dislocation core, one can neglect, in the energy of the dislocation distribution, the
interaction energy between adjacent layers. The interaction energy is thus principally the
result of parallel (100)[001] dislocations located on a common (100) plane. Let us
consider two neighboring dislocations on (100) plane. Their energy of interaction W per

unit length L is given by:

Where u, v, ¢, r, are respectively the shear modulus, Poisson ration, unit cell
parameter and a constant for the logarithmic argument to be dimensionless (Hirth and
Lothe, Eq-5.17 (1968)). This energy increases as r, in other words dislocation spacing |
in Eq.3, decreases. The total energy of a unit volume of folded pyroxene is, when
considering only the interaction energy of neighboring dislocations on (100) plane,
porportional to Wp, where p is the dislocation density of Eq.2.

Let us finally compare two configurations of flexural folding, the first one where there
are few, thick opx lamellae and the other one where there are many, thin opx lamellae.
Dislocation spacing | is inversely proportional to the thickness of opx lamellae, hence W
increases as thickness increases. On the other hand, dislocation density is constant,
irrespective of the opx layer thickness. As a result, the volumic energy of folded opx

decreases as the thickness of the folded layers decreases. The case is much similar to the



elastic case, where the stresses necessary to bend a layer scale as o~ %, I.e. o decreases
as the layer thickness decreases. In terms of energy, it is easier to bend plastically or
elastically a multilayer assemblage made of numerous, thin layers than few, thick layers.
As thickness is inversely proportional to the density of decoupling surfaces, hence on
density of cpx exsolutions, “flexural slip” folding energy is controlled by the process of
exsolution.

5.3 Subgrain/grain transition

While there is some regularly spaced elastic strain on the GB with 11° misorientation
shown in Fig. 10, other GB we analyzed had a similar misorientation but no elastic
strain. The transition between MAGB and HAGB, i.e. between subgrain and

recrystallized grains, occurs therefore probably for misorientation in the range 10-15°.
c

10° corresponds to a critical dislocation spacing estimated as d¢.; ® — =~ 30nm =

Ocrit
1.6 |al, i.e. for dislocations spacing smaller than 1.5 times the lattice parameter in the
direction of the boundary where dislocations pile up, lattice distortions in the boundary
become too large for the two adjacent crystals to remain connected.

In olivine, Heinemann, Wirth, Gottschalk and Dresen (2005) observed GB made of

regularly spaced dislocations for tilt angles up to 21.5°, which correspond to a spacing

derit = — ~ 16nm ~ 1.6 |b|, where b is the cell dimension along the dislocation

ecrit



array (equivalent to a in the opx tilt walls). Therefore, the large difference of transition
between low- and high-angle grain boundary structure between olivine and pyroxene
might be explained in terms of critical spacing of dislocations in the boundary.

In the transitional domain of MAGB, where lattices are connected through the boundary
but dislocations are too densely distributed to be individualized, we observed periodic
strain along the boundary, with a spacing ~150 nm (Fig. 9), i.e. much larger than
spacing calculated from theoretical law. Such long-range periodic strain pattern was also
observed in olivine GB with large misorientation by Heinemann, Wirth, Gottschalk and
Dresen (2005), who related its periodicity to the coincidence, on the GB, of lattice sites
from both crystals.

5.4 Models of recrystallization

Any model invoked to account for recrystallization involves at some point the increase
in GB surface with respect to original, undeformed grain. The two mechanisms of
crystal folding described here have contrasted effects on recrystallization:
Homogeneous folding (4.1.4) does not lead to GB growth, on the contrary to the
localized accommodation of bending, resulting in organization of dislocations into tilt
walls and further evolution into GBs (4.1.5). Consequently, bending is a factor of

recrystallization only if deformation is heterogeneous at the grain scale. Our



observations do not provide a clear pattern as to which factors controls whether bending
iIs homogeneous or heterogeneous. Nevertheless, on the basis of the energy analysis in
5.4, homogeneous folding is favoured when the thickness of folded opx layers is small,
i.e. when exsolutions are densely distributed. The process of cpx exsolution is therefore
potentially controlling the style of folding in elongated opx porphyroclasts, hence its
potential for recrystallization.

Considering the cases where GB develop in response to folding, two distinct
mechanisms may lead to recrystallization: Migration of grain boundaries from low- to
high-density of dislocations domains (Sellars 1978; Tullis and Yund 1985) or
dislocation climb and organization into tilt walls and formation of subgrains (Guillopé
and Poirier 1979). Hirth and Tullis (1992) describe for example in quartz several regime
of dislocation creep, based on different combination of these two possible mecanisms
for restoration. For opx, data is limited to Etheridge (1975)’s analysis of
recrystallization as the result of the migration of high-angle grain boundaries, generated
in “kink bands” domains, which are similar to the GB at large angle to (100) planes
traces that are described here.

5.4.1 Subgrain rotation-recrystallization

As already proposed, on the basis of CPO, in Raimbourg, Toyoshima, Harima and



Kimura (2008), all the characteristics of the GBs we described here (geometries and

atomic scale structure of the LAGB, misorientation axes) point to the major role played

by (100)[001] slip system and associated rotation in subgrain formation. The

subgrain—>grain evolution is a bit more problematic: As described in halite by Drury

and Pennock (2007) and Pennock (2005), the model of recrystallization where all

subgrains rotate progressively with strain, eventually reaching a misorientation large

enough for them to become independent grains may be oversimplified, as these authors

described several kind of subgrains, of which only certain ones evolve into

recrystallized grains with increasing strain. In this analysis, among the low-angle GB

formed during deformation, Drury and Pennock (2007) makes the distinction between

incidental and geometrically necessary boundaries (Kuhlmann-Wilsdorf and Hansen

1991), only the latter evolving potentially into high-angle GB separating recrystallized

grains.

As shown by their CPO (Raimbourg, Toyoshima, Harima and Kimura 2008), elongated

opx porphyroclasts are in average oriented so that the c axes are close to elongation axis

X and (100) planes close to the foliation plane XY. As a result, slip on the dominant

(100)[001] slip system allows only further elongation parallel to X. The GBs parallel to

(001) planes, also made of (100)[001] dislocation, combine to fold the whole grain,



hence they enable shortening parallel to c-axis, a mode of deformation which is not

possible simply by slip. In that respect, these GBs can be considered as geometrically

necessary, in the sense that they are controlled at large scale, by the deformation field of

the grain and its surroundings. Similarly, as they accommodate the crystal rotations

around the b-axis induced by the GBs parallel to (001) planes, GBs parallel to (100)

planes can be also considered as geometrically necessary, which can explain the

activation of slip systems whose Burgers vector has a component along a-axis, not

reported so far in deformed opx and probably not an “easy" slip system. Furthermore,

EBSD patterns of recrystallized grains (Fig. 5 of (Raimbourg, Toyoshima, Harima and

Kimura 2008)), show that all grains are derived from parent grain by rotation only in a

single direction (counterclockwise in the present case), which means that these rotations

are not incidental but are kinematically necessary, i.e. they accomodate much

larger-scale (e.g. porphyroclast scale) deformation. The corollary of this property is that

rotations are expected to increase with strain, resulting in the evolution of subgrains into

recrystallized grains. A large fraction of recrystallization in opx seems therefore to be

related to localized bending within large porphyroclasts.

5.4.2 Grain boundary migration

Extensive migration of HAGB is not supported by their geometry: Although they are



incoherent, most of them preserve the geometry of low angle GB, i.e. boundary plane is

bissector of (100) planes of opx domains and rotation is about opx b-axis (e.g. Fig. 11,

12 and 4 (A)). This implies that they grow from the incorporation of (100)[001]

dislocations and that their mobility, if they have some, is restricted to the c direction.

The major obstacle to GB movement, is the presence of coherent cpx exsolutions along

the boundary, which pin it and hinder its mobility (e.g. Herwegh and Kunze (2002)). A

contrario, in recrystallized zones, where most grains are exsolution-free, GB are likely

to be more mobile, which could explain the transition between recrystallization patterns

shown in Fig. 4: When exsolution lamellae still densely distributed (A), boundaries

grow symmetrically by the addition of (100)[001] dislocations and misorientation axes

are consistently close to b-axis. In wider recrystallized domains (B), where exsolution

lamellae have been expelled, the misorientation axes seem to be randomly distributed,

which could be interpreted as the result of combined (i) migration of GB and (ii)

potential activation of additional slip systems.

It seems therefore that the GB mobility, irrespectively of the misorientation angle, is

primarily controlled by the density of exsolution present within opx lattice. The process

of expulsion of cpx lamellae from opx is not clear, although it can be unequivocally

associated with deformation (Fig. Supp. Mat. 2), as recrystallized grains have a much



fewer exsolutions (Etheridge 1975; Raimbourg, Toyoshima, Harima and Kimura 2008).

The reequilibration of opx, over several microns, by Ca loss, near boundaries of

recrystallized grains also supports a relatively high mobility of Ca in opx. This contrasts

sharply with Skemer and Karato (2007)’s observation of grain growth inhibition:

Calcium, because of its low mobility, is segregated near the GBs and prevents their

migration. One may tentatively relate this difference to the static vs dynamic character

of the microstructure: In Skemer and Karato (2007)’s static grain growth experiment,

only element diffusion is involved, while the Ca-distribution shown in Fig. Supp. Mat. 2

is the result of deformation-assisted diffusion, which may greatly enhance Ca mobility.

As a result, grain boundary migration is possible, but only in a late stage of

porphyroclast disruption. Recrystallization in opx is therefore a multi-staged process,

dominated by subgrain rotation recrystallization but where GB migration is eventually

activated after expulsion of cpx lamellae.

6-Conclusion

The plastic deformation of opx porphyroclasts of the Hidaka mylonite zone led, in

addition to strong grain elongation and CPO acquisition, to extensive intra-grain

deformation, which manifests as lattice folding about b-axis as a result of the presence

of (100)[001] dislocations. This deformation is accommodated either homogeneously



through the grain or by the formation of boundaries concentrating the misorientation. In
the former case, dislocations distributed in the bulk opx are too few for the lattice
curvature. To account for the discepancy, we developed a model similar to flexural slip
folding, where opx layers, folded between cpx exsolutions, are able to slip with respect
to each other, which results in the dense distribution of dislocations along the slip
interfaces, i.e. along cpx lamellae surfaces. In the alternative mode of deformation,
where curvature is accommodated by the formation of boundaries, we observed a
transition between subgrain (connected crystals through the boundary) and
recrystallized grain (disconnected crystals) around 10-15°. In addition, while for LAGB,
individual dislocations are apparent, for MAGB, though elastic strain patterns are
visible, the boundary appears as a continuous, thin frontier and individual dislocations
are no longer visible. The connection of the crystals on the two sides of the boundary is
only apparent at atomic-scale, as some lattice fringes are continuous through the
boundary. Finally, as recrystallization is the result of the formation of subgrains and
their  progressive  misorientation, the two modes of grain folding
(homogeneous/heterogeneous) have a great impact on the potential to recrystallize, as
only heterogeneous recrystallization favours the formation of GBs.

7-Appendix



We estimated the length of opx and cpx unit cell ¢ parameter for T=800°C and P=0.7
GPa as:
¢ = co(1+ 800at + 0.7ap)

where ¢, is the value for ambient P and T and ar and ap expresses the thermal
dilatation and compressibility coefficients. For opx, ap ~ 0.16 10™*/°C, irrespective of
its composition (Frisillo and Buljan 1972; Sueno, et al. 1976) and ap ~ —3.5 1073/
GPa (Angel and Hugh-Jones (1994) for enstatite). For cpx, or = 0.06 10~*/°C
(Cameron, et al. (1973) for either hedenbergite of diopside) and ap ~ —2.8 1073 /GPa
(Levien and Prewitt (1981) for diopside).

In other words, pressure-dependent variations are similar for cpx and opx, while thermal
expansion of opx is much larger than in cpx. In contrast, unit cell parameter ¢, is
consistently larger in cpx (Levien and Prewitt 1981; Salviulo, et al. 1997) than in opx
(Angel and Hugh-Jones 1994; Smyth 1973; Sueno, Cameron and Prewitt 1976). To take
into account the large compositional dependence of c,, we considered compositions as
close as possible to ours (Raimbourg, Toyoshima, Harima and Kimura 2008): For opx,
Smyth (1973) reported ¢, = 5.232A, while for cpx, Salviulo, Secco, Antonini and
Piccirillo (1997) reported ¢ P*' = 5.26A and ¢ P*? = 5.28A for two samples of

similar composition (VG3187 and VG3185Pc).



When considering the first value cgpxl, parameter ¢ has roughly the same length in opx

and in cpx for T=800°C and P=0.7 GPa, i.e. no mismatch dislocations are required. For
the same P-T conditions, when considering the second value c;”*?, ¢P%2 is larger than
c°PX by ~0.2%, which implies dislocations spaced by 250nm.

These calculations tends to show that cP* > ¢°PX at high P and T, requiring
emplacement of mismatch dislocations along the interface. Our own HRTEM
observations of the polarity of regularly spaced dislocations along the interface of a
lamellae in a domain devoid of bending show similarly that c¢P* > ¢°PX, On the other
hand, the large uncertainties in unit cell parameter at ambient conditions, of the order of
the pressure and temperature dependent variations, preclude to precisely assess the
density of such mismatch dislocations and we retain therefore only the possible

magnitude of dislocation spacing, as of the order of a few hundreds of nanometers.
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Figure 1: Internal folding of an opx porphyroclast (XZ section, with horizontal dextral



shear). (A) Fore-scattered electron image of opx 47a2-px2 with the localization of

EBSD analyses. As seen in the interpretative sketch below, traces of (100) planes

(figured by the line within opx) are bent similarly to the grain shape itself. (B) Pole

figure of crystal orientations in the sample coordinate (X, Y and Z the kinematic axes

indicated by small squares). The b-axes are concentrated near the Y axis, while a- and

c-axes are scattered within a girdle. The points of extreme orientation 1, 8 and 31 are

shown. The rotation axis between crystal orientations 8 and 31, shown as a star, is really

close to b-axis (associated rotation angle = 40°). Note that the dark, tortuous lines in

opx in (A) are cracks, whereas GBs appear as sharp variations in crystal orientation

contrast.

Figure 2: Optical microscope image in reflected light of the etched surface of the opx

porphyroclasts. GBs are apparent as thin black lines separating misoriented domains of

undistorted opx. (A) Straight boundaries (white triangles), at large angle to the traces of

opx (100) planes underlined by the cpx exsolutions (black triangles). (B) Curved GBs

(roughly horizontal in the picture), at low angle to the traces of (100) opx planes. This

curved GB is connected into a straight GB (subvertical in the picture) at the red triangle.

The misorientation between upper and lower domain increases from right to left. (C)



Homogeneously folded opx, where lattice curvature is smooth and no etched GB is

visible.

Figure 3: (A) Fore-scatter image and (B) EBSD map of homogeneously folded opx.

Within opx domains, points where crystal orientation could not be detected appear in

green. The pole figure (C), which consists of the points of the map along the X-Y

transects, shows that rotations are principally around the b-axis. Lattice curvature is

homogeneously distributed, as evidenced by (i) the progressive misorientation, along

X-Y profile, with respect to point X (D) and (ii) the absence of visible GB on the EBSD

map. Note that the change in color from blue to orange corresponds simply to the

change in azimuth of the c-axis (+/- 180°, see C). Step size for the map is 3um.

Figure 4: Domains of incipient (A) and extensive (B) recrystallization within opx

porphyroclasts. (A’) and (B’): Pole figures of recrystallized grains and parent

porphyroclast, showing common b-axis for grains in (A’) and random orientation in (B’).

(A”) and (B”’): Inverse pole figure of misorientation axes between adjacent grains, for

increasing misorientation ranges. While in (A””) misorientation axes plot close to b axes

irrespective of misorientation angle, in (B’’) they show no preferred crystallographic



orientation.

Figure 5: TEM bright-field images and corresponding diffraction conditions
(upper-right) of a low-angle GB. The boundary appears as made of regularly spaced
dislocations, apparent when hOl reflections (small h index and | = £2,#4,..) are strongly
excited (A) but invisible when h0O reflections are strongly excited (B). The
misorientation (~0.5°) was estimated from the diffraction pattern in TEM. Rotation is

principally around the b-axis of opx, with a minor component around the c-axis.

Figure 6: Comparison between measured dislocation spacing and theoretical value for
low angle tilt wall boundaries (Hirth and Lothe 1968). We analyzed two kinds of GB,
either perpendicular or parallel to opx (100) planes traces and considered ¢=5.24 A or
a=18.2 A, respectively, as Burgers vector length in Eq. 1. As dislocation density is
slightly variable along a boundary, for each boundary considered (i.e. the different

symbols), we made several estimations of the spacing.

Figure 7: Detail of the dislocations within a straight LAGB with the misorientation

~0.5° and the tilt axis close to the b-axis. (A) Bright-field image: Regularly spaced



dislocations are constituted of two strain contrasts, suggeting that each dislocation is

dissociated. (B) HRTEM view of one of these dislocations, with beam parallel to the b-

axis: In the image, the opx crystal is imaged with intense d,g lattice fringes, whereas

the area between the two strain contrasts indicated by the arrowheads has fringes with a

half space. This is interpreted as the local transformation of ortho- to clino-enstatite

where dioo is half that of ortho-enstatite (Buseck and lijima 1974). One can also note

that the clino-enstatite domain (enclosed in dashed white line in Fig. 7B) is not

restricted to the interval between the two partials but extends further outside of it, as

apparent in the half-spaced fringes with three dark lines, interpreted as clino-enstatite

with a unit cell width.

Figure 8: (A) TEM bright field image and (B) sketch of a LAGB (thick black line) at

low angle with opx (100) plane traces (Note the presence of an additional GB, with

lower misorientation, indicated in (B) as a dotted line). (C) to (E) Detail views of the

LAGB. (C) Portions of the boundary with straight segments perpendicular to (100)

plane traces, with regularly spaced dislocations (white triangles). (D) and (E) Portions

of the boundary at low angle to (100) plane traces, with a much irregular distribution of

dislocations. In the lower left section of (E), dislocation lines (white triangles) seem to



be inclined with respect to beam direction (close to opx b-axis). Dislocation spacing

was estimated on the upper right section of (E).

Figure 9: (A-B) TEM bright field inages and corresponding diffraction conditions

(upper-right) of a medium-angle grain boundary. The boundary appears as a continuous

thin line, with strain apparent when hOl reflections (small h index and | = +2,+4,..) are

strongly excited (A) and invisible when hOO reflections are strongly excited (B). The

misorientation is of the order of 7°, principally around opx b-axis. (B) HRTEM image

of the boundary. In the lower right portion of the image, where the specimen is thin

enough to make correspondence between the contrast and structure, the boundary is

composed of alterning zones where the lattice planes are either continuous or

partially/completely disrupted. The pseudo-periodicity (white triangles) is of the order

of 3a, i.e. 5.5 nm, close to 4.3 nm, expected dislocation spacing for a 7° dislocation tilt

wall.

Figure 10: (A) TEM bright field images and corresponding diffraction conditions

(upper-right) of a medium-angle grain boundary with misorientation of the order of 11°,

principally around opx b axis. The boundary appears as a continuous thin line, with



weak strain apparent only when hOl reflections (small h index and | = +2,+4,..) are

strongly excited (left).

Figure 11: Structure of a GB with 21° misorientation. (A) Optical reflected light: the

boundary appears roughly linear, though at small scale it is composed of segments

anchored on cpx exsolutions. In addition, in the vicinity of the boundary, cpx is

exsolved as tiny and elongated grains. (B) HRTEM image of the boundary in the

vicinity of an exsolved cpx grain. Cpx exsolution shares (100 planes with Opx1. The

HAGB, which separates Opx 2 from Opx 1 and Cpx appears as a narrow, bright zone,

interpreted as incoherent material. (C) Along the same boundary, in the vicinity of

image (B): The bright zone is very reduced and is bordered, within surrounding Opx 1

and 2, by a “band” where silicate chains are visible but where opx is much darker.

Upper right: diffraction image with hOO planes excited, showing the large rotation about

b-axis. (D) EBSD pole figure of the two sides of the boundary, showing that the rotation

is about b-axis (X, Y and Z refer not to kinematic axes but to the arbitrary axes of image

(A)). As HRTEM image is also acquired with b-axis perpendicular to the plane of the

image, apparent angle between a-planes and the boundary can be considered as true

angle, and the boundary is close to symmetric position with respect to the two adjacent



opx domains.

Figure 12: Angle, in the section plane, between the trace of the GB and the trace of the

bissector of opx (100) planes planes from the adjacent opx domains.

Fig. 13: Dislocation density in a folded opx. (A) Etched cpx exsolution lamellae
highlight the smooth bending of opx lattice, with a curvature radius R=700um. Apart
from a straight LAGB (indicated with the black triangles) visible in the left, none is
apparent in the folded area. (B) Preferential dissolution during chemical etching of the
sample surface unraveled cpx exsolution lamellae (trench) and dislocations (pit). While
some etch pits are isolated in homogeneous opx, some seem to be aligned in a direction
parallel to cpx lamellae and sometimes elongated along this direction. We interpret the
former as dislocations in opx and the latter as either dislocations at cpx-opx interface or
as thin cpx lamellae heterogeneously etched. (C) In the folded domain, dislocations in
the bulk opx are few, while they are highly concentrated along the cpx-opx interface.
Density of dislocations in bulk opx, estimated either from (B) or (C), is at most 1.2/um?,
half of Eqg. 2 prediction (~2.7um™~2, using the curvature shown in (A)). Note that our

estimations of both opx lattice curvature radius and actual dislocation density integrate a



correction for the angle between b-axis and normal to the sample surface. (A) Optical

microscope, reflected light (B) SEM and (C) TEM bright field.

Figure 14: Bright-field TEM image showing (100)[001] dislocations (white triangles)
concentrated on the surface of a cpx exsolution lamellae (black bands extending out of
the micrograph) in two adjacent areas. It is observed (especially in the upper image) that
a single dislocation is also dissociated into two partials. The dislocation density varies
between the two areas but also between upper and lower surfaces of the lamellae.

Dislocation spacing d was calculated for the upper surface in the two areas.

Figure 15: (A) Model of opx flexural slip folding, where the equivalent of the folded
layers and slip planes are the opx layers and cpx exsolutions, respectively. (B)
Considering a folded opx layer, an initial segment of length | is extended (shortened) to
I(1 +5) (I(1 —5) on the extrados (intrados) of the layer. (C) The mismatch in (001)
planes between upper/lower surfaces of opx layers and cpx exsolution involves the

presence of (100)[001] dislocations (i.e. extra (001) half-planes), with a spacing given

by 1(1+§)—1(1—§)=c=>1=7.



Figure Supplementary material 1: HRTEM image of cpx exsolution and surrounding
opx, with the incident beam parallel to the b-axis. Note the presence of localized strain
(dark zones) within the lamellae and on its right boundary, which corresponds to

(100)[001] dislocation.

Figure Supplementary material 2: Gradients in composition associated with
recrystallization. (A) Optical microscope picture in reflected light, (B) sketch and (C)
EPMA mapping of Ca distribution within a deformed opx porphyroclast. Recrystallized
opx, either within the porphyroclast (“intra-opx deformed domain”) or on its rim
(“small opx domain”) have a lower Ca content than the porphyroclast (”coherent opx
domain”). Furthermore, within the recrystallized grains on the upper right of (A), grain
boundaries are visible in (C) because of their low Ca concentration compared with the
grains interiors. Within recrystallized zones, abundant cpx grains probably result from
the depletion in Ca of the opx. Note that when considering a single boundary cutting
across the opx, the Ca-depletion is visible only when the misorientation is very large
("GB1”), while no chemical heterogeneity is apparent for a lower misorientation

(/IGBz/I)'



Figure Supplementary material 3: Mixed origin of dislocations at cpx-opx interfaces. In
the thermal mismatch model by Van Duysen, Doukhan and Doukhan (1985),
dislocations of opposite sign accommodate at the cpx-opx interface the difference in
plane density (dgb; < dgs;), acquired during cooling. In the flexural slip model,
dislocations of the same sign accommodate the lattice curvature. In contrast to thermal
mismatch model, dislocation density needs not to be the same on upper and lower

interface. The actual dislocation density is the sum of the two models, after

recombination of dislocations of opposite sign on a given interface.
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