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Abstract

Geological processes involving deformation and/or reactions are highly influ-
enced by the rock grain size, especially if diffusion-controlled processes take
place such as metamorphic reactions and diffusion creep. Although many pro-
cesses, inducing grain-size reduction, are documented and understood at rela-
tively high stresses and low temperatures (e.g., cataclasis) as well as at lower
stress and higher temperature conditions (e.g., bulging and subgrain rotation),
deformation twinning, a plastic deformation mechanism active in various min-
erals at lower temperatures, has been neglected as nucleation site for melting
and reaction and thus as a cause for grain-size reduction so far. We conducted
experiments on natural plagioclase-bearing aggregates at 2.5 to 3 GPa confin-
ing pressure and temperatures of 700°C to 950°C using two different deforma-
tion apparatus, a deformation multianvil apparatus (DDIA) and a Griggs
press, as well as a piston-cylinder apparatus. Regardless of the apparatus type,
we observe the breakdown of plagioclase into an eclogite-facies paragenesis,
which is associated with partial melting in the high temperature domain of
the eclogite facies. Partial melting mostly takes place along the grain and inter-
phase boundaries. However, several melt patches or plagioclase decomposition
products coincide with the occurrence of deformation twins and grain-scale
microcracking in plagioclase indicating intracrystalline melting and reaction
in addition to melting and reaction along grain and interphase boundaries. In
the present study, we demonstrate how the interplay between brittle micro-
cracking and plastic deformation twinning can cause intracrystalline melting
and/or reaction, which has the potential to lower the effective grain size of
plagioclase-rich rocks and thus impacts their reactivity and deformation
behaviour.
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1 | INTRODUCTION

Partial melting under eclogite-facies conditions, and espe-
cially under Ultra High Pressure (UHP) conditions, has
been documented from the Central Alps (Pellegrino
et al., 2020), the Bohemian Massif (Ferrero et al., 2015),
the Western Gneiss Region in Norway to the North
Qaidam (Cao et al., 2019), and the central Sulu mountain
belt in China (Wang et al., 2020). It has been shown
experimentally that the strength of plagioclase-rich rocks
dramatically drops at melt fractions ¢ between 0.0 and
0.07 (Rosenberg & Handy, 2005). Partial melting in the
UHP domain is therefore expected to dramatically
change force balance within collision wedges.

Plagioclase minerals (comprising ~39 vol.%) are the
most common rock-forming mineral group of Earth’s
crust (Klein, 2001). Rocks such as gabbros, basalts,
anorthosites, and granulites can consist almost entirely of
plagioclase feldspars, and in granites, granodiorites, and
tonalites, common rock types of the continental crust,
plagioclase feldspar is a major phase besides quartz and
alkali-feldspar. Therefore, the deformation behaviour of
these rocks, but also the chemical reactions taking place
in them, will depend on the physical and chemical prop-
erties of plagioclase. Besides studies investigating the
mechanical behaviour of plagioclase-rich rocks over a
broad pressure (P) temperature (T)-strain rate (¢) range
(Fukuda et al., 2018; Fukuda et al., 2022; Rybacki
et al., 2006; Rybacki & Dresen, 2004; Tullis, 2018;
Tullis & Yund, 1992, 1987), there are also studies focus-
ing on the impact of plagioclase breakdown at high pres-
sure (HP) conditions. This decomposition of plagioclase
at HP is considered as one of the most important meta-
morphic reactions in the crust, and the modalities of its
breakdown directly control the mechanical behaviour of
the reacting rock (Stiinitz & Tullis, 2001). The metastabil-
ity of plagioclase under eclogite-facies conditions has
been widely documented in subducted continental units
(Austrheim, 1986; John & Schenk, 2003; Schorn &
Diener, 2017), and the first steps of eclogitization at HP
conditions actually relate to the triggering of its destabili-
zation in the presence of water. Understanding how pla-
gioclase reacts at HP conditions is therefore a first-order
step towards understanding of mechanical behaviour
changes in the subducting crust.

Besides P, T, ¢, and water fugacity, grain size also has
a tremendous influence on a rock’s mechanical behav-
iour as well as on the onset and progress of metamorphic
reactions. In most systems, deformation and reaction are
closely coupled. Metamorphic reactions can transiently
decrease the grain size of a rock (Jamtveit et al., 2009;
Putnis et al., 2007; Royne et al., 2008) and therefore influ-
ence its deformation behaviour (Renner et al., 2002).

Moreover, some deformation processes result in grain-
size reduction and thus increase the reactive surface area.
Among these mechanisms, cataclasis is acknowledged in
the low temperature-high stress regime and can lead to
cataclastic flow (Passchier & Trouw, 2005). At higher
temperatures and lower stress, crystal plastic deformation
can lead to grain-size reduction by dynamic recrystalliza-
tion. Dislocation glide can result in subgrain rotation
which is considered as a first-order mechanism for creep
in low temperature mylonites (Hirth & Tullis, 1992; Stipp
et al., 2002). Deformation twin or twin boundaries in gen-
eral have been discussed as possible planes of weakness
facilitating crack propagation leading to grain-scale frac-
turing in the brittle or semibrittle field (e.g., Tullis &
Yund, 1992, p. 107). Yet, in situations in which crystal
plastic deformation dominates, recovery of deformation
twins by twin boundary migration recrystallization will
not result in grain-size reduction (Passchier &
Trouw, 2005).

Plagioclase is known for its extensive polysynthetic
twinning. Polysynthetic twins are caused by interruptions
during grain growth (e.g., Cahn, 1954, ch. 2.1.3.3; Smith &
Brown, 1988, ch. 18). Further, plagioclase is able to form
twins under stress resulting in the formation of so-called
mechanical or deformation twins (Borg & Heard, 1969;
Marshall & McLaren, 1977; Smith & Brown, 1988, ch. 18).
There are two deformation twin systems in plagioclase-
producing albite twins, with (010) as the twin plane, and
pericline deformation twins, with [010] as the twin axis
and the so-called “rhombic section” as the twin plane
(Smith & Brown, 1988, ch. 18). Deformation twins form
when a critical shear stress is resolved along the relevant
crystallographic planes and directions in plagioclase.
Microscopically, growth and deformation twins can be
differentiated based on their shape. Growth twins mostly
strike through the entire grain and form parallel twin
boundaries, whereas deformation twins show a lenticular
form and affect only a small volume of the grain. In most
cases, deformation twins are limited by grain boundaries,
cracks, or other lattice defects that act as stress heteroge-
neities (Cahn, 1954, ch. 3.1.9 and 3.2.5). Thus, besides
grain or interphase boundaries, plagioclase exhibits
numerous other interfaces such as growth and deforma-
tion twin boundaries.

In the present experimental study, we show that the
breakdown of plagioclase at eclogite-facies conditions
can start with partial melting not only along grain and/or
interface boundaries but also along cleavage cracks and
deformation twin boundaries. The exploitation of defor-
mation features for melting and reaction ultimately leads
to a much lower effective grain size compared with the
same processes when solely restrained to grain
boundaries.
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2 | MATERIALS AND METHODS
21 | Sample preparation,
characterization of the starting material,
and thermodynamic modelling

Experiments were conducted on a granulite-drill core or
on granulite powders obtained by crushing and grinding
of a mafic granulite from Holsngy, SW Norway
(60°31'57.7" N, 5°07'14.5" E). Additional information on
the drill core is given by Incel et al. (2020). After grind-
ing, the powder was sieved using a mesh width of 38 pm
and washed using distilled water to remove dust. Once
dried, the final granulite powder served as starting
material for the experiments and consists almost exclu-
sively of plagioclase (~90vol.%) showing intermediate
composition (anorthite,,albites,orthoclase;). The remain-
ing 10 vol.% consists of clinopyroxene and orthopyroxene
(Opx; Cpx), spinel (Spl), corundum (Crn), and epidote
group minerals (Ep) intergrown with alkali-feldspar (Afs;
mineral abbreviations follow Whitney & Evans, 2010).
Occasionally, garnet (Grt), quartz (Qz), phlogopite (Phl),
and amphibole (Amp) grains can be found. Thermody-
namic modelling was conducted using Perple X
(Connolly, 1990). The thermodynamic database used was
from Holland and Powell (1998), and we chose melt
(HP), Gt (HP), Pl(h), Pheng (HP), and Omph (HP) as
solution models (Holland & Powell, 1996, 1998, 2001,
2003; White et al., 2001).

2.2 | Experimental and analytical
methods

For the current study, we used three different deformation
apparatus, a deformation multianvil apparatus (DDIA)
press and two different Griggs apparatus, as well as a
piston-cylinder press. The DDIA apparatus used for this
study is mounted on the 13 BM-D beamline at the
Advanced Photon Source, National Laboratory Argonne,
Il, USA. Prior to deformation, the samples were hot
pressed at 2.5 GPa and ~720°C for 1 h. Then, deformation
was initiated by advancing the upper and bottom pistons

TABLE 1 Experimental conditions
Sample Press Starting material
D_2.5_720-950 DDIA Powder
G_2.5_700 Griggs Powder
G_2.5_900 Griggs Drill core
P_3_950 Piston cylinder Powder

Abbreviation: DDIA, deformation multianvil apparatus.

at a constant rate in displacement-controlled mode. Dur-
ing deformation, the DDIA sample (NG_2.5_1225 in Incel,
Labrousse, et al., 2019) experienced syndeformational
heating in three steps from ~720°C to 850°C at 14%
strain, to ~900°C at 23% strain, and to the final tempera-
ture of ~950°C at 30% strain after which the sample was
quenched by cutting off the power supply for the graphite
furnace. The total axial strain was 34% and deformation
lasted ~2 h. The effective strain rate on the sample was
~5-107° s~ 1. Temperatures were calculated by offline cali-
brations, and uncertainties are below 10% (Hilairet
et al., 2012). Details on the sample assembly used, as well
as on the calculation of the strain, strain rate, and differ-
ential stress, are given by Incel et al. (2017) and Incel, Lab-
rousse, et al. (2019). Further details on the experimental
setup can be found in Wang et al. (2003). We performed
another deformation test using the same powder in a
Griggs deformation rig at constant pressure and tempera-
ture conditions of 2.5 GPa and ~700°C and a deformation
rate of 4.10 ¢ s*. Information about the sample assembly
used can be found in Moarefvand et al. (2021). A second
experiment was conducted in another Griggs apparatus at
2.5 GPa at 900°C. The strain rate was ~5-10> s~ *. In con-
trast to the other deformation tests, these Griggs tests were
conducted using the granulite-drill core (“as-is” sample
deformed at 2.5 GPa and 900°C to ~35% strain in Incel
et al., 2020). Further details on the apparatus and the sam-
ple assembly used can be found in Rybacki et al. (1998).
In order to test the influence of deformation on
plagioclase microstructures, we conducted an additional
experiment under static pressure conditions using a
piston-cylinder press. The sample remained under 3 GPa
and 950°C for ~24 h. The experimental conditions for
every run and the sample nomenclature are listed in
Table 1. The Griggs experiments were performed in the
Experimental Geophysics Laboratory at Ruhr-Universitét
Bochum, Germany, and in the Laboratoire de Géologie
at Ecole Normale Supérieure Paris, France. The
piston-cylinder experiments were performed at the Institut
de Physique du Globe Paris, France.

The recovered samples were embedded in epoxy, cut
lengthwise, polished, and carbon coated for microstruc-
tural analyses in the scanning-electron microscope

P (GPa) T (°C) Strain rate (s ') Total strain (%)
2.5 720-950 5.107° 35
2.5 700 410° 28
2.5 900 5.107° 35
3.0 950 — —
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(SEM). The SEM analyses include low- and high-magnifi-
cation images taken in backscatter electron (BSE) mode,
energy-dispersive X-ray spectroscopy (EDX), and elec-
tron-backscatter diffraction (EBSD). The BSE images
were taken at an acceleration voltage of 20 kV, and the
EBSD maps were acquired with an acceleration voltage
of 10 kV and a step or pixel size of 0.5 pm. The EBSD
data were processed using the open-source crystallo-
graphic toolbox MTEX (Bachmann et al., 2010). We con-
sidered non-indexed pixels to have a mean angular
deviation value <1 and non-indexed grains to contain
less than 2 indexed pixels (<1 pm). Twin boundaries were
detected with misorientation angles >178°.

3 | RESULTS

In the SEM, the recovered samples from deformation
tests on a powdered starting material show numerous
areas that are appearing darker than the surrounding pla-
gioclase matrix in BSE mode (Figures 1-5). These dark
zones exhibit small vesicles (Figures 1f, 2a, and 3a) and
coincide with non-indexed areas indicating that they are
either poorly crystalline or consist of grains with a grain
size smaller than the step size used for the analyses
(Figures 3b—d and 5b). Further, interaction with the elec-
tron beam causes the formation of alteration haloes in
these zones (Figures 3a and 5a). BSE images and EBSD
analyses demonstrate that although most of these areas
are restricted to grain or interphase boundaries and show
no particular shape, some also appear to have penetrated
plagioclase grains along specific directions or formed
patch-like features, commonly with sharp edges oriented
+45° relative to the direction of maximum compression
(o04; Figures 1b, 2a, 3, and 5). The host plagioclase around
these patches shows no to very little difference in orienta-
tion as highlighted by an Euler map and inverse pole fig-
ures (Figure 3). Schmid factor maps demonstrate that the
dark, non-indexed zones often coincide with the presence
of albite-deformation twins in plagioclase (Figure 5b,c),
which formed in favourably oriented plagioclase grains
with respect to ¢, during deformation (Figures 4b, black
arrows, and 5d). However, also grains that are less
favourably oriented for deformation twinning (greenish
colours) reveal the presence of deformation twins spa-
tially associated with non-indexed areas (red arrows in
Figure 4b). Grains that are ideally oriented for deforma-
tion twinning appear to be slightly larger than the
unfavourably oriented plagioclase grains (blueish colours
in Figure 4b). Regardless of the location of these
dark-appearing zones, that is, within plagioclase grains
or surrounding them, they are commonly spatially associ-
ated with areas showing a higher microcrack density

relative to the surrounding plagioclase-host grain or
plagioclase matrix (Figures 1lc,d and 4b,c). In sample
D_2.5_720-950, at low magnification, most zones,
showing a high microcrack density and the appearance
of dark zones, form a band oriented at ~45° towards c;
(Figure 1a).

Phase maps and EDX analyses together with element
distribution maps demonstrate the growth of mostly
omphacite (Omp) and Ep, which sometimes forms
euhedral-shaped grains, within the dark, non-indexed
zones along the grain and interphase boundaries as well
as along deformation twins (Figures 5a). Some patches
reveal the growth of sub-euhedral Qz grains within
the patches (Figures 1b and 2a). A composite image
of K, Na, and Ca element distribution maps and a
Si-distribution map demonstrate that the material
surrounding the Qz grains, which fills the patch, is
richer in K and Si than the initial plagioclase composi-
tion (Figure 2b,c). The plagioclase matrix around the
patch is enriched in Na, and Ep needles can be found in
the vicinity of this patch (Figure 2a,c). There are also
patches present that do not reveal the growth of new
phases such as Qz and Ep, at least not in this
two-dimensional view of the exposed sample surface
(Figure 3).

The drill core sample G_2.5_900, deformed at 2.5 GPa
and 900°C, exhibits extensive cracking, slip along
cleavage cracks, and deformation twinning in plagioclase
in plane and crossed polarized light (Figure 6a,b,g,h). At
higher magnification, areas that consist of finely grained
material become visible (Figure 6c,d,g,h). This fine-
grained material appears to form two sets of parallel
bands that are oriented almost perpendicular to each
other (Figure 6c-f). Further, these parallel bands seem to
preferentially form in the vicinity of narrow zones,
appearing darker than the surrounding plagioclase in
BSE mode (Figure 6¢,j) and are often found along cleav-
age cracks (Figure 6g-j). The parallel bands are made of
two different phases, which could not be identified
unequivocally, because of the small grain size
(Figure 6k). Strikingly, the orientation of these parallel
bands, made of these two small phases, coincides with
the orientation of deformation twins (Figure 6d,e.f,h,j).
Similar to samples D_2.5_720-950 and G_2.5_700,
demonstrating a close spatial relation between cracking,
twinning, and the presence of new phases, the drill
core samples also exhibit that reaction dominantly occurs
in areas that underwent pronounced deformation
(Figures 1, 5, and 6).

Sample P_3_950, which experienced hydrostatic con-
ditions, demonstrates dark areas that are mostly located
along grain and interphase boundaries (Figure 7a).
Within these dark zones, new eclogite-facies phases grew
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FIGURE 1 Backscatter electron images of the deformation multianvil apparatus sample D_2.5_720-950. (a) Low-magnification images
of the sample with white rectangles marking the location of the Figures 2-4. (b) Dark patch with quartz and epidote grains. White arrows
highlight another small patch that shows very sharp edges orientated with +45° relative to o, (perpendicular to the long edge of the image).
(c, d) Dark patches mostly occur in areas with a high microcrack density limited by white dashed lines. (e) Some dark patches do not reveal
any particular shape. (f) High-magnification image of the area marked in (e) showing numerous vesicles in the dark material that fills the

patch

such as Ep, Qz, Grt, Omp, titanite (Ttn), and kyanite
(Ky). Plagioclase twins are highlighted in red in the phase
map shown in Figure 7b. Some plagioclase grains reveal
parallel growth twin lamellae that run through the entire
grain and a few lenticular-shaped deformation twins
marked by red arrows in Figure 7b. In contrast to the
deformation twins, found in the deformation samples,

the deformation twins in the hydrostatic sample do not
show a uniform orientation (Figure 7b). However, they
show a close spatial relation with non-indexed areas of a
few micrometre in size similar to the deformation twins
in the deformation samples (red arrows in Figure 7b,c) in
which we find bright, newly formed phases too small to
be unequivocally identified (Figure 7a).
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4 |

DISCUSSION

41 | Semibrittle deformation in
plagioclase-rich rocks

In the deformation samples, we observe (i) a wide varia-
tion in grain size, indicative of cataclasis, that results
from fracturing of grains unfavourably oriented for defor-
mation twinning whereas favourably oriented plagioclase
grains deformed by deformation twinning (Figure 4b),
(ii) a close spatial relation between cleavage cracking and
twinning (Figures 5 and 6), and (iii) slip along cleavage
cracks adjacent to extensively twinned regions
(Figure 6h). The association between brittle cracking and
plastic deformation twinning clearly demonstrates that
the deformation took place in the semibrittle regime. The
seminal study by Tullis and Yund (1992) experimentally
demonstrated that plagioclase-rich rocks deform by a
mixture of brittle and plastic deformation mechanisms
over a broad P-T-¢ range. Previous studies discussed that
brittle and plastic deformation often do not occur parallel

FIGURE 2
backscatter electron image showing a

(a) High-magnification

patch appearing darker than the
surrounding plagioclase matrix. Sub-
euhedral quartz (Qz) formed within the
patch and in its vicinity, we find needles
of an epidote group mineral (Ep). The
patch shows edges that are oriented at
+45° towards the direction of maximum
compression (perpendicular to the long
edge of the image). (b) Si-element
distribution map of the area shown in
(a) exhibiting that the patch filling
material is enriched in Si. (c) Composite
image of K-, Na-, and Ca-element
distribution maps revealing that the
patch filling material is enriched in K
and the surrounding plagioclase is richer
in Na relative to plagioclase from the
starting material. Ep, epidote group
mineral; Pl, plagioclase; Qz, quartz

but are strongly coupled and thus interdependent in pla-
gioclase (McLaren & Pryer, 2001; Stiinitz et al., 2003).
This interplay between brittle microcracking and plastic
deformation twinning is particularly clear at the grain
scale in our deformation samples, in which we find defor-
mation twins spatially associated with cleavage cracks
(Figures 4b,c and 5). Deformation twins are often limited
by {001} cleavage cracks (Figures 4b,c and 5), and we,
therefore, interpret that the high stresses at the twin tips
caused microcracking along {001} to relieve the stress and
to stabilize or pin the twin (McLaren & Pryer, 2001). Yet,
another possible scenario could be that cracking preceded
twinning. Due to the high stresses at crack tips, the mate-
rial affected will deform plastically in a zone around the
crack tip thus called crack tip plastic zone. Crack forma-
tion will therefore produce zones with a high dislocation
density in its vicinity, evidenced by transmission electron
microscopy analyses in plagioclase Figure 5a in Stiinitz
et al. (2003). Hence, plastic deformation can nucleate in
areas that underwent brittle deformation (McLaren &
Pryer, 2001). Regardless of the exact deformation
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(a) Microstructural data of a patch appearing
darker relative to the surrounding plagioclase matrix in backscatter
electron mode. (b-d) Euler map and inverse pole figure (IPFs) of
the area marked in (a). The non-indexed areas are shown in black.
Most of the grains surrounding the patch show no or very little
difference in grain orientation.

FIGURE 3

sequence, both processes, cracking and deformation
twinning, will locally increase the dislocation density,
and stress relief will result in the creation of new inter-
faces, for example, cleavage cracks or cracks in general
and twin boundaries.

D_2.5_720-950
B R S e T ] . Pl | Ep
g(a) Phase 5 : BN CrnENQz

$5e 2

2% X : ‘» S 7 R g '-_ 0. : -Spi - Ky
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FIGURE 4 Electron-backscatter diffraction data of the area
marked in Figure 1. (a) Phase map showing the growth of new
phases and the location of non-indexed areas. (b) Schmid factor
map. Black arrows highlight the deformation twins that were
favourably oriented for deformation twinning. (c) Band contrast
image showing that plagioclase grains that underwent deformation
twinning also reveal numerous microcracks. Afs, alkali-feldspar;
Crn, corundum; Ep, epidote group mineral; Ky, kyanite; n.i., not
indexed; PI, plagioclase; Qz, quartz; Spl, spinel; t.b., twin boundary
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FIGURE 5 Microstructural analyses of the Griggs deformation
sample G_2.5_700 that experienced deformation at a strain rate of
4-107° s~ ! under 2.5 GPa and 700°C. The red dashed line was
added as marker to facilitate the comparison between the images.
The direction of maximum compression (o,) is oriented
perpendicular to the upper and bottom edges of the images. (a)
Backscatter electron image showing a plagioclase grain with
numerous cleavage cracks surrounded by mainly Omp and

Ep. Latter also form euhedral grains. (b, c) Inverse pole figure and
corresponding stereonet showing the orientation of the Pl matrix
and P1 twin. (d) Schmid factor map exhibiting that the band,
appearing dark in backscatter electron mode in (a), follows a
deformation twin in plagioclase and is sensitive to the electron
beam indicated by the formation of alteration holes. (¢) Band
contrast image demonstrating that twins are spatially associated
with cracks. Ep, epidote group mineral; Omp, omphacite; PI,
plagioclase

4.2 | Partial melting of plagioclase

We found zones made of a material, which contains vesi-
cles and is sensitive to the electron beam (Figures 1-3,

and 5), and sometimes hosts subhedral or euhedral Qz
and/or Ep grains (Figures 1b, 2b, and 5a), all indicators
that partial melting took place. Furthermore, the chemi-
cal composition of the patches demonstrates enrichment
in Si and K relative to the initial plagioclase composition
(Figure 2b,c). This particular chemical signature has been
previously observed in partially molten plagioclase sam-
ples (Dimanov et al, 2000; Tsuchiyama &
Takahashi, 1983) and in natural shock molten plagioclase
(Chen & El Goresy, 2000) and also fits the expected melt
composition calculated using Perple_X. Thermodynamic
calculations also demonstrate that partial melting occurs
beyond ~810°C at 2.5 GPa and above ~900°C at 3 GPa
(Figure 8). The extent of melting, found in the samples,
correlates with the maximum temperature reached and
the time the samples spent at that temperature. Drill-core
sample G_2.5_900 shows a similar amount of partial
melting relative to the DDIA sample that experienced up
to 950°C, and both samples show less melting relative to
the static sample P_3_950 that remained at 950°C for
24 h. Yet, it is difficult to directly compare the amount of
melting observed in samples in which we used powders
with those in which we used a drill core due to the large
difference in grain size (<38 vs. ~1000 pm). The reason
we observe a similar amount of partial melting in the
drill core sample G_2.5_900 and the DDIA sample
D_2.5_720-900 is probably the result of a counterbalan-
cing effect on melting kinetics between grain size and
time spent at high temperatures. Although the drill core
sample has a much larger grains size, which is ~2 orders
of magnitude larger relative to the DDIA sample, it spent
with ~1.6 h around twice the time at 900°C than the
DDIA sample that experienced temperatures of 900 to
950°C for only 0.75 h.

The thermodynamic calculations show that sample
G_2.5_700 should not undergo partial melting. The pres-
ence of areas with a small grain size (<1 pm) that conse-
quently show a high crack density could also produce
non-indexation in EBSD data. Extreme grain size reduc-
tion or grain comminution have been previously docu-
mented in samples that experienced large displacements
(Pec et al., 2012; Yund et al., 1990). The absence of large
displacements in the microstructures of these samples
(Figure 5b), however, as well as the lack of significant dif-
ferences in grain orientation (Figure 5b) of the surround-
ing plagioclase, eliminates grain comminution as cause
of the formation of these non-indexed zones. Combining
various microstructural data of these samples reveals that
deformation twins are spatially associated with grain-
scale microcracks (Figure 5). Therefore, the interplay
between plastic deformation twinning and brittle crack-
ing at the grain scale may result in an extensively
twinned and cracked volume. Although we do not have
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FIGURE 6 Drill core sample
G_2.5_900 deformed in a Griggs press at
2.5 GPa, 900°C to ~35% axial strain.
Image taken (a) in plane polarized light
and (b) in crossed polarized light
marking the locations for the high-
magnification images presented in (c),
(d), (g), and (h). (c, d) Area with small
grains visible in plane polarized light

(c) that coincides with the occurrence of
deformation twins visible in crossed
polarized light (d). (e, f) Backscatter
electron images of the areas marked in
(c) and (d) exhibiting two sets of planes
that are formed by tiny, bright phases.
These bright phases mainly formed in
the vicinity of the dark appearing vein.
(g, h) Extensive cleavage cracking in the
lower right corner of the sample shown
in plane and crossed polarized light. (i, j)
The cracks are filled with a dark
material in which bright phases grew
identified as Ep. In the vicinity of the
cracks, we find parallel planes that are
made of these bright phases. A high-
magnification image of these phases is
presented in (k).
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FIGURE 7 Microstructural analyses of the hydrostatic sample
P_2.5_950 that experienced 3 GPa and 950°C for 24 h in backscatter
electron mode (a), as phase map (b), and as Schmid factor map (c).
The red arrows in (b) and (c) mark the position of deformation
twins associated with non-indexed zones. Ep, epidote group
mineral; Grt, garnet; i.n., not indexed; Ky, kyanite; Omp,
omphacite; Pl, plagioclase; Qz, quartz; t.b., twin boundary; Ttn,
titanite/sphene

35 . ,

L. Grt Omp WM
Ky Ep Coe Rt

Omp WM Ky
Ep Coe Tin

Grt Omp WM
Ky Ep Coe Ttn

3.0
©
o
V) WM Omp Gt
o Ky Ep Qz Ttn
2.5 °
WM Omp Gt
Ky Ep Qz Ttn
20 . | AR I
700 800 900

® Griggs O Piston cylinder === DDIA == melt

FIGURE 8 P-T pseudosection showing the expected onset of
melting in the samples at elevated temperatures (dashed area). Coe,
coesite; Ep, epidote-group mineral; Ky, kyanite; Omp, omphacite;
P, plagioclase; Qz, quartz; Rt, rutile; Ttn, titanite/sphene; WM,
white mica

unequivocal evidence that melting occurred in this
region, the sensitivity to the electron beam as evidenced
by alteration haloes and the growth of euhedral Ep sug-
gest that partial melting took place locally.

4.3 | Nucleation sites for melt and melt
initiation

We observe that melting and reaction occurred in two
different sites. One site was along grain or interphase
boundaries resulting in zones with no particular shape
(Figures 1c-e, 4a,b, 5b, and 7). A second melting and
reaction site is restricted to deformation features such as
cracks and/or deformation twins. Sample G_2.5_900
clearly displays the occurrence of melting along cracks
and cleavage cracks (Figure 6e,j). EBSD data demonstrate
the close spatial relation between deformation twins spa-
tially associated with cracks and zones that we interpret
as quenched partial melt for the above-mentioned rea-
sons of being sensitive to the electron beam, containing
vesicles, exhibiting newly formed subhedral or euhedral
grains, and showing non-indexation in EBSD data
(Figures 1b.f, 2a, 3a, 4b, and 5b).

In order to initialize melting of a solid, the interfacial
energy between melt and solid must be overcome.
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Further, melting temperatures are typically dramatically
decreased in the presence of water (Johannes
et al., 1994). Partial melting is expected to initiate at grain
or interphase boundaries, cracks, and cleavage planes,
because these loci show higher interface energies than
the intact grain interior (Tsuchiyama & Takahashi, 1983)
and because that is where fluids can more easily perco-
late, further lowering the melting point. Apart from the
influence of H,O on decreasing melting temperatures, it
has been shown that the presence of SiO, either from an
external SiO, source such as quartz or due to plagioclase
decomposition itself (albite <« jadeite + quartz;
Holland, 1980) further lowers the melting point of plagio-
clase if an Al,O; sink is present (Johannes et al., 1994).
In sample D_2.5_720-950, we observe a clear enrichment
of SiO, in the melt patches due to the decomposition of
plagioclase and find epidote grains that can act as Al,O;
sink before kyanite starts to nucleate and grow at a reac-
tion progress above ~10% (Figures 1lc and 3a; Wayte
et al., 1989). The enrichment in Si in the melt patches
eventually caused the growth of quartz. Some melt
patches appear to lack new crystallites (Figure 1d),
because (i) they are simply not exposed on the surface or
(ii) partial melting did not occur at the same time
throughout the sample and those patches lacking quartz
crystals represent partial melting that took place at a later
stage during deformation. As a result, the crystals had
insufficient time to nucleate and grow prior to quench-
ing. Melt patches showing quartz grains uniformly
exhibit rougher patch edges (Figures 1b and 2) relative to
those that lack quartz and show very smooth edges
(Figure 3). The roughness is probably due to ongoing
deformation causing further grain size reduction and
grain rotation, therefore destroying the sharpness of the
initial patch edges. This scenario would thus support the
hypothesis that patches lacking quartz formed at a later
stage during deformation, and therefore, the pristine
melting structure is still preserved.

Johannes et al. (1994) experimentally demonstrated
that wet melting mainly takes place along grain bound-
ary and cracks, connected to the grain boundary, rela-
tive to dry melting that also affects the inside of
plagioclase grains, for example, twin boundaries. This is
well in accordance with our static sample, in which we
mainly observe melting along plagioclase grain bound-
aries evidenced by melt patches showing no particular
orientation (Figure 4). Yet, in addition to reaction and
partial melting along grain boundaries, the samples also
exhibit melting along cracks and deformation twin
boundaries and thus of the grain interiors, which has
solely been observed for dry partial melting of plagio-
clase >1300°C (Figures 1-3; Johannes et al., 1994,
Tsuchiyama & Takahashi, 1983).

44 | Deformation-facilitated melting
and reaction

In contrast to growth twins, deformation twins show con-
siderable distortion of the material in their vicinity
(Cahn, 1954, ch. 3.1.8, p. 420), which is accommodated
by twinning disconnections (Hirth et al., 2019; Xie
et al., 2019), resulting in higher interface energies relative
to areas around parallel sided, through-going growth
twins (Brown & Macaudiére, 1986) or along deformation
twin boundaries that underwent recovery. Thus, the
highly strained areas around the lenticular-shaped defor-
mation twins represent higher internal energy domains
where the energy threshold for melting reactions could
be more easily overcome. It has also been demonstrated
in previous studies that deformation twins are prone to
chemical etching (Cahn, 1954, ch. 3.1.8, p. 420) as well as
to partial melting at dry experimental conditions >
1100°C  (Johannes et al, 1994; Tsuchiyama &
Takahashi, 1983), and the isotropization along twin
boundaries is also used to estimate conditions during
shock metamorphism (Bischoff & Stoffler, 1992).

Although melting could be facilitated due to a higher
defect density associated with deformation twins, the
maximum temperatures during deformation did not
surpass 950°C and thus remained 375°C to 625°C below
plagioclase’s dry solidus of 1325°C. However, it is likely
that during sample preparation of the powdered samples,
water from air humidity adhered onto the grain surfaces,
supported by the observation that most Ep formed along
plagioclase grains (Figure 5). Deformation twins are either
limited by grain boundaries or cracks connected to the
grain boundary and are thus either directly or indirectly
connected with the wetted grain boundaries (Figures 4
and 5). In addition to melting along grain boundaries, we,
therefore, observe melting along deformation twins that
either directly commence at grain boundaries or are
linked to grain boundaries via cracks providing a fluid
pathway into the grain’s interior (Figure 5b).

Because grains that show growth twins did not
undergo partial melting, it appears that the combination
of the high defect density around deformation twins asso-
ciated with cracks in conjunction with minor amounts of
fluid leads to partial melting inside of deformed plagio-
clase grains. Strikingly, the presence of non-indexed areas
along deformation twins in the piston-cylinder sample
provides evidence that partial melting along deformation
twin boundaries also occurred under hydrostatic condi-
tions (red arrows in Figure 7b,c). Some of these deforma-
tion twins were probably already present in the starting
material or local stress concentration due to volume
changes during reaction of the sample caused deformation
twinning and subsequent melting in plagioclase during
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the test. Regardless of the formation history of these defor-
mation twins, they are likely to be surrounded by a higher
defect concentration than an undeformed area within
plagioclase. Defect-facilitated melting could also explain
the occurrence of partial melting in sample G_2.5_700, in
which thermodynamic modelling does not predict partial
melting at 2.5 GPa and 700°C (Figures 5 and 8).

A previous study documented partial melting in
perthite samples deformed in the semibrittle regime
(Negrini et al., 2014). The authors observe melting to be
restricted to areas that underwent extensive microcrack-
ing and therefore conclude that the initiation of melting
is likely to be caused by dilatancy during cracking.
Because we also find that melting in the deformation
samples is spatially associated with areas exhibiting a
high microcrack density (Figure 1), melting due to dilat-
ancy caused by cracking is also a viable explanation in
our samples. In addition to melting caused by cracking,
we also document that deformation twinning or rather
the interdependence between deformation twinning and
cracking can cause melting even inside of plagioclase
grains. The preferential growth of the plagioclase decom-
position phases Ep and Omp in parallel planes that coin-
cide with deformation twins (Figure 6e,j) also
demonstrates that reaction in general is not limited to
grain or interphase boundaries but affects other intra-
grain interfaces such as cleavage cracks and deformation
twin boundaries. To summarize, our study and previous
studies on plagioclase deformation demonstrate that
deformation twinning and cracking are interdependent
(McLaren & Pryer, 2001; Tullis & Yund, 1992). Because
both mechanisms are so closely spatially related, it is dif-
ficult to determine if cracking and accompanied dilatancy
led to melting, as demonstrated by Negrini et al. (2014),
or if the local increase in defect density due to the inter-
play between cracking and deformation twinning facili-
tated partial melting and reaction. Most likely partial
melting in our samples is a result of both processes—melt
initiation due to dilatancy caused by cracking (Figure 1)
and the onset of melting due the interaction between
deformation twins and cracks resulting in a higher defect
density (e.g., Figure 5).

4.5 | Link to nature

In general, natural long-term deformation rates are ~7
orders of magnitudes slower than our laboratory strain
rates. However, deformation twinning mainly depends
on stress magnitude and stress direction and is rather
insensitive to variations in strain rate (Borg &
Handin, 1966; Borg & Heard, 1969; De Bresser &
Spiers, 1990, 1997; Rowe & Rutter, 1990). Furthermore,

due to the presence of one perfect and one good cleavage
plane in plagioclase, cleavage cracking is likely to prevail
even at lower strain rates.

It is expected that plagioclase-rich rocks of the lower
continental crust equilibrated at granulite-facies condi-
tions corresponding to temperatures of 800°C to 900°C
and pressures below 1 GPa (Austrheim & Griffin, 1985).
Therefore, partial melting, starting at temperatures
>750°C and pressures >1 GPa, is not expected under
granulite-facies conditions (Boettcher, 1970;
Goldsmith, 1981). Yet, in an anisotropic stress field, the
maximum principal stress (c;) could be locally much
higher, for example, at grain-grain contacts, thus sur-
passing plagioclase’s wet solidus (Hirth & Tullis, 1994;
Kirby, 1987; Richter et al., 2016). Lower crustal rocks
exposed throughout Norway (Bergen Arcs, Western
Gneiss Region, and Lofoten archipelago) indicate peak
pressure at eclogite-facies peak-pressure conditions
(Austrheim & Griffin, 1985; Bhowany et al., 2017; John
et al., 2009; Steltenpohl et al., 2006). The exact timing of
peak temperature and peak pressure conditions a rock
mass experienced are often difficult to constrain. There-
fore, during ongoing crustal thickening, it is possible that
the rock masses cross the wet solidus thus tracing an
anticlockwise P-T path, which has been discussed for the
Scandinavian Caledonides (Faber et al., 2019). Previous
studies also documented and discussed the occurrence of
partial melts in plagioclase-rich rocks that formed at
UHP conditions (Labrousse et al., 2011; Vrijmoed
et al.,, 2009). Deformation-facilitated partial melting of
plagioclase along deformation features such as deforma-
tion twins and cleavage cracks would therefore be rele-
vant for settings in which the continental crust has been
thickened due to continent collision, for example, the
Himalayas and the Scandinavian Caledonides, and espe-
cially in the deep continental crust close to the
Mohorovici¢ discontinuity where pressures and tempera-
tures are the highest.

Furthermore, shearing associated with twinning
under high differential stresses and temperatures could
also contribute to local shear heating, especially because
twinning occurs very rapidly as evidenced by acoustic
emissions in laboratory experiments on various metals
(e.g., Christian & Mahajan, 1995, p. 147). A local temper-
ature increase AT due to plastic shearing can be
expressed by

AT = (04-7)/ (p-cp). 1)

The shear strain y associated with twinning in plagioclase
is 0.136 (Borg & Handin, 1966; Xie et al., 2019). Using the
inverted Schmid’s law
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01— 03 = ocrss/ (cos(y)cos(0) (2)

and a critical resolved shear stress ocrss 0of 100 MPa for
albite twinning (0.8 to 1.0 GPa at 800°C; estimated by
Borg & Heard, 1969) would give a differential stress (o;-
03) of 0.2 GPa if the crystal was ideally oriented for twin-
ning, that is, cos(y)cos(0) = 0.5, where y is the angle of
the normal to the glide or in this case twin plane with the
maximum principal stress and 0 is the angle between the
maximum compression direction and the glide direction.
Taking 0.2 GPa as lower bound for the differential stress
estimate and 0.8 GPa as upper bound (Taj¢manova
et al., 2014), a specific heat capacity for plagioclase of
cp =907 J kg ' K" (Benisek et al., 2009) and a plagio-
clase density p of 2760 kg cm™* (Hacker et al., 2003)
would lead to an increase in temperature AT of ~10°C to
40°C. Yet, transient stresses caused by seismic events
might be much higher as evidenced by pulverized garnet
grains in natural and experimental rocks (Austrheim
et al., 2017; Incel, Schubnel, et al., 2019). Experimental
data on plagioclase aggregates, deformed under HP, high-
temperature conditions (2.5-3 GPa and 720-950°C), dem-
onstrate differential stresses of up to 2 to 3 GPa (Incel,
Labrousse, et al., 2019), and sample G_2.5_700 experi-
enced a maximum differential stress of ~1.5 GPa. How-
ever, due to the sample geometry as well as due to grain-
grain contacts, stresses may have been locally much
higher. These high differential stresses would lead to a
twin-induced temperature increase of ~110°C to 160°C
and of ~80°C for sample G_2.5_700. Considering an
error for the temperature of ~20°C together with the
uncertainty of modelling partial melting using thermody-
namic databases, a temperature increase of 80°C due to
twinning shear in conjunction with a high defect density
may have caused partial melting along deformation twins
in sample G_2.5_700. Thus, under high stresses in the
GPa range due to elevated deformation rates, twinning
shear could initiate local melting at background tempera-
tures significantly lower than the melting point. This is
especially interesting for situations in which dry and
therefore strong plagioclase-rich rocks survive metastable
at HP high temperature conditions of the eclogite-facies
(Austrheim & Griffin, 1985; Stiinitz & Tullis, 2001;
Tullis & Yund, 1992).

5 | CONCLUSION AND
IMPLICATIONS

In the present experimental study, we performed a
hydrostatic experiment in a piston-cylinder press and
several deformation tests in three different deformation
apparatus, a DDIA apparatus and two Griggs presses, on
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granulite samples under eclogite-facies conditions. In every
sample, we observed evidence for partial melting due to
the decomposition of plagioclase at HP, high-temperature
conditions in the presence of H,O. Deformation features
such as deformation twins spatially related with cleavage
cracks or cracks in general are additional sites for melt
nucleation probably due to the high defect density associ-
ated with these deformation structures, but dilatancy due
to cracking may also play a significant role in the initia-
tion of melting (Negrini et al., 2014). Regardless of the
underlying mechanism leading to melting (cracking or
deformation twinning), the present study highlights a
close coupling between deformation and melting/reaction.
The exploitation of other crystallographic planes such as
cleavage planes and deformation twins for melting and
reaction in plagioclase may significantly decrease the
sample grain size. Consequently, the lowered effective
grain size will not only influence the deformation behav-
iour but also the reactivity of the sample. The occurrence
of deformation twinning and associated reaction or even
partial melting under eclogite-facies conditions could
be one more process explaining the dramatic mechanical
impact of eclogitization. This could add to the
acknowledged transient weakening associated to eclogite
formation (Stlinitz et al., 2020), by promoting grain-size
sensitive deformation mechanisms.
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