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Abstract
Rocks often undergo deformation and metamorphism simultaneously. However, relatively little

research has been carried out on the interactions between deformation, fluid influx and a relatively-
recently identified type of metamorphic reaction, termed interface-coupled dissolution-precipitation.
In this study, optical microscopy and electron backscatter diffraction (EBSD) were used to investigate
the interactions between deformation and dissolution-precipitation reactions in feldspar from
metagabbros deformed at mid-crustal conditions. Fracturing and fluid influx promoted two types of
dissolution-precipitation reactions that worked in tandem to convert Ca-bearing plagioclase to pure
albite. Conventional dissolution and precipitation, here defined as dissolution precipitation reactions
involving a transport step, worked to heal fractures and produce fine-grained albite. In parts of
original grains that were not fractured, interface-coupled dissolution-precipitation occurred to albitize
mm-cm scale grain fragments. Because interface-coupled replacement displays fast kinetics, reaction
fronts were not preserved, so coupled dissolution-precipitation was identified using the following
microstructural criteria: a lack of preserved zoning, indicating a fast reaction mechanism; orientation
inheritance during reaction indicating epitaxial nucleation/topotactic replacement; intracrystalline
strain containing Burgers vectors that indicate distortion was not derived from crystal plasticity;
intragranular microporosity and second phase inclusions which share orientations with twin and
cleavage planes of their parent grains. These criteria could be applied to any system to identify
interface-coupled replacement in the absence of preserved reaction fronts. Brittle fracturing and
dissolution-precipitation combined to result in an overall grain size reduction, and a transition from
dominantly brittle to dominantly viscous deformation, producing mylonites at greenschist facies, and

contributing to the development of a regional-scale shear zone.

Keywords: greenschist-facies deformation, fluid-rock interaction, dissolution-precipitation, interface-

coupled replacement reactions, epitaxy, electron backscatter diffraction
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1 Introduction
Fluid-rock interactions occur when aqueous solutions in the crust react with rock in an attempt to

achieve thermodynamic equilibrium, involving dissolution of mineral phases that are out of
equilibrium with the surrounding conditions, and precipitation of phases that are in equilibrium
(Glassley, 1998). As aqueous fluids are observed throughout the crust (Bucher and Stober, 2010;
Yardley and Bodnar, 2014), such interactions are a key component of crustal dynamics (e.g. Gratier et
al., 2013; Jamtveit et al., 2019; Marchesini et al., 2019; Menegon et al., 2017; Menegon et al., 2008;

Wintsch and Yi, 2002).

Plagioclase feldspar minerals are a major constituent of the middle to lower Earth’s crust and are
frequently observed in large scale crustal faults and shear zones, so knowledge of how feldspar
deforms is vital to understanding the geodynamic behaviour of the crust. In addition, feldspar is an
ideal mineral to study the links between deformation and fluids, because it has been shown to undergo
brittle deformation, which can promote fluid influx, at most conditions within the crust (Tullis and
Yund, 1992). In particular, in the middle crust, at greenschist facies conditions, feldspar displays
evidence for dominantly brittle deformation (Fitz Gerald and Stinitz, 1993; Simpson, 1985; Stiinitz
and Fitz Gerald, 1993; Viegas et al., 2016). Microcracking is common in feldspar at all crustal
conditions, due to two good cleavages on (010) and (001) (Fitz Gerald and Stiinitz, 1993; Menegon et
al., 2008; Menegon et al., 2013; Stiinitz, 1993; Stinitz and Fitz Gerald, 1993; Stunitz et al., 2003). It
is the weakest phase in gabbroic rocks, so accommodates most of the strain in those lithologies when
deformed across the whole range of medium to high metamorphic grades (Brodie and Rutter, 1985).
Previous work has also documented the process of reaction softening in the middle to lower crust that
results from metamorphic reactions in feldspar-rich lithologies. The breakdown of feldspar can lead to
the development of a two-phase mixture of either two feldspar species, such as the recrystallisation of
perthite to orthoclase and Na-plagioclase (Menegon et al., 2013). Feldspar breakdown can also lead to
the production of softer phases such as white mica (Gueydan et al., 2003), or result in fine-grained
polyphase mixtures that are weaker than the original rocks (e.g., Stiinitz & Tullis, 2001; Menegon et
al., 2008; Oliot et al., 2010). These studies have shown that such reactions result in strain localisation

and the development of shear zones, and therefore directly affect the strength of the crust.
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Much endeavour has recently been invested in the characterisation of a recently identified type of
reaction caused by the interaction between crustal fluids and rocks, termed fluid-mediated, interface-
coupled replacement reactions by a number of authors (Engvik et al., 2008; Giuntoli et al., 2018;
Hovelmann et al., 2009; Mukai et al., 2014; Plimper et al., 2017; Putnis, 2002; Putnis, 2009; Putnis
and John, 2010; Spruzeniece et al., 2017). These reactions differ from the traditional view of
dissolution of thermodynamically unstable phases and the precipitation of new, more stable phases in
that, during interface-coupled replacement, dissolution and reprecipitation are coupled in space and
time, i.e. dissolved product components are not transported to new sites before precipitation. Instead,
dissolution and precipitation are coupled across a migrating reaction front (interface) that is lined with
a nano-thin film of fluid. In such a model, the rates of dissolution of the parent phase and precipitation
of the product are also coupled, but controlled by the rate of dissolution rather than nucleation, which
acts to preserve the integrity of the interface (Putnis, 2009). The thin fluid film becomes
supersaturated with respect to the product phase, and precipitation of the product phase occurs on the
surface of the parent phase (i.e., epitaxial nucleation), preserving crystallographic orientation across
the interface, and in some cases enhancing dissolution of the parent phase (Putnis, 2002). Xia et al.
(2009) studied the reaction kinetics of interface-coupled dissolution-precipitation reactions in detail.
Those authors showed that pseudomorphic replacement requires that precipitation must occur close to
the dissolution front for nanoscale textures to be preserved, and that this is influenced by the solution
chemistry of the reaction front (i.e. supersaturation with respect to reaction products), and the
similarity between crystal structures, which facilitates epitaxial nucleation, therefore decreasing the
activation energy of product phase nucleation. Further, Xia et al. (2009) identified three processes that
could control reaction kinetics — dissolution of the reactant phase, precipitation of the product phase,
and solute transport to and from the reaction front. The slowest of these processes is the rate-limiting
step and so controls the overall reaction kinetics, which in turn controls how exact the pseudomorphic
replacement will be. When dissolution is the rate-limiting step, coupling of dissolution and
precipitation occurs over the nanoscale, leading to virtually perfect pseudomorphism, and when
precipitation is rate-limiting, coupling of dissolution and precipitation occurs over the microscale,

resulting in approximate pseudomorphism.
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To date, relatively little research has been carried out on the interactions between deformation, fluid
influx and the activation of the interface-coupled replacement process (Giuntoli et al., 2018; Mukai et
al., 2014). Mukai et al. (2014) showed that fluid influx in granulite-facies anorthosites and
anorthositic gabbros led to the development of amphibolite-facies shear zones containing a complex
intergrowth of feldspar grains, which exhibited a crystallographic preferred orientation (CPO)
developed by inheritance from interface-coupled replacement rather than crystal plastic deformation.
The dominant deformation mechanism in the shear zones was diagnosed to be dissolution-
precipitation creep, i.e., pressure solution. Giuntoli et al. (2018) studied the links between dissolution-
precipitation and deformation in amphibolites using a combination of CL and EBSD. Their analysis
indicated that fracturing and associated fluid influx promoted pseudomorphic replacement of both
feldspar and amphibole grains, and encouraged deformation by dissolution-precipitation creep rather
than dislocation creep in the mid to lower crust. Feldspar is also one of the main minerals in which
interface-coupled reactions have been observed to occur (Engvik et al., 2014; Engvik et al., 2008;
Hovelmann et al., 2009; Mukai et al., 2014; Plimper et al., 2017; Plumper and Putnis, 2009). This is
due to its range of solid solution compositions that share very similar crystallographic structures (Deer

et al., 2013), which can promote epitaxial growth or topotactic replacement.

This study focuses on the links between metamorphic reactions and deformation in feldspar-rich
metagabbros from the Gressoney Shear Zone in the NW lItalian Alps. Previous work to date has
focused on mylonitized metagabbroic samples from the GSZ that have been deformed to high strain
(see section 2). This work focuses on the lowest strain samples that were found in metagabbro
exposures on the order of tens m?, to investigate the processes responsible for the initiation of
mylonitic textures at higher strains in the absence of crystal plastic deformation. In section 3 we
describe our methods, and in section 4 we present our main observations. In section 5 we provide

detailed interpretations and synthesise our arguments.

2 Geological setting
The samples analysed in this study are deformed, feldspar-rich, metagabbroic rocks from the western

Sesia unit (i.e. continental crust) of the Gressoney Shear Zone (GSZ), NW ltaly (Jiang et al., 2000;
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Prior and Wheeler, 1999; Wheeler and Butler, 1993). No basic magmatism was recorded in the
Western Alps during the Alpine Orogeny (Wheeler and Butler, 1993), and recent work on mafic
plutons in the Sesia Zone used in situ dating of zircon and allanite grains to constrain the
emplacement of mafic intrusions to an early Carboniferous (340.7 + 6.8 Ma) magmatic phase (Vho et
al., 2020). Extensional shear in the GSZ occurred under fluid-present greenschist facies conditions for
9 Ma, between 45 and 36 Ma (Reddy et al., 1999). Previous analysis of rocks from the GSZ has
shown that albite-rich metagabbros with a mylonitic texture formed in the shear zone at greenschist
facies. Prior and Wheeler (1999) showed that albite grains in the matrix of the mylonites shared a
CPO. Those authors rejected crystal plastic deformation as an explanation for the development of a
mylonitic fabric and a CPO, because the CPO lacked strain-related symmetry, and at the low
temperatures of deformation recorded for the GSZ (< 450° C), and at natural strain rates, crystal
plastic processes are understood to be insignificant in plagioclase. Jiang et al. (2000) built on the work
of Prior and Wheeler (1999) to conclude that the CPOs were a product of inheritance from larger
parent plagioclase clasts in the gabbro protolith, that had subsequently been modified by granular
flow, defined by Stiinitz (1993) as a combination of grain boundary sliding and diffusive mass

transfer.

3 Methods

3.1 Field sampling
The samples used in this study were collected from a roadcut exposure of metagabbro found close to

the base of the Combin Zone (UTM coordinates: 4042730 E, 5069723 N), approximately 2 km north
of Estoul in the Val d’Ayas. The outcrop shows variation in strain on the sub-metre scale, with cm-
wide shear bands anastomosing around less-deformed pods (tens of cm) of the same material (Fig.
1a). Samples representative of material found in the low strain pods were prepared as oriented thin
sections cut perpendicular to foliation and parallel to stretching lineation (i.e. the X—Z kinematic
plane), where these features could be identified (see Fig. 1b). Thin sections were cut so that their long
side is parallel to the shear plane, according to field observations and oriented hand specimens, but
this may be subject to slight error due to the low strain of the rocks. Deformation textures in the

metagabbros were studied using polarized light and electron microscopy.
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3.2 Optical microscopy
Polarized light images and whole thin section scans were collected using a Lumenera Infinity 4

camera connected to a Meiji Techno MT9000 polarized microscope, and a Leica DM2500P
microscope equipped with a Leica DFC295 camera (3 mega pixel resolution) and the Leica
Application Suite software. Single images collected with the Leica DFC295 camera were acquired in
capture mode, and whole thin section scans were acquired as stitched images using live mode (up to
25 frames per second).

3.3 Scanning electron microscopy

Oriented thin sections were prepared for standard electron microscopy analysis and were then further
polished for ~2 hours using 0.05 um colloidal silica, to achieve the high-quality surface polish
necessary for EBSD analysis. Thin sections were then cleaned, dried and carbon coated (with a thin
coat of <10 nm) to ensure surface conductivity and avoid charge accumulation during analysis in the
SEM.

3.3.1 BSE imaging

BSE imaging was used to analyse phase distribution and chemistry on the um-scale. BSE images
were collected on a Philips XL30 SEM with a tungsten filament in the Department of Earth Sciences
at the University of Liverpool. Data were collected using an accelerating voltage of 20 kV, probe

current of 6-8 nA, and a working distance of 13 = 0.1 mm.

3.3.2 Electron backscatter diffraction (EBSD)

EBSD data were collected using a CamScan X500 CrystalProbe FEG-SEM equipped with a Nordlys
F+ detector in the Department of Earth Sciences at the University of Liverpool, using a working
distance of 25 mm, accelerating voltage of 20 kV, and a probe current of ~30 nA, 2 x 2 pattern
binning, and step sizes which varied between 0.35 and 1.5 um depending on grain size, so that
multiple data points were collected from even the smallest grains (Humphreys, 2001; Randle, 2009;
Wilkinson and Britton, 2012). EBSD data were processed using Oxford Instruments’ Channel 5
software package. For data cleaning (i.e. the removal of misindexed pixels and filling of non-indexed
pixels), band contrast data thresholding was used to isolate the most reliable data points, based on

clarity of diffraction patterns (Hildyard et al., 2009; Prior et al., 2009), before the cleaning procedure
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set out in Prior et al. (2002) and Bestmann and Prior (2003) was followed. Missing data points were
filled from nearest neighbours, and single misindexed pixels within grains were removed. A 180°
systematic misindexing error about the [201] axis, which is common to feldspar due to monoclinic
pseudosymmetry, was also removed using the inbuilt Channel 5 routine. Pole figures were plotted
using Oxford Instruments’ Channel 5 software, using a 180° rotation around the z-axis, to bring the
SEM and EBSD image reference frames into coincidence. Both upper and lower hemispheres were
plotted because, in triclinic feldspar, opposite crystallographic directions (e.g. [100] and [100]) are not
symmetrically equivalent.

3.4 Weighted Burgers Vector method

The Weighted Burgers Vector (WBYV) is a quantity calculated from orientation gradients measured
within deformed crystals by EBSD. The WBYV uses misorientations between pixels in EBSD maps to
calculate the density of dislocation lines, summed over all dislocation types and multiplied by their
Burgers vectors, that intersect with an EBSD map plane. The resultant value assigned to each pixel of
the EBSD map is a vector quantity, whose magnitude defines a lower bound magnitude of the
dislocation density tensor, and whose direction is a weighted sum of the Burgers vectors of
geometrically necessary dislocations present in the microstructure (Wheeler et al., 2009). The WBV is
calculated from EBSD data using the CrystalScape software developed by John Wheeler at the

University of Liverpool (Wheeler et al., 2009).

4 Results

4.1 Observations of textures and structures in whole thin sections
The metagabbros contain mm-scale grains of albite that are surrounded by matrix grains of identical

composition with a grain size on the order of tens of wum diameter (Fig. 1). The metagabbros also
contain large (mm- to cm-scale) clinopyroxene porphyroclasts that show abundant evidence for brittle
behaviour (commonly fracturing along cleavage planes), and are sometimes altered to minor
hornblende (Fig. 1b—d). Small albite grains with equilibrium ‘foam texture’ can locally be observed to
fill fractures in the clinopyroxene grains. Fractures can be tracked across multiple large grains of both
pyroxene and feldspar, indicating all phases present in the original gabbro underwent some degree of

brittle fracture (Fig. 1e—f). The hornblende has previously been interpreted as late magmatic, and
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because basic magmatism was never recorded in this region of the Alpine orogeny, and the
hornblende shows poor preferential alignment, it is therefore likely to predate deformation and be of
pre-Alpine origin (Wheeler and Butler, 1993). In contrast, both the clinopyroxene and hornblende
porphyroclasts are overgrown by actinolite, which is observed predominantly in higher strain samples
than those presented here, where it is aligned parallel to the bulk rock foliation (see Prior and
Wheeler, 1999). Minor chlorite rims (tens of um thickness) grow along fractures and cleavage planes.
Neither clinopyroxene or hornblende occur as fine grains. Clinozoisite often occurs in bands or
clusters that lie between the clinopyroxene porphyroclasts and the large albite grains and fine-grained
albitic matrix. Chlorite most commonly occurs in irregular fractures and along cleavage planes within
the clinopyroxene. Fracture patterns on the thin section scale follow the geometrical relationship
commonly observed in fault rocks, and described in fault gouges by Rutter et al. (1986) and Logan et
al. (1992). R; and Rz Riedel shear bands, P foliations, and Y and X fracture arrays can be observed in
all samples analysed in this study (Fig. 1e—f). Cracking along cleavage planes can also be observed,
and is most evident in clinopyroxene porphyroclasts (Fig. 1b—d). Hydrous secondary phases, in
particular clinozoisite, can sometimes be observed to grow along cleavage planes in albite, indicating

fluid infiltration occurred along those planes (see Fig. 2b).

The metamorphic assemblage indicates that the rocks never experienced conditions higher than
greenschist facies. This result is in line with previous findings, which indicate that the metagabbros
experienced a single phase of metamorphism and deformation in the greenschist facies (Prior and

Wheeler, 1999; Wheeler and Butler, 1993).

FIGURE 1 HERE

4.2 Large albite grains

The large albite grains exhibit faint undulose extinction, and subgrains can be observed in places.
Large grains are commonly cross-cut by bands of small grains (Fig. 2a; see section 4.3 for a full
discussion of small grains in the samples). These fine-grained bands are oriented parallel to preserved

fractures in adjacent clinopyroxene grains. There is no difference in composition between the large

grains and the fine-grained bands that cross-cut them, and the large grains show no evidence for any
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chemical zoning (Fig. 3). These results are in agreement with previous microprobe analysis of albite

grains in higher strain samples from the GSZ (Prior and Wheeler, 1999).

FIGURE 2 HERE

The large albite grains contain abundant inclusions of reaction products common to greenschist facies
metamorphism (clinozoisite, actinolite, and chlorite). The position and orientation of some inclusions
appears to be crystallographically controlled, while others are distributed more randomly. In
particular, clinozoisite, can often be observed to have grown elongate parallel to twin planes (Fig. 2b,
black arrows). In parts of the large albite grain cores, microporosity can sometimes be observed (Fig.
2b—c), and small (a few um diameter) secondary phase product inclusions are often present (Fig. 2c).
Microporosity and small inclusions are mainly present in regions of the large grains that lack twinning

or obvious evidence for fracturing (e.g. white arrow in Fig. 2b denotes area between twins).

Figure 2d shows an albite grain that has largely been protected from deformation by inclusion in a
large clinopyroxene grain. The clinopyroxene grain exhibits multiple fractures, one of which cross-
cuts the bottom end of the feldspathic inclusion, again indicating that fracturing crossed phase
boundaries. Within the clinopyroxene, the fracture is filled with fine-grained clinopyroxene and
chlorite, and fine-grained albite is present in association with the feldspar grain. The albite inclusion is
itself littered with inclusions of clinozoisite and actinolite. The interface between the albitic inclusion
and the clinopyroxene is lined with an actinolite reaction rim (see Fig. 7a for an EBSD derived phase

map).

FIGURE 3 HERE

EBSD maps of the large albite grains reveal the presence of lattice distortions within those grains.
Figure 4a shows an EBSD map (IPF-X colour scheme) of part of the grain presented in Fig. 2a, which
contains both a wide band (named band A) and a fine band (band B) of small grains. In both types of
band, the small grains are primarily bordered by high-angle grain boundaries (fuchsia > 15°
misorientation). In the core of the large grain, a network of low angle boundaries can be observed

(yellow > 2°, lime green > 5°, blue > 10°). Orange boundaries show the distribution of pericline
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twinning (a 180° rotation about the [010] twin axis, with a composition plane subparallel to the (001)
plane) within the large and small grain populations. Distinct subgrains are occasionally observable in
the large albite grain, but, more commonly, subgrain walls occur as a distributed network that is

ubiquitous in all analysed large albite grains and grain fragments.

Lattice distortion in the small and large albite grains can be quantified by applying the Weighted
Burgers Vector (WBV) algorithm to EBSD data (Wheeler et al., 2009). WBV magnitudes calculated
over the map area are large in the large grain, indicating intragranular distortion (Fig. 4b). Such
distortion is ubiquitous in all large albite grains that were analysed in the low strain GSZ metagabbro
samples. In contrast, WBV magnitudes calculated for the small grains in both band A and band B are
small, indicating they lack the intragranular distortion that characterises the large grains. Similar

analyses of other samples show this to be the case in all small grains in the low strain samples.

FIGURE 4 HERE

Figure 5 shows pole figures constructed using data from (2) the bulk crystal, (b) band A, and (c) band
B (see section S1 of the supplementary material for exact regions of map). Upper and lower
hemispheres are plotted to account for the triclinic symmetry of albite. The data are plotted using the
Euler map colours (top row of pole figures in Fig. 5) and with contouring (bottom row in Fig. 5). The
albite grain plots as essentially a single crystal on a pole figure, although the intracrystalline distortion
creates a spread of a few degrees in the distribution (Fig. 5a). The pole figures show that the grain is
oriented so that the (010) plane lies subparallel to the plane of the EBSD map (see also section S2 of
the supplementary material for a low albite crystal diagram drawn in the same orientation as the large
grain). The pole figures constructed from small grain data show spread around the same orientation,
indicating the small grains share a close orientation relationship with the large grain. The pole figures

for the bands of small grains are further described in section 4.3.

FIGURE 5 HERE

All analysed large grains in the low-strain GSZ metagabbros showed evidence of intense

intracrystalline distortion. Figure 6a shows an EBSD map taken from the core of an albite grain



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

12

(fuchsia box in Fig. 2a), which records misorientation, in degrees, calculated relative to the white star
in the centre of the image. Relative misorientation is of consistently low magnitude, in general under
5°, and locally predominantly under 2°. Intracrystalline distortion recorded by EBSD can be described
in terms of geometrically necessary dislocations, or GNDs; i.e. the dislocation population required to
be present to account for the measured lattice curvature (Nye, 1953). An advantage of the WBV
method is that possible Burgers vectors of the GND population of a distorted crystal can be
constrained with minimal assumptions (Wheeler et al., 2009). Figure 6b presents an EBSD band
contrast map from the core of the large albite grain (fuchsia box in Fig. 2a), overlain with the
crystallographic directions calculated for the WBV at each pixel, for all pixels with a WBV
magnitude greater than 0.015 um™. The shortest WBVs in any dataset are prone to the highest angular
errors (Wheeler et al., 2009). The WBYV software generates a histogram of WBYV lengths, which
always contains a peak at low values. This peak represents noise in the data, so only WBVs with
lengths greater than those within the peak should be considered robust. A minimum WBYV magnitude
value of 0.015 um™* was used for the plot in Figure 6b, so as to omit the shortest, most error-prone

WBVs.

Pixels in Figure 6b have been coloured with respect to crystallographic directions using the IPF colour
scheme. The map shows a range of pixel colours, i.e. WBV orientations. Some of the coloured pixels
are arranged in rows, which highlight subgrain wall traces oriented WNW-ESE and NNE-SSW. These
traces are subparallel to the traces of the poor, {110}, and perfect, {001}, cleavage planes of the grain,
respectively (see also crystal diagram in section S2). Section S2 of the supplementary material shows
a close up of part of the map where the <010> Burgers vector clearly dominates the dislocation
population, as well as other regions of the map where other Burgers vectors such as <001> are
prominent. In these zoomed regions, <010> and <100> WBV:s tend to be associated with WNW-ESE
subgrain wall traces, while <001> WBVs are commonly associated with NNE-SSW traces. Notably,
blue in the IPF colour scheme indicates the presence of Burgers vectors with a <010> crystallographic
direction (see IPF key, Fig. 6b inset), which has never been identified as a slip direction in plastically

deformed feldspar (Kruse et al., 2001; Stiinitz et al., 2003). Section S2 of the supplementary material
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shows a close up of part of the map where the <010> Burgers vector clearly dominates the dislocation
population, as well as other regions of the map where other Burgers vectors such as <001> are

prominent.

FIGURE 6 HERE

Figure 7 shows EBSD data from a twinned feldspar grain that was largely protected from brittle
deformation by inclusion within a large clinopyroxene grain, as presented in Figure 2d. As the
protolith of this rock was a gabbro, the original feldspathic inclusion must have been Ca bearing, and
as it now lacks detectable Ca (see section S3 of the supplementary material), it must have undergone a
metamorphic transition to pure Ab. The original grain was twinned, and the twin pattern has been
preserved during its transition to albite (Fig. 7b—c), recording that the lattice orientation of the original
grain was also preserved during replacement. The preservation of this pattern indicates that
replacement to albite was approximately pseudomorphic (see section S4 of the supplementary
material for further analysis of the twin pattern). The twinned albite grain exhibits a similar pattern of
intragranular lattice distortion to the grain shown in Figure 4. An actinolite reaction rim has developed
at the original plagioclase—clinopyroxene boundary. Clinozoisite grains have grown throughout the
new albite grain, growing aligned to, and in places inheriting, the original twin plane (white arrow in
Fig. 7b). The albite grain has a ‘tail’ consisting of fine-grained albite where the original plagioclase
grain was cross-cut by a fracture in the clinopyroxene. The fine-grained albite tail is discussed in

detail in section 4.3.

FIGURE 7 HERE

4.3 Small grains
Bands of fine-grained albite, of about the same size as matrix albite, can be observed to cross-cut

some of the large albite grains (e.g. Fig. 4). The composition of the large and small grains is the same,

at An0 (Fig. 3).

A relatively wide (300—400 um) band of small grains, designated band A, can be seen to run through

the centre of the large albite grain presented in Figure 4. Band A contains small grains with a mean
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343  diameter of ~40 um (see section S5 of the supplementary material for a grain size distribution
344  histogram and related statistics). In this band, grains are predominantly equant (i.e. have aspect ratios

345  close to one), and typically exhibit lobate boundaries and 120° triple junctions.

346 A smaller (50-70 um-wide) band, designated band B, runs from the centre-left of the larger band,
347  then turns towards the top left corner of Figure 4. These grains exhibit the same texture as those in
348  band A, but have a smaller grain size, with a mean diameter of ~21 um (see section S5 of the

349  supplementary material for a grain size distribution histogram and related statistics). Both bands of
350 grains are characterised by high-angle boundaries (> 15°, coloured fuchsia). The small grains in the
351 tail of the protected albite grain in Figure 7 show similar microstructural characteristics as the small
352  grains in bands A and B in Figure 4, displaying mostly high-angle lobate boundaries and 120° triple

353  junctions.

354  The orientations of the traces of the bands of small grains in Figure 4 are not associated with common
355  cleavage planes in feldspar. The large grain is oriented such that the (010) plane is parallel to the

356  plane of the map, and the (001) plane runs approximately NNE-SSW, at a high angle to the map

357  plane (see pole figures in Fig. 5). However, band A and part of band B are sub-parallel, and oriented
358  so that they may originally have been related to R, fractures associated with right-lateral shear

359  deformation, and the bands that run at an angle of ~90° to the main bands may be associated with P-

360 foliation traces (compare with red box in Fig. 1c and e; Logan et al., 1992).

361  Figure 4b displays the WBV magnitude for the large albite grain and the bands of small grains. The
362  WBYV can be taken as a proxy for dislocation density (note that units for dislocation density and WBV
363  are different; see Wheeler et al. (2009) for details). The large grain displays relatively high WBV

364  magnitudes, indicating lattice distortion, whereas both bands of small grains consistently yield WBV
365  magnitudes << 0.01 um™?, indicating they are nominally strain free. The small grains in the ‘tail’ of

366  the albite grain in Figure 7 similarly lack evidence of intragranular distortion.

367  Pole figures constructed from a) the large albite grain, b) band B and c) band A in Figure 4 show the

368  smaller grains broadly share an orientation relationship with the large grain (Fig. 5). The clusters of
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each of the principal crystallographic directions plot in the same quadrant and hemisphere in each set
of pole figures (note that triclinic minerals do not share symmetry across hemispheres). The large
grain (Fig. 5a) shows a single crystal distribution. Small grains in band B (Fig. 5b) show a spread in
orientations away from the large grain orientation, particularly in the [100] and [010] plots. Grains in
the wider band A (Fig. 5¢) show greater dispersion of the clusters in the plots of all three
crystallographic directions, but the overall orientation relationship is maintained. The patterns of
dispersion in the orientations of fine grains in bands A and B occur around an axis close to the centre
of the pole figure. Such dispersion paths have been observed in previous studies (e.g., Bestmann and
Prior, 2003; Menegon et al., 2013), and are interpreted to be derived from rigid body grain rotations

which record the bulk vorticity axis of shear zones, when constructed from oriented samples.

The twin orientations that occur in the large grains in Figures 4 and 7b can also be seen in the small
grain populations in both datasets. Grains with twin orientations (180° rotation about the (010) axis,
and subparallel to the (001) plane, following the pericline twin law) can be identified by their very
high-angle misorientations with respect to neighbour grains (orange boundaries indicate
misorientation > 170°). In Figure 7a, the blue and green colours characteristic of twin segments in the
unfractured grain are also present in the tail of small grains. The fact that twin orientation
relationships are shared between large grains and the small grains further suggests the orientation of

the small grains has been inherited from the large grains.

5 Discussion

5.1 Initial fracturing in the GSZ metagabbros
Evidence from nature and experiments points to the fact that (micro)fracturing is the dominant

deformation mode in coarse-grained feldspar at greenschist facies conditions in the Earth’s crust
(Kruse et al., 2001; Menegon et al., 2008; Menegon et al., 2013; Stiinitz, 1993; Stiinitz and Fitz
Gerald, 1993; Tullis et al., 1990; Tullis and Yund, 1987; Viegas et al., 2016). At the thin-section
scale, multiple features show that the low strain GSZ metagabbros underwent brittle deformation
during shear. Clinopyroxene grains exhibit cleavage fractures and other fracture offsets (Fig. 1).

Fracture traces can be tracked across clinopyroxene-albite phase boundaries (Figs. 1c—d, 2d, 7).
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Fractures traced on the thin section scale are shown to be in orientations consistent with those outlined
by Rutter et al. (1986) and Logan et al. (1992). Hydrous, greenschist-facies second phases
ubiquitously litter the interiors of the large albite grains. Second phases are commonly aligned
(sub)parallel to twin/cleavage planes in the large albite grains, where twinning patterns are present
(Figs. 2b and 7), indicating microfracturing and fluid infiltration occurred on these planes. Fine-
grained bands of albite (Fig. 4), and the tail of albite grains presented in Figure 7, can be correlated
with fracture traces in neighbouring clinopyroxene. Taken together, these features indicate that the
fine-grained bands that cross-cut the large albite grains represent healed fractures. Initial fracturing of
plagioclase led to fluid infiltration, which initiated the dissolution of Ca-bearing plagioclase, which is
out of equilibrium at greenschist facies (e.g. Stunitz, 1998), and the precipitation of equilibrium
composition albite. During this reaction, the anorthite component of the original plagioclase
contributed to clinozoisite formation and the albite component remained as now pure albite. This
reaction is not quite balanced as clinozoisite has lower Ca/Al than anorthite, but it suffices to explain
our general observations. Hydrated reaction products (e.g., clinozoisite) of the GSZ samples confirm

that fluid was present while reactions were occurring.

When phases are out of equilibrium with a fluid they will dissolve, and a more stable phase will
precipitate (i.e. nucleate and grow), but the processes of dissolution and precipitation can be coupled
or uncoupled in space and time (Putnis, 2009). In the traditional model of dissolution and
precipitation, the processes are uncoupled, e.g., during pressure solution, dissolution will occur at sites
of high stress, and then be transported by diffusion to precipitate at sites of low stress. During
interface-coupled dissolution-precipitation reactions, the processes occur simultaneously across a
migrating reaction interface, preserving crystallographic orientation through the epitaxial nucleation
of product phases. In the following two sections, we argue that both interface-coupled (section 5.2)
and non-coupled (section 5.3) dissolution-precipitation operated in tandem to produce the different

types of albite found in the GSZ metagabbros.
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5.2 Interface-coupled dissolution and precipitation in large albite grains

Interface-coupled replacement occurs by a hydrated reaction front migrating through a crystal (Putnis,
2009). No reaction interfaces are preserved in the large albite grains of the low strain GSZ
metagabbros, which have undergone complete albitisation. However, in this study we present strong
microstructural and chemical evidence, gathered from naturally deformed, fully albitized rocks, that
the large albite grains in the GSZ metagabbros have undergone interface-coupled replacement, and
that this reaction has continued to completion during shearing. Key evidence and interpretations are
discussed in detail in the remainder of section 5.2.

5.2.1 Lack of zoning

A complete lack of zoning in the large albite grains (Fig. 3) suggests that the “removal” of Ca from
plagioclase was efficient and fast relative to lattice diffusion. Lattice diffusion of Ca can be
discounted as an explanation for the lack of zoning due to the extremely low value of the
interdiffusion coefficient, D, for CaAl-NaSi coupled substitution (required in the transition from Ca-
bearing plagioclase to albite), at mid-crustal conditions. Experimentally derived values for the CaAl-
NaSi interdiffusion coefficient over the temperature range 900-1100 °C, pressures of 1500 MPa, and
1 wt% H,0 are found to follow the Arrhenius relation D = 3 x 1078 exp(—303 kJ/mol) m? s* (Liu and
Yund, 1992). At 900 °C, this yields a D of ~10722 m? s'%, and extrapolated to 500 °C (the upper limit
of temperature indicated by the sample mineral assemblage; Prior and Wheeler, 1999), D slows to

~10% m? s1, Lattice interdiffusion would therefore be extremely sluggish at greenschist facies

conditions (Cherniak, 2010). The diffusion length formula L = +/Dt yields an estimate of

V10739 x 3.154 * 1014 = 1.78 » 10~8 m over a 10 Ma period. Thus, lattice interdiffusion would
preserve zoning in grains of tens of um to mm size over tens of Ma timescales (the timescale over
which the Gressoney Shear Zone was active; Reddy et al., 1999). For these reasons, we discount Ca
lattice diffusion as a viable mechanism for albitisation of the original, mm-scale Ca-bearing

plagioclase grains, as a considerably faster mechanism must have been operating.

Experimental replacement of oligoclase and labradorite (i.e. Ca-bearing plagioclase) by pure Na end-

member albite has been performed in an O-enriched Na- and Si-bearing solution (Hévelmann et al.,
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2009). Oxygen isotope redistribution during these experiments has shown that the original Ca-bearing
plagioclase framework breaks down entirely during replacement and new albite grains precipitate
from the fluid, as opposed to the rearrangement of cations via some mechanism of enhanced ionic
diffusion through an intact lattice. Replacement in the experiments is fast (reaction rims are 10s um
thick after 14 days), and as the entire crystal lattice is reconstituted with a new equilibrium
composition, no zoning is observed in the product phase. Thus, interface coupled replacement is a
viable mechanism by which the complete albitization of mm-cm-scale Ca-bearing plagioclase grains
could have occurred in the low-strain metagabbros. A Ca-bearing phase, pectolite (NaCa.SizOsOH), is
produced in the replacement experiments of Hovelmann et al. (2009), similar to the clinozoisite
produced in the natural samples of this study.

5.2.2 Orientation inheritance

When metastable solids come into contact with fluids, dissolution can occur, causing the fluid to
become supersaturated with respect to a more stable solid phase, which, depending on nucleation
kinetics, may then precipitate. Nucleation is favoured (i.e. the energy budget is lower) when a product
phase shares a similar crystallographic structure to the parent phase, so that new grains can nucleate
on the surface of the dissolving parent grain (Putnis and John, 2010; Putnis and Putnis, 2007;
Spruzeniece et al., 2017). This process is termed epitaxy (i.e. crystal growth on a crystalline substrate
that determines orientation; Matthews, 1975), and leads to the product phase inheriting the orientation
of the parent. Because the large albite grains in the low strain GSZ metagabbros do not contain
preserved reaction fronts, it is difficult in most cases to know the original orientations of their parent
grains, and thus whether orientations have been preserved during replacement. However, the grain
presented in Figure 7, whose initial orientation is clear from its inclusion within a larger
clinopyroxene grain, indicates that crystallographic orientation, including the detail of a twinning
pattern, was preserved during complete replacement to albite. The preserved twin pattern is indicative
of approximately pseudomorphic replacement, as described by Xia et al. (2009), which suggests that
in this case, albite precipitation was the rate-limiting step. As other microstructural features, such as

the characteristics of intracrystalline distortion (Spruzeniece et al., 2017), are shared between this
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grain and the other large albite grains (Figs. 4 and 6), we infer that the same replacement processes

acted in all grains.

As a product phase precipitates during interface-coupled replacement, components of the solute are
removed from the fluid, which increases the driving force for dissolution of the parent. Enhanced
dissolution of the parent leads to enhanced precipitation of the product, until a steady state
dissolution-precipitation rate is reached (Putnis and Putnis, 2007), and topotactic replacement (i.e. the
conversion of an existing single crystal into a crystalline product which shares a crystallographic
orientation with the original crystal; Shannon and Rossi, 1964) occurs. Under the right conditions (i.e.
when the fluid pathways to the reaction front are kept open), such reactions can go to completion. As
no reaction fronts are preserved in the large grains, this must have been the case for the GSZ
metagabbros. We therefore propose that epitaxial nucleation followed by topotactic replacement can
account for the complete albitization of large grains in the low strain metagabbros.

5.2.3 Lattice distortion in large albite grains

EBSD shows that the lattices of the large albite grains exhibit several degrees of internal distortion
(Figs. 4, 6 and 7). The general consensus from nature (Kruse et al., 2001; Menegon et al., 2008;
Menegon et al., 2013; Viegas et al., 2016; Wintsch and Yi, 2002) and experiment (Stiinitz et al., 2003;
Tullis, 2002; Tullis and Yund, 1992; Tullis and Yund, 1987) is that evidence for active slip systems in
feldspar is rare at mid-crustal (T ~350-500 °C, P ~400-500 MPa) conditions. This is due to
dislocations lacking mobility in feldspar at these conditions (Tullis and Yund, 1992). Therefore,
intracrystalline distortion caused by crystal plasticity is not generally expected to be common in

feldspar at greenschist facies.

The lattice distortion in the large albite grains is not interpreted to be inherited from deformation at
higher grades as there is no evidence that the rocks of the GSZ ever experienced higher deformation
conditions than greenschist facies (Prior and Wheeler, 1999; Wheeler and Butler, 1993). Even though
the GSZ is interpreted to represent part of a reactivated subduction zone, Wheeler and Butler (1993)
group the GSZ metagabbros as part of the Sesia Unit, which forms the overriding southern continental

crust, on the basis that they are distinct from oceanic crustal gabbros observed in the Piemonte Unit.
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As there was no basic magmatism in the Alpine orogeny, they are interpreted to be pre-Alpine basic
intrusions into continental crust. Extension on the GSZ and associated shear zones exhumed eclogite
facies rocks in the footwall (i.e. the Monte Rosa, Gran Paradiso and Dora Maira massifs), but the field
evidence suggests the hanging wall never went to conditions above greenschist facies in the study
region (Wheeler and Butler, 1993). In addition, there has been a metamorphic transition from Ca-
bearing plagioclase to pure albite at greenschist facies, which would be expected to erase any pre-
existing lattice distortion if the reaction had occurred by classical nucleation and growth, because this
would form completely new crystals. A transition from oligoclase to albite by interface-coupled
replacement in natural samples has previously been reported to result in distorted crystals identified
by complex TEM diffraction patterns (Engvik et al., 2008), and the results of experiments performed
on feldspar under static conditions also show intracrystalline distortion at the reaction interface
(H6velmann et al., 2009). In addition, Spruzeniece et al. (2017) showed that coupled replacement
experiments on analogue materials (replacement of KBr by KCI) can produce deformation-resembling
microstructures, including lattice distortion, in the absence of deformation. The lattice distortion
observed in the GSZ metagabbros is therefore interpreted as a product of interface-coupled
replacement of Ca-bearing plagioclase to albite. The WBV results presented in Figure 7 show that the
<010> crystallographic direction is common in the Burgers vector population of the distorted large
grains in the GSZ samples. This is not a direction that has previously been identified in plagioclase
slip systems, e.g. (Stlinitz et al., 2003), so is taken as further strong evidence that the observed

dislocation network is not derived from crystal plasticity.

Instead, the distortion observed in the samples of this study can be explained as a result of imperfect
replacement during fluid-assisted, interface-coupled reactions, due to a lattice mismatch between Ca-
bearing plagioclase and pure albite. These type of growth defects are well-known in the materials
science community, and are termed misfit dislocations e.g. (Matthews and Blakeslee, 1974). A lattice
misfit during epitaxial/topotactic growth can be accommodated either by misfit dislocations, or by
misfit elastic strain, or a combination of both (Jain et al., 1997; van der Merwe, 1991; VVdovin, 1999).

Growth defects would effectively be ‘frozen in’ to the albite microstructure as slow diffusion rates
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restrict the climb (from one lattice plane to another) of dislocations in feldspar at the formation

conditions of the middle crust (Tullis, 2002).

Some subgrain wall traces in the core of the large albite grain (Fig. 6), colour-coded blue (<010>
Burgers vectors) and light green (<100> Burgers vectors) tend to be oriented WNW-ESE, subparallel
to the trace of {110} crystal faces (poor cleavage), while red (<001> Burgers vectors) boundary traces
tend to be oriented broadly NNE-SSW, subparallel to traces of {001} crystal faces (perfect cleavage).
A crystal diagram of the orientation of crystal faces can be found in section S2 of the supplementary
material. These observations suggest some crystallographic control on the formation of the subgrain
walls described. Such features may represent microcracks formed on parent plagioclase cleavage
planes that have healed during interface coupled replacement (note this is only possible if cracks
either experienced relative movement akin to twist boundaries, or exhibited wedge-shaped opening).
Further work is needed to explain the formation of these subgrain walls and the observed <010>,
<100> and <001> Burgers vectors, which, in this context are clearly not associated with known
deformation slip planes.

5.2.4 Microporosity

For interface-coupled reactions to proceed and go to completion, fluid pathways to the reaction
interface must be kept open. Transient porosity is therefore a key control in the evolution of such
fluid-assisted reactions. Porosity can be generated by two means. Firstly, if the replacement is
pseudomorphic, i.e. the original shape and dimensions are preserved, but the new phase has a smaller
molar volume, as a necessity, porosity will be generated during interface-coupled reactions (Putnis,
2009). Engvik et al. (2008) cite the 5% volume decrease between oligoclase and albite as a source of
lattice distortion at the reaction interface. External dimensions and crystallographic orientations across
replacement interfaces have been observed to be preserved in feldspar reactions (Engvik et al., 2008;
Hoévelmann et al., 2009; Putnis, 2002; Putnis and Putnis, 2007), so the volume decrease is likely to
have resulted in the generation of transient porosity. An additional consideration is that the results of
experiments that used 20 to track how intact the plagioclase crystal lattice remains during interface-

coupled reactions suggest that the entire lattice breaks down and is reconstructed during replacement
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(Hovelmann et al., 2009). If more solid is dissolved than precipitated in this scenario, it will also
result in development of porosity (Putnis and Putnis, 2007). Both these mechanisms could have
contributed to the generation of transient porosity in the studied samples. In the cores of the large
albite grains in the GSZ samples, intragranular microporosity, and intragranular product phase
inclusions that record transient porosity, are observed (Fig. 2b—c; compare Fig. 2c to Fig. 3a of Putnis,
2015). These observations indicate further that the large distorted albite grains are the product of

interface-coupled replacement.

Interface-coupled replacement can occur across tens of km? if the reactions proceed by either or both
of these porosity-generating mechanisms (Plumper et al., 2017). If porosity generation ceases, or fluid
access to the migrating reaction front is otherwise restricted, replacement reactions can terminate
abruptly, preserving a sharp reaction interface (e.g. Engvik et al., 2008; Giuntoli et al., 2018). Such an
interface is not preserved in the large albite grains, indicating the coupled replacement reactions went

to completion.

In summary, despite the absence of a preserved reaction front due to reactions going to completion,
the conclusion that large albite grains in the GSZ metagabbros formed by fluid-mediated, interface-

coupled replacement reactions is supported by the following criteria:

1. Alack of zoning in a phase where it is otherwise common, indicating enhanced

reaction kinetics (Putnis, 2009; Fig. 3).

2. Observation of intragranular microporosity or the signature of transient
microporosity, and second phase inclusions which share orientations with twin and

cleavage planes of porphyroclasts (Putnis and Putnis, 2007; Figs. 2 and 7).

3. The preservation of crystallographic orientation during replacement of parent grains

(Hovelmann et al., 2009; Xia et al., 2009; Fig. 7).



23

579 4. Observation of a highly distorted lattice when crystal plastic lattice distortion is not
580 expected at the conditions of deformation (Engvik et al., 2008; Hovelmann et al.,
581 2009; Figs. 4 and 6).

582 5. Unexpected Burgers vectors that have not been identified in crystal plastic slip

583 systems of the mineral under analysis (Fig. 6).

584  These criteria can be applied to any other replacement system. Their application could allow the

585  products of replacement reactions to be identified even when complete replacement on a regional
586  scale (e.g. Plimper et al., 2017) has taken place. This list complements the points highlighted by
587  Spruzeniece et al. (2017), who showed that experimental products of interface-coupled replacement
588  can contain deformation-resembling features, and suggested a list of microstructural indicators that
589  can be used to distinguish replacement reaction-derived microstructures from deformation textures,
590 including some criteria that depend on reaction fronts or parent grains being preserved. Our list is
591  based on the detailed study of natural samples that have undergone complete replacement, and adds
592  extra criteria that can be used to identify replacement reactions even when reactions have gone to
593  completion, where reaction fronts have not been preserved. As Spruzeniece et al. (2017) stress, it is
594  the cumulative presence of multiple criteria, rather than single features alone from this list, that can be
595  used to diagnose interface-coupled dissolution-precipitation reactions.

596 5.3 Dissolution-precipitation reactions in fine-grained albite bands

597  The small grains do not exhibit the same microstructural features as the large grains. In particular,
598  small grains lack the intragranular porosity and distortion which is characteristic of the large grains,
599 therefore we infer they are not the product of interface-coupled replacement. The bands of small

600  grains are oriented subparallel to the overall fracture geometries that can be observed at thin section
601  scale (compare red box in Fig. 1c and e with Fig. 4). The microstructure in the bands of small grains,
602 however, is not reminiscent of growth into dilatant sites (Bons et al., 2012). The shared orientation

603 relationships between small grains and adjacent large grains may shed some light on their genesis.



604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

24

Band B in Figure 4 has smaller grains with orientations that are closer to the large grain orientation
compared to the grains in band A, whose grains are slightly larger and orientations more dispersed
relative to the large grain (see also pole figures in Fig. 5). This orientation relationship could be
achieved if the small grains are formed from nuclei of fragments of the original parent (Stunitz et al.,
2003), where more fragments are produced in wider fractures that accommodate larger displacement,
which results in greater rotations of the fragments. The fine-grained tail of the albite grain presented
in Figure 7 strongly suggest that small grains are derived from fracturing of the adjacent large grains,
and that orientation relationships can be preserved during this process, as the signature of twinning

that was preserved in the large grain has also been preserved in the tail.

Giuntoli et al. (2018) present evidence for coupled replacement processes leading to the formation of
small grains that have strong orientation relationships with larger grains (i.e. low angle boundaries, so
they are technically classed as subgrains, but are not formed through crystal plastic processes). Those
authors conclude that the small grains grew epitaxially as reaction products from slightly rotated
fracture fragments via coupled dissolution-precipitation, which resulted in shared orientation.
Although microstructures in the GSZ metagabbros suggest that the shared orientations of the large
and small grains are related to fracturing, we do not see intragranular evidence (criteria 2, 4 and 5 in
section 5.2.5) that the small grains formed by coupled replacement (i.e. they are free of internal

microporosity and lattice distortion, and hence do not exhibit unexpected Burgers vectors).

We instead propose that small grain nuclei were derived from fragments of the parent grain, due to
comminution along fracture surfaces, which underwent various degrees of rotation. In some cases,
such as in band B, rotations were clearly small, but greater fragment rotation occurred in wider
fractures (band A). This is consistent with the dispersion patterns observed in the pole figures in
Figure 5, where dispersion occurs predominantly around the centre of the pole figures. This may
record rigid body rotations of fragments around the bulk vorticity axis of the shear zone (e.g.
Menegon et al., 2013). Due to the increased surface area of small fragments it is likely that they
underwent almost complete dissolution and survived as nano-scale fragments that acted as

precipitation nuclei. The lack of intracrystalline distortion in the small grains observed in this study
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suggests they grew on nano-fragments by precipitation in a supersaturated fluid. This phase of
precipitation was uncoupled from dissolution in time and space (see section 5.4.), so the porosity and

distortion characteristic to coupled replacement did not develop.

Fragments generated by fracturing were proposed to act as nuclei for new grains during dynamic
recrystallisation in feldspar by Stinitz et al. (2003). However, those observations were based on
plagioclase that was deformed experimentally under dry conditions at 900 °C and 1 GPa, whereas the
samples of this study were deformed at lower temperatures (~450 °C) under fluid-present conditions,
which would encourage precipitation of new phases rather than dynamic recrystallisation. Stunitz et
al. (2003) observed new grains with high-angle boundaries forming from fragments. In the
metagabbros of this study, although the small albite grains in bands A and B exhibit a clear shared
orientation with the large grains (Fig. 5), the misorientations between grains are in fact high-angle (i.e.
> 15°), similar to the rotated fragments described by Stiinitz et al. (2003), although the microphysical
processes behind their formation are different. Band A is wider than band B (Fig. 4), and is
interpreted to have accommodated greater displacement than band B. A comparison of the spread in
pole figure maxima of the two bands suggests that if movement on fractures is small, fragment

rotation will be limited, and stronger orientation relationships will be preserved (Fig. 5b and c).

Fragments generated by cataclasis typically have straight edges, angular shapes, and a large spread in
grain size distribution (Stunitz and Fitz Gerald, 1993). In the Gressoney metagabbros, small grains in
bands A and B (Figs. 4-5) and in the tail of the pseudomorphic grain (Fig. 7) do not exhibit these
features, but instead show evidence for textural coarsening (120° triple junctions, curved boundary
segments, relatively equant grain shapes), demonstrating that the microstructure has been substantially
modified since initial fragmentation took place.

5.4 Microstructural evolution of feldspar in the gabbroic rocks of the GSZ at low strain

The GSZ is a km-wide shear zone responsible for the exhumation of eclogites in its footwall (Reddy
et al., 2003; Wheeler and Butler, 1993). In this section, we address how deformation and dissolution-
precipitation reactions combined in feldspar-rich lithologies to contribute to strain accommodation on

the shear zone. The key stages of microstructural evolution are outlined in Figure 8.
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FIGURE 8 HERE

For dissolution and precipitation to occur, fluid must be present. The microstructural evidence
presented in section 5.1 indicates that brittle fracturing of the gabbros preceded fluid influx (Figs. 1
and 8a). Two types of dissolution-precipitation reactions are observed in the low-strain GSZ
metagabbros. Where initial fracturing led to fluid infiltration into cracks, uncoupled dissolution and
precipitation occurred. Dissolution in this case almost completely consumed comminuted fragments
of large Ca-bearing plagioclase grains on fracture surfaces, but it is likely that precipitation of albite
began on fragment nuclei, hence preserving a signature of the parent grain orientation in the
population of new fine-grained albite (Figs. 4, 5 and 8b). Precipitation of new strain-free albite healed
initial fractures to form the bands of fine grains that cross-cut the distorted large grains (Figs. 2a, 4
and 8b). Under the conditions of Earth’s middle crust, displacement along small grain-filled fractures
is likely to have occurred by viscous flow (fluid-assisted diffusion creep, i.e. pressure solution) of the
fine-grained bands (Fig. 8b). The precipitated new grains are a few orders of magnitude smaller than
the original plagioclase. Note that the new grains are strain-free because the dissolution and
precipitation was uncoupled — the dissolved components of albite were transported by diffusion to the
sites where they precipitated, unlike in interface-coupled replacement, where precipitation of the new
phase occurs at the dissolution interface (i.e. hydrous reaction front) and imperfect epitaxy can load

the product phase with misfit dislocations (Matthews and Blakeslee, 1974).

On the basis of the interpretations listed in section 5.2, interface-coupled dissolution-precipitation is
thought to account for the transformation of original Ca-bearing plagioclase to albite in parts of grains
that did not undergo fracture. The interface-coupled replacement reactions in this model begin at
fracture or boundary surfaces, or along cleavage or twin planes and migrate into the core of the grain
(Fig. 8b), preserving the original crystallographic orientation of the parent (Fig. 7). Reactions along
twin/cleavage planes form hydrous product phases that are oriented along those planes (Figs. 2b and
8c). The interface-coupled replacement reactions load product grains with a high dislocation density

due to the production of misfit dislocations during imperfect epitaxy (Figs. 4b, 6 and 8d).
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In the conceptual model presented in Figure 8, both coupled and non-coupled dissolution-precipitation
occur in parallel, to produce large, distorted grains and small, undistorted grains of the same
composition, in adjacent regions of grains. Why should two types of dissolution-precipitation occur in
tandem in such close proximity? Putnis (2009) explains that for epitaxial replacement to occur, rates
of dissolution and nucleation must be coupled at the reaction interface. This is achieved when the
dissolution rate controls the reaction, and the activation energy for nucleation is relatively low, as is
the case when the structure of an existing lattice is ‘borrowed’ to facilitate nucleation. In contrast, fast
dissolution and sluggish nucleation can result in complete loss of coupling (Putnis, 2009). Because
both processes listed above involve some degree of epitaxial nucleation, as recorded by orientation
inheritance in both large and small albite grains, we speculate that fluid flux through fractures led to a
decoupling of dissolution and precipitation, as dissolved components were transported away from the
interface, so that the small new grains were produced by precipitation at new sites, even though
nucleation was still facilitated by formation on existing plagioclase fragments. On the other hand,
where hydrous reaction fronts migrated through unfractured parts of grains, transport of dissolved
components was relatively inhibited, promoting interface-coupled replacement. A similar difference
in dissolution-precipitation mechanisms related to fracture-controlled permeability and fluid flow is
described by Moore et al. (2020). Those authors studied amphibolite-facies hydration of anorthositic
granulites, showing that minerals growing within fractures exhibited textures characteristic of growth
in a free fluid (curved-planar grain boundaries with common 120° triple junctions, indicating low
interfacial energy), which are similar to the textures observed in the fine-grained bands of this study,
particularly band A (Fig. 4). Amphibolite-facies minerals grown further away from the fractures (in
the fracture damage zones, where fluid was still present but permeability was lower) showed
microstructures characteristic of interface-coupled dissolution and precipitation (Moore et al., 2020),
comparable to the large albite grains of this study. Differences in relative fluid flux in an open fracture
environment and a migrating reaction front environment would also be likely to result in different
requirements for fluid supersaturation to be achieved. Further, the dissolution rate of a group of
comminuted fragments in fractures would have been faster than the same volume of unfractured

plagioclase, due to the former’s substantially increased surface area available for reaction. These
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factors may have played a role in determining whether dissolution or nucleation was the rate
controlling step in the respective regions of plagioclase, and therefore whether coupled or uncoupled
dissolution-precipitation occurred. These interpretations are supported by the supposition of Xia et al.
(2009) that the textures that form by interface-coupled dissolution-precipitation are dependent on
whether dissolution, precipitation, or transport is the rate-limiting step.

5.5 Higher strain samples and future work

At higher strains, the GSZ metagabbros lack the large clasts observed at low strain (Jiang et al., 2000;
Prior and Wheeler, 1999). The higher strain samples have a matrix composed predominantly of a
mixture of fine-grained albite and clinozoisite (Prior and Wheeler, 1999), in which the grain size of
albite is approximately the same size as the grains in the fine-grained bands shown in Figure 4. We
propose that complete grain size reduction in higher strain samples took place by a combination of
greater comminution of original plagioclase grains, and large clast fragments that underwent
interface-coupled replacement were partly consumed by new strain-free grains, a process driven by
strain energy due to the high dislocation density resulting from imperfect topotactic growth during
interface-coupled replacement reactions. This hypothesis will be explored further in future work.
Grain size reduction is understood to be critical to localising strain and the development of shear
zones, and can lead to a switch to the grain-size sensitive deformation mechanisms diffusion creep or
pressure solution (De Bresser et al., 2001; Fitz Gerald and Stiinitz, 1993; Kilian et al., 2011; Rutter
and Brodie, 1988; Tullis et al., 1990; Viegas et al., 2016). In the low strain samples presented here,
evidence for such processes is limited, although the patterns in the pole figures in Figure 5 show
increasing dispersion in larger fractures that accommodate greater offset. This is likely to record a
component of rigid-body rotation, as discussed in section 5.3, but may also record rotations that are
inherent to diffusion creep/pressure solution (e.g. Wheeler, 2009; 2010). The high strain samples
presented in Prior and Wheeler (1999) and Jiang et al. (2000) are described as ‘low-grade mylonites’.
We therefore suggest that brittle fracturing and associated fluid influx led to two types of dissolution-
precipitation reactions that acted in parallel in feldspar in the GSZ metagabbros, and consequently led
to a grain size reduction of a few orders of magnitude which was responsible for the localization of

strain and mylonitization of the original gabbros.
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The breakdown of coarse-grained Ca-bearing plagioclase to a fine-grained mixture of albite and
clinozoisite documented in this study has important geodynamic implications. At higher strains, the
matrix of the GSZ metagabbros is predominantly composed of a well-mixed two-phase aggregate of
albite and clinozoisite, which is likely to have inhibited grain growth by boundary pinning,
encouraging grain-size sensitive deformation by diffusion creep/pressure solution (Brodie and Rutter,
1985; Herwegh et al., 2011; Kruse and Stiinitz, 1999; Mehl and Hirth, 2008; Menegon et al., 2013;
Pearce et al., 2011; Platt, 2015; Platt and Behr, 2011). Higher-strain data and the implications of such
reaction softening in the GSZ metagabbros will be explored in future work. The microphysical
processes outlined in this study detail a mechanism by which reaction softening is likely to occur over
relatively short timescales compared to solid-state reactions, which underlines the importance of

dissolution-precipitation reactions in the viscous behaviour of the crust.

6 Conclusions

Fracturing and associated fluid influx led to two types of dissolution-precipitation processes occurring
in tandem, to convert Ca-bearing plagioclase feldspar to pure albite (Ang) in the GSZ metagabbros.
Thin-section scale fracture patterns indicate fracturing was pervasive in all phases of the metagabbros.
Where Ca-bearing plagioclase was fractured, comminution commonly occurred on fracture planes.
Fracture healing by uncoupled dissolution of Ca-bearing fragments and precipitation of pure albite
produced bands of fine-grained, strain free albite that cross-cut larger grains of the same composition.
The large grains represent fragments of original Ca-bearing plagioclase that was transformed to pure

albite through interface-coupled dissolution-precipitation.

Interface-coupled dissolution-precipitation was identified in the absence of preserved reaction by the
presence of the following microstructural indicators: a lack of preserved zoning, indicating a fast
reaction mechanism; orientation inheritance during reaction indicating epitaxial nucleation/topotactic
replacement; lattice distortion at conditions where plastic deformation is not expected, plus the
presence of Burgers vectors indicating distortion was not derived from crystal plasticity; intragranular

microporosity and the presence of second phase inclusions which share orientations with twin and
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cleavage planes of their parent grains. These criteria could be applied to any system to identify

interface-coupled replacement in the absence of preserved reaction fronts.

The combination of brittle fracturing and both types of dissolution-precipitation process led to an
overall grain size reduction and a transition from brittle to viscous deformation. These processes
worked to localize strain, producing mylonites and contributing to the development of a regional-scale

shear zone.
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Figures

Figure 1 a) Road cut exposure of low strain metagabbro. b) Slab of low strain metagabbro. c) XPL
images showing fracture-related features on the thin-section scale. Large clinopyroxene porphyroclasts
and albitic feldspar grains dominate the samples. Hornblende is present locally, often lining
clinopyroxene. Actinolite occurs as reaction rims and in between fractured clinopyroxene. Albite occurs
in a bimodal distribution: mm- to cm-scale grains are surrounded by smaller, um-scale matrix grains,
of the same composition (Ang). Red box indicates region shown in Figure 4. d) Detail of large
clinopyroxene and albite grains showing through-going fractures cross phase boundaries, suggesting
all phases in the original coarse-grained gabbro underwent brittle fracture. e) and f) are overlays of ¢)
and d), respectively, showing that the observed fractures follow typical geometries of fracture sets, after
Rutter et al. (1986). Thin sections were cut so that their long edges are parallel to the shear plane
according to field observations and oriented hand specimens, but this may be subject to slight error

due to the low strain of the rocks.



971

972  Figure 2 a) XPL image of a large albite grain detailed in later figures (yellow box is region shown in
973  Fig. 4; fuchsia box is region shown in Fig. 6). b) XPL image showing sets of intersecting twins within
974  alarge albite grain, showing secondary phase inclusions (mostly clinozoisite, some actinolite) aligned
975  parallel to, and elongate in, the direction of twin plane traces (black arrows). Secondary phase
976 inclusions are scattered throughout individual twin segments (white arrow); c) BSE image of
977  distributed intragranular microporosity in the core of a large albite grain; d) XPL image showing a
978  feldspathic inclusion within a fractured clinopyroxene grain which is mostly protected from
979  deformation. Where a large fracture in the clinopyroxene cross-cuts the feldspar grain, it has
980 undergone a grain size reduction and a tail of fine-grained albite has formed. Yellow box is region

981  presented in Fig. 7.
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982

983  Figure 3 Chemical maps of a) Na and b) Ca distribution in the large albite grain in Fig. 2a and

984  surrounding matrix. Yellow box indicates region presented in Fig. 2a. White solid lines show

985  approximate edge of large grain. White dashed lines show approximate edges of band of small grains
986 labelled Band A in Fig. 4. Note complete lack of chemical zonation in the mm-scale grain. There is no
987 difference in composition between the large grain and the small grains in the cross-cutting band (both

988  An0).

989
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991  Figure 4 a) EBSD map (Euler colour scheme) of the region defined by the yellow box in Fig. 2a.

992  Different colours represent different crystallographic orientations. (Sub)grain boundaries are

993  coloured with respect to boundary misorientations, in degrees, including the albite twin boundary
994  (white). The core of the light blue albite grain is littered with subgrain boundaries displaying

995  misorientations of 5° or less (yellow lines) that sometimes form discrete subgrains, but also occur as
996  distributed networks. Bands of small grains run through the large grain, labelled A and B in part (b).
997  Many of the small grains in bands A and B share orientations with the large grain (see also Fig. 5).
998  The traces of the bands are orientated parallel to thin section-wide fracture traces P and R, (compare
999  Fig. 1c-d). Nearly all small grains in the bands exhibit high-angle grain boundaries (> 15°, fuchsia),

1000  but some low-angle boundaries, and some pericline twin boundaries (>160°, orange) are also
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present. b) WBV magnitude map quantitatively represents the amount of intracrystalline distortion
within large and small grains. As WBV magnitude is a proxy for dislocation density, the map shows
that the large grains are highly distorted relative to the small grains in bands A and B, which are
nominally free of intracrystalline strain. Other phases and non-indexed regions of the map are

coloured dark blue.
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Figure 5 Pole figures (top row all points, bottom row contoured) showing the orientation
relationships between (a) the large albite grain, (b) the small grains in band B, and (c) the small
grains in band A. Upper and lower hemispheres of the principal crystallographic directions are
plotted. The large grain is oriented so that the [010] direction is perpendicular to the map plane. The
orientation of the large grain is broadly shared by the small grains in both bands, with dispersion
away from the single crystal distribution of the large grain increasing from the finer band B to the
wider band A. Colour scales in the contoured plots have different maximum values, as strength of the

maxima in (a) >> (b) >> (c). Contoured plots have a half width of 15°.
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1018

1019  Figure 6 a) EBSD map from a large albite grain core (fuchsia box in Fig. 2), showing intragranular
1020  misorientation calculated relative to white star. Ubiquitous low-angle distortion is present throughout
1021  the core of the grain; b) Band contrast EBSD map, with overlay showing directions of most likely

1022  Burgers vectors in dislocation structures (IPF colour scheme, key inset). Pixels with smallest calculated
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WBYV magnitudes have been removed as they are prone to the highest angular errors. Blue, green and
red pixels are common in the map. Blue in the colour scheme represents the <010> crystallographic

direction, which is not a recognised slip direction in plagioclase feldspar.
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Figure 7 EBSD maps showing an albite grain that formed by metamorphic replacement of original Ca-
bearing plagioclase. a) Phase map showing distribution of greenschist facies reaction products. The

albite grain contains abundant clinozoisite and actinolite inclusions. b) IPF-X map showing original
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twin orientations in the protected grain have been largely preserved during the transition from Ca-
bearing plagioclase to albite (blue and green bands that run parallel to the long axis of the protected
grain). A signature of twin orientations is also apparent in the tail of small grains, which are
predominantly coloured blue and green, indicating an orientation relationship between the small tail
grains and the large grain. Twin boundaries in the undeformed part of the large albite grain are no
longer straight. An original plagioclase twin interface has been inherited by a twinned clinozoisite
grain (white arrow). c¢) Misorientation profile showing 180° misorientation across twin planes,
constructed from red line drawn in (b). See section S4 of the supplementary material for supporting

pole figures.
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Figure 8 Conceptual model. The dominant process in each part of the model is described in each of the

boxes (a)—(d). Ab = albite, Czo = clinozoisite, Act = actinolite.
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1045  Supplementary information
1046  S1. Extra information about how pole figures in Figure 5 were created from subsets of Figure 4. All
1047 data was processed using Oxford Instruments’ AZtecCrystal software.

1048  Subset used to construct ‘large grain’ pole figures:

1PF Coloring || Z0
Low albite

®

Grain Boundaries
>20 51.2%

>5¢ 26.4%
>100 8.83%
>150 101%

343%
Band Contrast
255] 255

1049 500pm Raster: |73x9|s Step siz- 1pm

1050  Subset used to construct ‘Band A’ pole figures:

1PF Coloring || Z0
Low albite

®

Grain Boundaries
>20

>5¢ 346%

>100 0.68%

>18¢ B3.9%

>160° 6.25%
Band Contrast

[ 10..255] 255

1051 i 500pm ! Raster: 1737x916 Step Size: 1ym

1052
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1053  Subset used to construct ‘Band B’ pole figures:

IPF Coloring | Z0
Low albite

®

Grain Boundaries

551%

1054 500pm Raster: 1737x916 Step Size: 1ym

1055
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S2. Detail showing presence of [010] Burgers vectors in the dislocation population of the large albite
grains.

Map showing Weighted Burgers vector directions; IPF colour scheme.

Contoured IPFs for the same map, showing a dominance of the [010] Burgers vector. Colour scale
limits are the same for upper (left) and lower (right) hemispheres.

In the above map, light green lines can also be observed. These are oriented parallel to the trace of
the {110} cleavage, as can be seen in the pole figures below. A diagram showing low albite crystal
faces in the orientation of the grain is also shown. Red is also a common colour in the WBYV direction

maps, which corresponds to [001] Burgers vectors. Rows of these Burgers vectors are aligned
subparallel the trace of the perfect {001} cleavage plane (see (001) pole figure below). A further
subregion of the map where red and light green lines are dominant is also included below.
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Name: Pole Figure Set
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1075  S3. Backscatter and EDX images of the twinned albite grain in Fig. 7.

1076  Main body:

100 ym 20.00 kv VP BSDY 80X Width = 1.429 mm 7 Apr 2021

1077 WD =114 mm File Name = GSZ-3A003.tif IProbe = 50nA Stage at T= 00°

1078  Deformed ‘tail’:

100 ym 20.00 kv VP BSD1 125X Width = 914.6 ym 7 Apr 2021

WD =114 mm File Name = GSZ-3A005.4if iProbe = 50nA StageatT= 00°

1079
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1085 Al Mg:
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1090  S4. Subset area and pole figures from twinned albite grain shown in Fig. 7. Colour scheme based on
1091  Euler angles. The 180° twin axis is [010] and the composition plane is sub-parallel to (001), meaning
1092  these are pericline twins.

Al Euler

1093 500um Raster: 1715x941 Step Size: 1ym

1094  Pole figures - Upper:

{100} - Low albite {010} - Low albite {001} - Low albite
Y1

1095

1096 Lower:

{100} - Low albite

1097

1098
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1099  S5. Grain size distribution histograms for fine-grained bands A and B. Grain size statistics are
1100  constructed from fitted ellipse major diameter (um) using Oxford Instruments’ AZtecCrystal
1101  software. Note that EBSD produces grain sizes skewed towards small mean values. This can be
1102 influenced by the step-size used, and the presence of pixel clusters or isolated pixels.

1103 Band A:

Grain Sizing Settings
Threshold Angle: 10.0°
Results

Grain Count: 305
Mean: 42.2pym

Min: 7.5um

Max: 167.7pm
St.-Dev.: 26.1pm

Counts

20 40 60 80 100 120 140 160
Fitted Ellipse Major Diameter (um)

1104

1105 Band B:

I Grain Sizing Settings
Threshold Angle: 10.0°
Results

Grain Count: 104
Mean: 21.2pym

Min: 5.4pm

Max: 86.9um

St.-Dev.: 12.8pym

Counts

10 20 30 40 50 60 70 80 90
Fitted Ellipse Major Diameter (um)

1106




