976) for this study. The resulting 3D volume
is interpolated within the acquisition angular range and extrapolated in
the missing-wedge, resulting in ribbon-shaped reconstructions of dislo-
cations. To extract linear contrast of dislocations, dislocation lines are
redrawn directly into the reconstructed volume using the UCSF Chimera
free software (Pettersen et al., 2004).

3. Results
3.1. Presence of serpentine

The microstructure of the studied peridotitic mylonite at the petro-
graphic thin section scale was already recalled in section 2.1. Here, we
focus on results not previously reported. The spinel-bearing harzburgite
is very fresh for a specimen from a peridotite massif exhumed tectoni-
cally, and presents limited serpentinization (<1%) even if cracks along
grain boundaries or cross-cutting grains are often found filled up with
serpentine as illustrated by Fig. 2. However, the serpentinization is not
ubiquitous at the micron scale and many grain boundaries remain closed
and free of serpentine (Fig. 1f and e). Images at higher resolution using
TEM again show that grain boundaries are mostly closed (Fig. 3a-b),
some are open (Fig. 3c), not all being filled up with serpentine, but
cracks can be found filled up with serpentine, cross-cutting deformed or
underformed grains as illustrated by Fig. 3d and e. The occurrence of
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[010] dislocation

Fig. 6. Bright field TEM image of a complex junction between olivine grains. At
the top left a flatten subgrain is almost adjacent to a triple junction at the
bottom right. In weak-beam dark field, diffraction vector permits to identify
[100] and [010] dislocation, with the latter having an important brightness
when compared to the co-existing [100] dislocations.

serpentine was further established by selected area electron diffraction
(SAED) into a serpentine-filled grain boundary (Fig. 3e) with diffraction
patterns showing the 7.3 A distance characteristic of crystal structures of
serpentines (Yada, 1967; Dodony et al., 2002).

3.2. Type of dislocations and glide planes

Both small, newly formed, grains and olivine porphyroclasts were
investigated. Representative WBDF TEM images of the dislocation mi-
crostructures are given in Figs. 4, 5 and 6. Both [100] and [001] dislo-
cations are present in newly formed olivine grains (1-5 pm) and in
porphyroclasts, but the newly formed olivine grains can either be free of
dislocations (Fig. 4a) or containing [100] and [001] dislocations as
illustrated by Fig. 4b-d with a dislocation density in the range of
10'°-10'2 m~2. Subgrain boundaries are easily found in porphyroclasts
and are built from either [001] or [100] dislocations (Fig. 5). Dislocation
densities in porphyroclasts are notably higher (3 x 10'3 m~2 cf. Fig. 5a)
than in newly formed grains. In olivine grains displaying evidence of
both [100] and [001] slip activity, there is little evidence of interaction
between the dislocations from the different slip systems. On rare occa-
sion, [100] dislocation loops are found as shown in Fig. 5b-c. Further-
more, even [010] dislocations are also found perpendicular to a grain
boundary of a deformed grain and in the vicinity of a triple junction as
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illustrated by Fig. 6. Note the three thickness fringes terminating at the
tip of the dislocation indicating a high g.b = |3| product, and thus a
Burgers vector only compatible with a [010] dislocation. These [010]
dislocations are predominantly of edge character.

We selected a representative sample volume illustrated in Fig. 7,
containing both [100] and [001] dislocations (using diffraction vector
131, see section 2.4.2) to further determine dislocation microstructure
in 3D. First, the area is imaged in WBDF (Fig. 7a), then the volume is
reconstructed in 3D (see supplementary material for an animation of the
volume in 3D). Figs. 7b-g are projections for various tilt angles. En-
largements of some selected areas permit to further identify the habit
planes of some dislocations (Fig. 7d-g). As evidenced in Fig. 7b, the
number of [100] dislocations (in red) far exceeds that of [001] dislo-
cations (in blue). Furthermore, [100] dislocations appear to be aligned
close to the [001] direction. The short segments of [100] as well as [001]
dislocations (Fig. 7b and c), which glide in (010) (Fig. 7e and f), are
attesting to the activation of the [100](010) and [001](010) slip sys-
tems. The sub-grain boundary in the (100) plane (Fig. 7c) shown in the
top left of Fig. 7a is composed of [100] dislocations. Note that in that
case, indexation of the plane of the sub-grain boundary (Fig. 7c) was
only possible thanks to the tomography since a tilt of 80° is physically
inaccessible in the TEM and can only be achieved using a 3D recon-
struction. In this study, we have not undertaken an exhaustive charac-
terization of all slip planes present in the 3D reconstructed volume and
slip systems imaged by tomography, however we have identified some
remarkable configurations. In Fig. 7d, a [100] dislocation is lying close
to the (100) plane which corresponds to the pure climb orientation. In
Fig. 7g,a [100] dislocation is in a plane close to (210), which is neither a
glide nor a climb plane, but an orientation in between evidencing a
mixed climb configuration. The contribution of dislocation climb is
further developed in the discussion section.

3.3. Melt

On rare occasions, the grain boundaries contain an intergranular
amorphous phase as illustrated in Fig. 8. The area is composed of two
newly formed, defect-free olivine grains (on the left) and a large por-
phyroclast on the right (same grain as in Fig. 5a). Imaging in diffuse dark
field mode (Krivanek et al., 1979) shows a contrast characteristic of an
amorphous phase that we interpret as a solidified melt. Note that the
grain boundary between the two newly formed olivine grains on the left
hand-side (white arrow in Fig. 8b) is apparently not containing a
noticeable melt film.

3.4. Inclusions/bubbles

Few bubbles are found, connected to dislocations as illustrated Fig. 9,
or located along grain boundaries or within the olivine matrix, with the
latter not apparently linked to linear or planar defects. Note that their
distribution is not matching typical planar arrays found for supercritical
COy-bearing inclusions in olivine, nor display coalescence features
(Roedder, 1965). Furthermore, not every olivine grain contains such
bubbles. The occurrence of similar bubbles (in both size and distribu-
tion) was previously reported by Mackwell et al. (1985).

4. Discussion
4.1. Dislocations

The dislocations commonly found in the studied peridotite are in
perfect agreement with previous studies on mantle-derived and natu-
rally deformed studies for lithospheric temperatures (~1000 °C) as well
as with experimentally deformed olivines at similar transition homolo-
gous temperature (e.g., Phakey et al., 1972; Green, 1976; Demouchy
et al., 2013, 2014). Both [100] and [001] dislocations co-exist in both
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Fig. 7. Dislocation electron tomography characterization: (a) weak-beam dark field micrograph taken with the 131 diffraction vector at a projection angle of —2°,
showing [100] and [001] dislocations; (b) reconstructed tomographic volume viewed at 7° showing [100] dislocations in red and [001] dislocations in blue as well as
the [001] direction (black rectangles indicate dislocations which habit planes are edge-one in the corresponding subfigures); (c) reconstructed tomographic volume
viewed with a projection angle of 80° showing the habit plane of the subgrain boundary edge-on, i.e. the (100) plane; (f) a [001] dislocation in (010) in the
reconstructed volume oriented with a projection angle of —53°; (g) a [100] dislocation in a mixed climb plane (210) viewed with a projection angle of 72°; (d) and e)
characterization of a 3D [100] dislocation where the upper part is in the (010) glide plane (seen at —53°) and the lower part is in the subgrain boundary (here
visualized at 80°). See also supplementary material for an animation in 3D of the reconstructed tomographic volume. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

porphyroclasts and newly formed olivines, without clear dominance of
[100] dislocations relative to [001] dislocations, or the opposite (e.g.,
Demouchy et al., 2013; Thieme et al., 2018), but with little evidence of
interaction between the dislocations from the different slip systems. This
observation was also reported in previous studies (e.g., Durham et al.,
1985). However, there is a clear difference between the dislocation
density in porphyroclasts (3 x 10'® m™2) and the one observed in
average in the newly formed olivine (10'° m~2 to a maximum of 1 x
10'2 m™2). Interestingly, since newly formed olivine grains do not
display well-structured subgrain boundaries, their dislocation density
would be underestimated if quantified using EBSD using geometrically
necessary dislocations as proxy for the total dislocation density (e.g.,
Cordier et al., 2014; Wallis et al., 2016; Demouchy et al., 2023). The
origin of the plastic deformation undergone by these newly formed
grains is likely to be late, but at temperatures >1000 °C, and linked to
tectonic exhumation, post dynamic recrystallization at depths of litho-
spheric mantle.

Fortuitously, the studied sample permits to identify rare [010] dis-
locations in a dislocation-rich area, containing an almost in-plane sub-
grain boundary mostly composed of [100] dislocations (upper part of
Fig. 6). We interpret thus the occurrence of these [010] dislocations as
being constitutive of this subgrain boundary, hence being geometrically
necessary dislocations rather than gliding dislocations. Previous report
of [010] dislocations exist, but is essentially rare (Goetze and Kohlstedt,
1973; Boland and Liebermann, 1983; Fujino et al., 1993). Using high
resolution TEM, Fujino et al. (1993) observed [010] dislocations in

another mylonitic peridotite (Hidaka metamorphic belt, northern
Japan) but equilibrated at 1100 °C (the authors show evidence of
dissociation of these [010] dislocations). Furthermore, Fujino et al.
(1993) report that only 1% of the total dislocations have b = [010]. In
our study, such quantification of [010] dislocation density was not
possible since they were found in only one grain.

Our observations have provided several evidence of the activation of
dislocation climb under the natural deformation conditions experienced
by this peridotite. The presence of sub-grain boundaries (see Figs. 5b, c,
6 and 7b, ¢) is a common argument for recovery, and we recall that it
requires the activation of climb. Fig. 5b shows a subgrain boundary
made of [100] dislocations and Fig. 5c shows two sub-grain boundaries
parallel to (001) made of [001] dislocations. Additional evidence of
climb are the dislocation loops (Fig. 5a, short white arrows), notably the
[100] loop observed in Fig. 5b and c. Climb is also evidenced by the
detailed analysis of a three-dimensional [100] dislocation shown in
Figs. 7d and e. One segment of this dislocation is in a gliding configu-
ration in (010) (Fig. 7e), but the rest of the dislocation lies in the sub-
grain boundary plane, parallel to (100), and hence is in a climb
configuration (Fig. 7d). It remains impossible to determine, however,
whether it is a [100] dislocation initially gliding in (010) and then being
absorbed by climb into the subgrain boundary, or whether it is a
dislocation from the subgrain boundary being emitted by glide in (010).
More remarkable is the configuration in Fig. 7g, which shows a [100]
dislocation moving in an intermediate plane between the plane of glide
plane and the plane of pure climb. This type of configuration has
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Fig. 8. (a) Bright field TEM image of two triple junctions between olivine (Ol)
grains showing the presence of melt. Notes that the porphyroclastic grain,
which is almost completely surrounded by melt, displays a high dislocation
density relative to the two adjacent small (newly formed) olivines grains (on the
left-hand side), which are almost dislocation-free; (b) Diffuse dark filed image
showing the extent of melt distribution by density contrast.

recently been reported in TiAl alloys (Galy et al., 2023) and is now
referred to as mixed climb. It shows that, under certain conditions
relevant of the lithospheric mantle, the dislocation glide and climb ve-
locities can be of the same order of magnitude. Such configurations have
also been demonstrated in naturally deformed quartz (Mussi et al.,
2021). This closer match between glide and climb velocities is probably
a consequence of natural deformation conditions involving low stresses,
which reduce glide velocity, and very low strain rates, which favor
climb.

4.2. Occurrence of melt

Previous studies have already reported the low occurrence of melt in
this type of mylonitic peridotite (Hidas et al., 2016; Ben Ismail et al.,
2021). Here, we further confirm (Fig. 8) the occurrence of melt, but our
TEM study cannot provide statistical data to assess the melt fraction or
the melt-solid contact angle. Studies at broader scales, especially on the
3D distribution of melt using focused ion beam-SEM tomography, would
then be required (e.g. Gardés et al., 2020).

5. Conclusion

We have reported an important diversity of dislocations in olivine
naturally deformed at lithospheric conditions. Imaging by CTEM reveals
that both newly formed grains and porphyroclasts display [100] and
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Fig. 9. Bright field TEM images of inclusion/bubble (a) located within olivine
grains and at the tip of dislocations, or along olivine grain boundaries, or (b)
within an olivine grain with no link to dislocation or planar defects.

[001] dislocations activity, with little interactions, but also rare [010]
dislocations, probably geometrically necessary. In olivine porphyr-
oclasts, [100] loops are also observed. Electron tomography has
permitted to identify [100](010) and [001](010) slip systems, and more
importantly to assess the activation of climb. Our study further assesses
the diversity of defects involved in plastic deformation at lithospheric
conditions, including the level of heterogeneity of the microstructure,
and thus heterogenous local strain where porphyroclasts with high
dislocation density still co-exist with newly formed olivines. We recall
that creep by dislocation glide and climb could be significantly different
at asthenosphere conditions, where high temperatures will enhance
ionic diffusion, and thus further enhance recovery mechanisms, notably
climb and mixed climb.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.pepi.2023.107125.
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