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ARTICLE INFO ABSTRACT

Keywords: Understanding mid-crustal deformation is vital for determining the spatial and temporal distribution of
Strain localisation strain localisation, with implications for upper-crust deformation including seismic hazard. Here, we conduct
Dissolution—precipitation creep fieldwork and microstructural and minerochemical analyses on the amphibolite-facies, 100-m-wide Upper

Mid-crust rheology

X . . Badcall shear zone in northwest Scotland, which deforms initially anhydrous quartzofeldspathic gneiss and
Fluid-rock interaction

a mafic dyke. We show that with increasing strain, m-scale strain distribution and mineral chemistry become
increasingly homogeneous, while hydrous phases and syntectonic quartz veins become more abundant. With
increasing strain there is an overall increase in grain size, grain boundary alignment and shape preferred
orientation in amphibole, plagioclase and quartz. Only amphibole and large grained quartz exhibit crystal-
lographic preferred orientation in strained areas. Subtle microstructures that may be overlooked elsewhere,
particularly in felsic gneiss, indicate dominant activity of dissolution—precipitation creep and equivalent
rheological weakening in both mafic and felsic rocks. We propose that brittle fractures, now preserved as
syntectonic quartz veins, allowed localised fluid-infiltration in previously anhydrous crust. This triggered local
retrogressive reactions and introduced sufficient grain boundary fluid for deformation to favour dissolution—
precipitation creep over dislocation creep. Our study suggests that dissolution—-precipitation creep may be more
dominant in mid- to lower-crustal localised zones of deformation than previously thought.

1. Introduction Experiments have long been used to determine the governing flow laws
that describe the mechanisms of viscous deformation observed in these

The majority of displacement accumulated in the mid- to lower- regions (e.g. Rybacki and Dresen, 2000; Hirth and Kohlstedt, 2003).
continental crust is accommodated in shear zones, the ductile counter- However, two overarching questions remain, namely (1) what controls
parts of brittle faults in crustal-scale structures, where strain is higher the localisation of strain into discrete zones in specific areas and (2)
than in the surrounding wall rock (Sorensen, 1983; Henstock et al., which deformation mechanisms are dominant in these localised, dis-
1997; Yamasaki et al., 2014; Clerc et al., 2015; Fagereng et al., 2024). crete zones. If we know the dominant deformation mechanisms active
Identifying the mechanisms that govern strain localisation is essential in these zones, it is possible to predict and/or reconstruct the form

for understanding the occurrence and distribution of significant crustal
deformation and related hazards, such as earthquakes. To localise strain
in discrete zones requires a localised weakening mechanism. Such a
weakening process is likely to be the result of a dynamic combination of
factors, depending on the geological setting and involving an interplay
between ductile and brittle deformation (e.g. Rutter and Brodie, 1985;
Biirgmann and Dresen, 2008; Brander et al., 2012; Corvo et al., 2021).

We know the rheology of deforming mid- to lower-continental crust
is predominantly viscous, based on observations of exhumed mm- to
km-scale shear zones (Ramsay and Graham, 1970; Carreras and Casas,
1987; Carreras, 2001; Svahnberg and Piazolo, 2010; Gerbi et al., 2016)
and geophysical observations (Kaufmann and Amelung, 2000; Kenner
and Segall, 2003; Biirgmann and Dresen, 2008; Weiss et al., 2019). generally between 3-5 (Schmid et al., 1980; Boland and Tullis, 1986;

of the appropriate flow law by which the rocks deform (e.g. linear-
viscous versus power-law). With appropriate flow laws we can build
geophysical models that enable us to interpret geodetic data, in which
observations of active fault zones provide short-term snapshots of time-
varying deformation (e.g. Hussain et al., 2018; Takeuchi and Fialko,
2012; Yamasaki et al., 2014).

Previous studies have put forward a number of candidate models
to explain how strain localises in shear zones (for review see Fossen
and Cavalcante, 2017, and references therein). For example, deforma-
tion dominated by dislocation creep follows a power-law flow law in
which strain localisation is inherent, due to a stress exponent that is
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Carter et al., 1993; Karato and Wu, 1993). Localised weakening may
occur if associated dynamic recrystallisation weakens rock through
grain size reduction, which subsequently drives a switch to grain-
size-sensitive deformation mechanisms where grain size is small (e.g.
Kirby, 1985; Drury, 2005; Warren and Hirth, 2006; Svahnberg and
Piazolo, 2010). Shear zones may also initiate due to rock heterogeneity
at macro or micro scale (Handy, 1994; Dell’Angelo and Tullis, 1996;
Ingles et al., 1999; Mandal et al., 2004), including fractures or joints
and dykes (Segall and Simpson, 1986; Pennacchioni and Mancktelow,
2007; Smith et al., 2015), or rheological contrasts between different
lithologies (e.g. Corvo et al., 2022). Extrinsic factors can play a role,
for example, if fluid introduction weakens rock through hydrous meta-
morphic reactions that lead to softening through mineral assemblage
change (Teall, 1885; Ramsay and Graham, 1970; Beach, 1980; Rutter
and Brodie, 1985; Moore et al., 2020; Bras et al.,, 2021), and/or
reaction-driven grain size reduction (Kirby, 1985; Stiinitz and Tullis,
2001; Smith et al., 2015; Soret et al., 2019; Stenvall et al., 2019;
Mansard et al., 2020). It is changes in both extrinsic and intrinsic
parameters, such as temperature, fluid availability, stress, and grain
size, that can drive a switch in the mechanism that dominates defor-
mation (e.g. Kirby, 1985; Rutter and Brodie, 1988; Viegas et al., 2016).
Therefore, the dominance of different deformation mechanisms may
continuously change as the deformation history develops, and specific
rheological behaviour may be transient (Rutter et al., 2001; Steffen
et al., 2001; Gardner et al., 2017a; Bras et al., 2021, and references
therein). Such transient rheological behaviour of the crust is reflected
in geophysical observations of active faults, with increasingly long
observation periods now showing a range of transient processes in
the mid- to lower-crust following larger earthquakes (e.g. Weiss et al.,
2019; Tian et al., 2020).

The dominant deformation mechanism active in the mid-crust is
commonly thought to be dislocation creep (Biirgmann and Dresen,
2008, and references therein). This is based on observations of quartz-
and feldspar-rich natural shear zones (e.g. Kruse and Stiinitz, 1999;
Stipp et al., 2002; Piazolo and Passchier, 2002; Czaplifiska et al.,
2015; Lusk and Platt, 2020; Orlandini and Mahan, 2020) and exper-
iments (e.g. Hirth and Tullis, 1994). The microstructural signatures of
dislocation creep include bent crystal lattices within individual grains,
seen optically as undulose extinction, the formation of subgrains, grain
size reduction by subgrain rotation (dynamic recrystallisation), crystal-
lographic preferred orientation (CPO), heterogeneous nucleation and
core-mantle structures (Trimby et al., 1998; Prior et al., 2002; Piazolo
et al.,, 2002; Passchier and Trouw, 2005; Halfpenny et al., 2006).
Because dislocation creep can be active at medium to high stresses
and temperatures, without the need for fluids, it has historically been
considered the dominant deformation mechanism in the mid- to lower-
crust where fluids are thought to be scarce (Rutter, 1976; Gratier
et al., 2013; Gomez-Rivas et al., 2020). Consequently, estimates of
the strength of Earth’s crust are generally based on dislocation creep-
deformed grain size pietzometry (Twiss, 1977; Cross and Skemer, 2019;
Goddard et al., 2020; Tokle and Hirth, 2021; Platt et al., 2015).

An alternative deformation mechanism, which requires the presence
of fluids, is dissolution—precipitation creep (aka pressure solution),
which is a major mechanism of ductile deformation in the upper-
crust (Gratier, 1987; Wheeler, 1992; Gratier et al., 2013; Putnis, 2021).
Reported signatures of dissolution-precipitation creep include trunca-
tion of grains and zoning, embayed/indented grain boundaries and
preferentially formed, asymmetric rims, overgrowths, tails, or beards
in the pressure shadows of large grains, which may be chemically
distinct (Knipe, 1989; Wintsch and Yi, 2002; Stokes et al., 2012; Gratier
et al., 2013; Wassmann and Stockhert, 2013). In addition, coeval meta-
morphic reactions may occur which lead to phase changes during de-
formation (Stiinitz et al., 2020; Malvoisin and Baumgartner, 2021; Lee
et al., 2022). In contrast to common reports of dissolution—precipitation
creep in the upper-crust (e.g. pressure solution creep, Gratier et al.
2013), studies that interpret deformation in the mid- to lower-crust
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to be dominated by this mechanism are historically scarce. However,
in recent years, an increasing number of studies have identified the
role of dissolution—precipitation creep in the mid- to lower-crust, and
include studies of cm- to m-scale shear zones (Menegon et al., 2008;
Lee et al., 2022; Moore et al., 2020, 2024; Mérit et al., 2025), km-
scale shear zones (Trepmann and Seybold, 2019; Wintsch et al., 2024),
and deformed km-scale units (amphibolite, Diaz Aspiroz et al. 2007,
Stokes et al. 2012, Giuntoli et al. 2018; granodioritic gneiss, Wintsch
and Yi 2002). Yet to be widely documented is the role of dissolution—
precipitation creep in large-scale mid- to lower-crustal shear zones, and
the process by which strain localises in these specific zones. Whether
the scarcity in recognition of this processes is a true reflection of
its limited occurrence, or rather a lack of widespread recognition
of this process, remains unclear. It is important that we understand
the significance of dissolution—precipitation creep as a deformation
mechanism in Earth’s crust, to ensure that, in building geophysical
models to understand the occurrence and distribution of significant
crustal deformation, we can best characterise the material properties
and processes that govern such deformation.

To address this gap in our knowledge, and assess by what process
dissolution—precipitation creep may be a viable mechanism for strain
localisation in the mid-crust, we investigate in detail the 100-m-wide,
amphibolite-facies Upper Badcall shear zone in NW Scotland which
deforms originally dry Archean granulite-facies rocks cross-cut by a
mafic dyke (Beach et al. 1974, Coward and Potts 1983 and references
therein; Tatham and Casey 2007; Fig. 1). This shear zone is ideally
suited for our study as it is well constrained in terms of accumu-
lated strain, and its exceptional exposure allows for detailed strain
mapping and sampling. We use field, microstructural and minerochem-
ical observations and analyses to show that this shear zone deformed
predominantly by dissolution—precipitation creep. We interpret that
the necessary availability of grain boundary fluid was enabled by
fluid infiltration, through localised brittle fractures, into previously
dry, dislocation creep-deformed rock. Hydration does not only trigger
localised, retrogressive metamorphic reactions, but allows deformation
to favour dissolution—precipitation creep over dislocation creep where
sufficient fluid is present.

2. Geological setting and sample locations: Upper Badcall shear
zone in the Lewisian Gneiss Complex

The Upper Badcall shear zone is situated within the Archean Assynt
terrane, which comprises part of the Central Region of the Lewisian
Gneiss Complex (LGC), northwest Scotland (Fig. 1; Peach 1907, Sut-
ton and Watson 1950, Friend and Kinny 2001, Kinny et al. 2005).
Granulite-facies, pyroxene-bearing quartzofeldspathic gneisses formed
during an early, ‘Badcallian’ event (previously known as ‘Scourian’
granulites), c. 2800-2700 Ma at conditions between 750-990 °C and
7-11 kbar (Sutton and Watson, 1950; Park, 1970; Chapman and Moor-
bath, 1977; Hamilton et al., 1979; Cartwright and Barnicoat, 1987;
Sills and Rollinson, 1987; Goodenough et al., 2013). This gneiss was
deformed and retrogressed to hornblende- and biotite gneisses at
amphibolite-facies conditions during either, or both, the ‘Inverian’
amphibolite-facies event (Evans 1965, c. 2490-2480 Ma, Friend and
Kinny 1995), or the ‘Laxfordian’ amphibolite-facies event (c. 1750
Ma, Moorbath et al. 1969; Kinny and Friend 1997). At 2400-1900
Ma a suite of mafic, predominantly dolerite, dykes (the Scourie dyke
swarm) intruded under conditions of 450-500 °C and 5-7 kbar (Sutton
and Watson, 1950; Tarney, 1963; Park and Tarney, 1987; Cohen et al.,
1991). Deformation related to the ‘Laxfordian’ event is identified where
amphibolite-facies structures truncate the Scourie dykes.

The shear zone at Upper Badcall is part of a population of ‘Lax-
fordian’, amphibolite-facies shear zones observed across the Assynt ter-
rane, which deform both the gneisses and Scourie dykes (Fig. 1a). These
include 1-100 m wide discrete, steeply dipping shear zones (Beach
et al., 1974; Goodenough et al., 2010) and km-wide structures (Laxford,
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Fig. 1. The geological setting of the field area in NW Scotland, UK; (a) Overview geological map of the Central Region of the Lewisian Gneiss Complex (LGC), modified after Beach
(1974b), Beach et al. (1974) and Goodenough et al. (2010). Black box shows the location of the field area, and the co-ordinate system is British National Grid. Inset: Overview
map of the UK. (b) Field area in Upper Badcall, showing the mafic Scourie dyke and surrounding quartzofeldspathic gneiss deformed into the shear zone. The asterisk (*) denotes
data, mapping and results from Tatham and Casey (2007). MASL: Meters Above Sea Level. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

aka Tarbet, Shear Zone, Beach et al. 1974, Goodenough et al. 2010;
and Canisp, aka Stoer, Shear Zone, Attfield 1987). Beach (1974b)
estimates a total of 22.5 km of horizontal displacement across these
shear zones. This ‘Laxfordian’ tectonometamorphism occurred at mid-
crustal amphibolite-facies conditions estimated at 510-660 °C and 5-8
kbar in the Assynt terrane (Beach, 1973; Cartwright, 1990; Pearce and
Wheeler, 2014).

The Upper Badcall shear zone is approximately 100 m wide, trend-
ing ENE-WSW with subvertical foliation formed at a high angle to
the gneissic foliation in the wall rock (Fig. 1b; Coward and Potts

1983, Tatham and Casey 2007). The shear zone deforms both the
quartzofeldspathic gneiss wall rock and a ~ 10-m-wide, near vertical
mafic Scourie dyke, in a ductile zone of oblique left-lateral strike slip
which offsets the dyke by c¢. 190 m (Tatham and Casey, 2007). In the
same study the authors calculate a shear strain by simple shear of at
least 15 at the shear zone centre, based on the deflection of fabric in
the surrounding gneisses. We present results from both the gneiss and
dyke, which we sampled at varying distances along a general transect
from 500 m from the shear zone centre, where ‘Laxfordian’ deformation
is minimal, to the shear zone centre itself. Our samples represent the
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variation in strain along this transect (Fig. 1; Table S1 in Supplementary
materials).

3. Methods
3.1. Thin section preparation and optical analysis

Samples were cut perpendicular to foliation (XY) and parallel to
the lineation (X), where present, and polished to ~ 30 pm thickness.
Thin sections were first evaluated using a petrographic optical micro-
scope. We obtained overview thin section scans using plustek OpticFilm
8100 scanner at 7200 resolution and photomicrographs using GX-
CAM HiChrome-HR4 camera and GX Capture imaging software. For
quantitative orientation and qualitative mineral chemistry analyses,
respectively using electron backscatter diffraction (EBSD) and energy
dispersive spectroscopy (EDX), samples were polished for a further
9 min using a colloidal silica-water solution. Samples were coated
with a 5 nm and 10 nm thick carbon coat for EBSD analysis, and
backscattered electron (BSE), cathodoluminesence (CL) imaging, and
electron microprobe analysis (EMPA), respectively.

3.2. Electron microscope based techniques

3.2.1. Cathodoluminescence imaging

CL imaging of quartz microstructures was carried out using a Tescan
VEGA3 XM at Leeds Electron Microscopy and Spectroscopy Centre
(LEMAS, University of Leeds, UK). The imaging was performed at high-
vacuum conditions with an accelerating voltage of 20 kV and a working
distance of 15 mm.

3.2.2. Quantitative crystallographic orientation analysis with qualitative
mineral chemistry

Simultaneous crystallographic orientation (EBSD) and qualitative
mineral chemistry (EDX) data were collected on a regular grid using
a FEI Quanta 650 SEM at LEMAS equipped with the CMOS Symmetry
EBSD detector, and X-Max 80 mm? EDX detector using AZtec software,
all from Oxford Instruments. Analyses were performed at high-vacuum
conditions with an accelerating voltage of 30 kV, a working distance
of around 25 mm on a specimen tilted by 70°. Data was acquired on a
regular grid. Large area maps (3 pm step size) were obtained for each
sample, and small area, higher spatial resolution maps (1.5 pm step size)
were obtained to observe finer features. The data were then processed
using AZtecCrystal software (Oxford Instruments; see Supplementary
material for details).

To determine the shape orientation of grains we plot the fitted
ellipse angle for the three main phases in both the dyke and gneiss
(plagioclase, amphibole and quartz), with the X-axis in maps oriented
90-270°, and Z-axis oriented 0-180°, normal to foliation. We assess
the internal deformation of grains using cumulative disorientation pro-
files across individual grains, including subgrains where relevant, and
grain relative orientation deviation (GROD) maps where for each grain
the mean orientation is calculated and a colour scheme is used to
show the deviation of each analysis points’ crystallographic orientation
relative to the mean crystallographic orientation.

We present grain size (equivalent circle diameter) as both standard
and area-weighted fraction. In both the gneiss and dyke wall rock, the
large grains are so few by number that they do not alter the standard
grain size results significantly; however, area-weighted fraction grain
size histogram shows 2 distinct populations present in at least the wall
rocks. To highlight these populations, we separate the main phase grain
populations into small and large grain subsets, determined using area-
weighted fraction grain size graphs. In the dyke small grains for each
phase are: amphibole > 200 pm, plagioclase > 300 pm and quartz
> 100 pm equivalent circle diameter (plus all clinopyroxene which are
max 90 pm). In the gneiss small grains for each phase are plagioclase
< 200 pm, quartz < 100 pm and amphibole < 120 pm equivalent circle
diameter. So-called large grains are those above these values.
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3.2.3. Mineral abundance estimates

We estimate mineral abundance using AZtecCrystal large area phase
maps, plus AZtecCrystal EDX maps to estimate minerals that did not
index well or at all (e.g. chlorite, biotite and muscovite). Estimates from
phase maps and EDX have been cross-checked with overall mineral
proportions present in thin section scale. Abbreviated mineral names
follow the database from Whitney and Evans (2010), unless stated
otherwise.

3.2.4. EDX data processing: Relative chemistry difference in plagioclase

To obtain relative and spatial chemistry difference between plagio-
clase compositions present in the gneiss and dyke we reconstructed EDX
spectra for 1-3 mm? areas using TrueMap in AZtec, and obtained ele-
ment abundance by stoichiometry combined with oxygen, normalised
and reported as oxide%. Analysis data is available in Supplementary
materials Table S2. We report plagioclase compositions as relative
weight fractions:

#ADb or #An = M [¢))
XAb + XAn

Where

XAb = Na,0 wt% y Molar proportion of Na,O in albite @
MW of Na,O 100

And

XA = Ca0 wt% Molar proportion of CaO in anorthite 3)
MW of CaO 100

3.2.5. Electron microprobe analysis

Quantitative chemical point analyses were obtained using a Jeol
8230 microprobe at LEMAS, with a 15-20 kV accelerating voltage, 10
nA beam current and a 1-5 pm spot size. The instrument was cali-
brated using standards WRS1485 amphibole and Kakanuii Hornblende
for amphibole, and SPH1, SKL1 and SKByl for plagioclase analysis.
Analysis data is available in Supplementary materials Tables S3 and
S4. Areas of large amphibole grains containing ilmenite inclusions,
and areas of plagioclase grains which are pock-marked sericite, were
avoided. Where clear surfaces survived in the clay-altered plagioclase,
intergrowth light and dark inclusions on 1-5 pm scale exist. These could
not be avoided and resulted in a mixed signal and scattered data points.
These points we disregarded in our analyses.

4. Results
4.1. General field relationships and outcrop characteristics

The mafic, now metamorphosed to amphibolite, dyke forms a low
ridge that strikes NW/SE to the NW of the shear zone, and the quart-
zofeldspathic gneiss outcrops as patches amongst low vegetation (Fig.
2a i). The shear zone coincides with a topographic high that reaches
40 m elevation above the surrounding coastline (Figs. 1b; 2a ii). Lin-
eations within the dyke are object lineations (Piazolo and Passchier,
2002), including both amphibole grain and plagioclase aggregate lin-
eations. Lineations rotate from plunging ~ 20-40° SE outside the shear
zone to plunging ~ 20-40° E in the shear zone centre (Fig. 1b). In
general there is an increase in the number of small and discontinuous
(0.5-20 mm wide, up to 60 cm long) quartz veins in the dyke with
increasing proximity to the shear zone centre. The veins are parallel to
subparallel to the fabric and exhibit a range of geometries from planar
to isoclinally folded (axial plane parallel to deformation fabric).

Over 500 m NW from the shear zone centre the now amphibolite
dyke is undeformed with a meta-igneous isotropic fabric defined by
black amphibole and white plagioclase in 1-10 mm clusters (L2, Figs.
1b; 2b i; see Section 4.4 and Table 1 for detailed phase abundance).
The quartzofeldspathic gneiss (L1) exhibits a weakly banded fabric
dominated by lighter bands, comprised of equant 1-3 mm plagioclase
and quartz grains, interspersed with darker amphibole-rich bands (Fig.
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Fig. 2. Photos showing an overview of the field area and outcrop or hand samples from >200 m from shear zone centre. (a) (i) Looking NW over field area from shear zone
centre, dashed lines trace dyke outcrop and white arrows indicate gneiss outcrop. Inset: dyke outcrop 350 m NW of shear zone (L3). (ii) Looking W from shear zone centre. (b)
Samples collected over 500 m from shear zone centre of (i) dyke (L2) and (ii) gneiss (L1), note cm-wide light and dark bands. (c¢) 350 m NW of shear zone centre (L3) showing
(i) dyke shape fabric variation and (ii) gneiss. (d) 250 m NW of shear zone centre (L4) (i) lenses of relatively undeformed dyke enveloped by anastomosing deformed dyke. Inset:
singular quartz vein in band of low strain fabric. (ii) annotated version and schematic illustration of (d) (i), and (iii) gneiss.

2b ii; see Section 4.4 and Table 1 for detailed phase abundance).
Between 350 m (L3) and 250 m (L4) NW of the shear zone centre,
elongate lenses of undeformed dyke are enveloped by anastomosing
bands of deformed dyke which exhibits a shape fabric, defined by
aligned, elongate plagioclase clusters, that varies in strength over a cm-
to m-scale, perpendicular to fabric strike (Figs. 1b; 2c i & d i-ii). Rarely,
singular, mm wide quartz veins are present, subparallel to the defor-
mation fabric (Fig. 2d i inset). The gneiss has a stronger fabric here,
defined by a few mm-cm wide alternating light (plagioclase and quartz)
and dark (amphibole) bands, and contains distinct discontinuous bands
of quartz a few cm long (Fig. 2c ii & d iii).

Approximately 100 m NW from the shear zone centre (L5) more
than 50% of the dyke is deformed and the shape fabric is dominantly
planar, steeply dipping (290/80° NE) and continuous on a m-scale
perpendicular to strike, rather than anastomosing around undeformed
lenses (Fig. 3a i). Within the deformed areas of the dyke multiple
subparallel quartz veins are observed, ~ 1-2 mm wide and up to 60 cm
long (Fig. 3a ii). The gneiss has a strong planar fabric defined by
light mm-cm wide plagioclase and quartz bands, and less frequent dark
mm-wide amphibole bands (Fig. 3a iii).

In the shear zone centre the dyke is entirely deformed and both
the dyke and gneiss have a pervasive, planar, steeply dipping (80-90°)
fabric which strikes E/W and a lineation that plunges 20-40° E. The
dyke-gneiss contact is also planar, concordant with the gneiss and dyke
fabric, and shows no rheological contrast features such as boudinage
or pinch and swell structures (Fig. 3b i). The gneiss is weathered grey,
similar to outside the shear zone, but is more creamy white to light
brown on a fresh surface and foliation is defined by mm-scale bands
of quartz and plagioclase (Fig. 3b i inset). Aligned elongate plagioclase
clusters again define the deformed dyke fabric, the elongation of which
varies in intensity on 10’s cm- to m-scale, perpendicular to strike (Fig.
3b ii). Multiple fabric-subparallel quartz veins up to 2 cm wide are
present within the deformed dyke, some of which exhibit isoclinal folds
with axial surfaces subparallel to the fabric (Fig. 3b iii-iv).

4.2. Quantification of field shape fabric variation and quartz vein abun-
dance in the dyke

Four strain maps, conducted along 10-15 m long transects per-
pendicular to the dyke, show a significant change in strain type and
distribution at the outcrop scale, and quartz vein abundance, from ~
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Fig. 3. Photos of outcrops within 100 m of shear zone centre. (a) 100 m NW of shear zone centre; (i) dyke looking SE; note high degree of planar shear related foliation, (ii) dyke,
looking down, white arrows highlight quartz veins, (iii) gneiss, note dominance of light areas and mm sized dark bands. (b) Shear zone centre; (i) subvertical, planar dyke-gneiss
contact (white dashed line) with dyke on right and gneiss on left; looking W. (ii) Dyke, looking down, with vertical foliation and (iii) & (iv) abundance of variably sheared quartz

veins in the dyke (white arrows).

350 m away from the shear zone, to the shear zone centre (L3-6, Figs.
1b; 4). To quantify these changes we defined four strain types (T) based
on the shape fabric of plagioclase aggregates identified in the field:
(TO) background isotropic igneous texture with no preferred shape
orientation, (T1) shape preferred orientation but no defined foliation,
(T2) elongated plagioclase aggregates define > 1 mm spaced foliation
fabric and, (T3) <1 mm spaced foliation fabric (Fig. 4a).

At 350 m from the shear zone centre (L3) the fabric in the dyke is
dominated by (60%) TO lenses which are embedded in anastomosing,
relatively narrow cm — 10’s cm wide bands of predominantly T1 fabric.
No quartz veins are observed. At 250 m from the shear zone centre
(L4) the width of T1 bands is increased to ~ 50 cm and the geometry
is more planar. One foliation-parallel quartz vein is observed within
a Tl band between undeformed TO lenses (Fig. 2d i inset). 100 m
from the shear zone centre (L5), 70% of the strain map has T1 fabric,
which is generally planar except for where it wraps around a couple of
undeformed lenses. Across this transect 13 quartz veins are observed,
1-2 mm wide and up to 60 cm long. In the shear zone centre (L6) 100%
of the dyke exhibits T1 or higher planar fabric and 20 quartz veins, up
to 2 cm wide and subparallel to fabric, are observed within the strain
map.

Overall, the percentage of deformed rock volume, and intensity of
shape fabric, increases from 30% deformed rock 350 m and 250 m
from the shear zone centre, to 100% deformed rock in the shear zone
centre (Fig. 4c). In the two strain maps furthest from the shear zone
centre, T1 bands anastomose around undeformed lenses of TO dyke,
whereas closer to the shear zone the fabric becomes planar and more
homogeneous (Fig. 4d). The abundance of quartz veins (fabric-parallel
or subparallel, 0.5-20 mm wide and up to 60 cm long) increases
towards the shear zone (Fig. 4 b & c).

4.3. Structural domains

Based on the field strain fabric mapping and shear strain (y) derived
by Tatham and Casey (2007), we distinguish 4 structural domains to
determine the change in structure and chemistry towards the shear
zone (Figs. 1b; 4d). Domain 1 ‘wall rock’ represents the background
rock where minimal deformation associated with the shear zone has
occurred. Domain 2 ‘incipient strain’ represents incipient shear, where
localised bands of strain anastomose around undeformed lenses of rock.
In Domain 3 ‘shear zone margin’ > 70% of the rock is deformed
and fabric is predominantly planar, oblique to the shear zone (y <0.5
according to Tatham and Casey 2007). In Domain 4 ‘shear zone centre’
100% of the rock is deformed, and lineations and planar fabric are
parallel to the shear zone (y ~ > 15).

4.4. Microstructures and phase distribution and abundance

Here we present an overview of the microstructures, phase distribu-
tion and mineral chemistry observed in the dominant fabric type (dyke
type TO-3; gneiss weak to strong) for the respective structural domain
(Fig. 1b). Table S1 in Supplementary materials lists the samples used
for analyses.

4.4.1. Domain 1 ‘wall rock’. Undeformed dyke and high grade foliated
granulitic gneiss; dominant dyke fabric type TO

Dyke: The wall rock consists of 60% amphibole, 30% plagioclase,
5% quartz and 1% clinopyroxene, clinozoisite, titanite, ilmenite and
apatite (Table 1). The texture is isotropic and correlates with TO
(Section 4.2; Fig. 5a i). 1-3 mm clusters of either amphibole or pla-
gioclase grains dominate, within which different grain populations are
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Fig. 4. Field photos and maps, showing the field characterisation of dyke shape fabric types (T0-3) in structural domains 2—4. (a) Typical outcrop images of strain types (T) in
dyke based on field shape fabric; note T number increases with increasing strain. (b) White arrows highlight cm-scale quartz veins in shear zone centre dyke T2. (c) Field shape
fabric intensity and quartz vein abundance for each strain map shown in (d), with strain estimates from Tatham and Casey (2007). ‘T’ colours correspond to (a) where light to
dark green corresponds to no/low to high shape fabric. (d) Representation of measured strain maps along 10-15 m transects across dyke with decreasing distance to shear zone.
See Fig. 1b for locations (L3-6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observed, determined by their grain size and mineralogy (Fig. 5a i-
iv). The plagioclase clusters consist of 60% large (~ 0.3-0.8 mm) and
40% small (<0.3 mm) grains. Of the large plagioclase grains, ~ 70%
appear light brown in colour due to extensive alteration to sericite
and ~ 30% are colourless and minimally altered. The small plagioclase
grains are generally colourless, minimally altered and exist between
and at the margins of large plagioclase grains (Fig. 5a ii-iv). Individual,
large (~ 0.2-0.5 mm) amphibole grains form roughly 10 area% and
exhibit a range of chemistry: (1) opaque ilmenite-speckled cores with
rims which are replaced to varying degrees by clear green amphibole,

(2) entirely clear green amphibole or (3) clear green amphibole with
quartz + clinopyroxene inclusions (Fig. 5a ii-iv). Distinct areas of
small (<0.1 mm) intermixed amphibole and quartz, sometimes with
remnant <0.1 mm clinopyroxene in their centre, comprise 50 area%
(Fig. 5a ii-iv). At the boundary of plagioclase clusters and grains, a
margin of medium size (0.1-0.2 mm) amphibole often exists, effectively
separating plagioclase from amphibole-quartz + clinopyroxene areas
(Fig. 5a iv). Individual large (0.1-0.2 mm) quartz grains are spatially
associated with large plagioclase and amphibole (Fig. 5a iv), all of
which exhibit undulose extinction to some extent.
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Fig. 5. Optical microstructures of domain 1 ‘wall rock’ and 2 ‘incipient strain’ dyke (a & c) and gneiss (b & d), shown with thin section scans, photomicrographs in plane-polarised
light (PPL) or cross-polarised light (XPL) where indicated, and EBSD false colour phase maps. Phase abbreviations after Whitney and Evans (2010). (a) Dyke, domain 1 TO (AS2239);
(i) isotropic fabric, (ii) amp cores with replacement front (white arrows) and amp-qz areas outlined with dashed line, (iii) XPL version of (ii) showing unaltered small pl grains
(white boxes), and (iv) outline of parent cpx grains (dashed lines). (b) Gneiss, domain 1 (AS2240a); (i) weak fabric (dashed lines), (ii) phase distribution, (iii) unaltered small pl
grains, and (iv) amp-qz areas (dashed lines) surrounded by medium amp. (c) Dyke, domain 2 T1 (AS2153); (i) & (ii) elongate fabric and amp-qz areas (dashed line) surrounded
by medium amp, and (iii) qz beard in pressure shadow with XPL inset. (d) Gneiss, domain 2 (AS2151); (i) weak fabric (dashed lines) with discontinuous qz band (black arrow)
and (ii) & (iii) phase distribution. Black scale bar: 1 mm and white bar: 500 pm, unless stated otherwise. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Mineral proportion estimates from EBSD phase maps, EDX maps and thin sections. Domain numbers refer to domains: (1) wall
rock, (2) incipient shear, (3) shear zone margin and (4) shear zone centre (see Fig. 1b). Mineral abbreviations after Whitney
and Evans (2010). Hydrous phases are listed in blue, late alteration phases are listed in orange. See Fig. 8 for the change in

amphibole and plagioclase composition with microstructure and domain.

Dyke sample Domain Fabric type Amp Pl Qz Cpx Czo Ilm Ttn Ap
AS2239 1 TO 60 30 5 1 1 1 1 0
AS2153 2 T1 70 20 10 0 <1 1 <1 0
AS2237* 3 T1 70 20 10
AS2160 4 T2 75 15 10 0 <1 1 0 <1
AS2158 4 T3 80 5 10 0 5 1 0 <1

*no EBSD data

Gneiss sample Domain Strain Pl Qtz Amp Bt Czo Ilm Ttn Ap
AS2240A 1 Low 55 30 10 0 <1 <1 <1 <1
AS2151 2 Low 55 30 10 0 <1 <1 <1 <1
AS2155 3 Medium 60 30 5 5 1 <1 0 <1
AS2157 4 High 60 30 3 5 <1 0 0 0

Gneiss: The gneiss wall rock consists of 55% plagioclase, 30%
quartz, 10% amphibole, 5% chlorite and < 1% ilmenite, clinozoisite,
titanite and apatite (Table 1). It has a weak fabric defined by lighter
quartz-plagioclase bands and darker green amphibole-rich bands (Fig.
5b i). Large plagioclase (0.2-1 mm), quartz (0.1-0.6 mm) and
amphibole grains (0.1-0.4 mm) form roughly 60 area% (Fig. 5b ii).
Of the large plagioclase, around 70% are light brown where altered
to sericite and 30% are colourless and minimally altered (Fig. 5b iii).
Small (<0.2 mm), unaltered plagioclase grains exist between or at the
boundaries of larger plagioclase grains and make up 10 area% (Fig.
5b iii). Approximately 30 area% consists of distinct domains of smaller
(<0.1 mm) intermixed amphibole-quartz, with a margin of medium
sized amphibole grains where adjacent to plagioclase (Fig. 5b iv).
Similar to in the dyke the large plagioclase, quartz and amphibole
exhibit minor undulose extinction.

4.4.2. Domain 2 ‘incipient strain’. Low strain fabrics; dominant deforma-
tion dyke fabric type TO

Dyke: Here 65%-70% of the dyke has no (TO) strain fabric and 30%
is comprised of low (T1) strain fabric (Fig. 4). Compared to domain 1
TO, T1 strain fabric has increased amphibole and quartz (10% and 5%
more respectively), 10% less plagioclase and no clinopyroxene. It has
a similar phase distribution to the dyke wall rock, however, grains and
grain domains are now elongated to form a weak fabric and here large
grains (amphibole and plagioclase) are evenly distributed throughout
the smaller-grained matrix as porphyroclasts (Fig. 5c i-ii). Plagioclase
clusters, now comprised predominantly of small grains, show the begin-
nings of attenuation and disaggregation in the X direction. Amphibole
grains which envelop plagioclase clusters are rotated to align in the X
direction (Fig. 5c ii). Large grained quartz crystallises in asymmetric
pressure shadows around plagioclase and amphibole porphyroclasts,
forming beards of quartz grown preferentially in the X direction (Fig.
5c iii).

Gneiss: The gneiss mineralogy, grain populations and phase distri-
bution are similar to the ‘wall rock’ domain 1, however here the fabric
is more strongly defined by narrow, discontinuous quartz or amphibole
bands within wider, continuous plagioclase bands (Fig. 5d i). Similar to
domain 1 dyke, amphibole grains adjacent to plagioclase are rotated to
align in the X direction, and an overall shape preferred orientation is

4.4.3. Domain 3 ‘shear zone margin’. Heterogeneously deformed dyke and
quartzofeldspathic gneiss; dominant dyke fabric type T1

Dyke: The dyke is composed of 65% T1 strain fabric and 30% TO
(Fig. 4). While domain 2 and domain 3 T1 strain fabric appear similar
in outcrop and share the same mineralogy, in the microstructure the
phase distribution differs. Here, small-grained amphibole-quartz bands
are not observed and instead intermediate grain size (0.1-0.3 mm)
amphibole forms the matrix framework (Fig. 6a i). This amphibole
is elongate and strongly aligned in the X direction (amp,, Fig. 6a

ii). A small number (~ 5%) of amphibole grains are more equant,
almost rounded and are oriented differently to amp, (amp,, Fig. 6a ii).
In addition, a number of ilmenite-speckled amphibole porphyroclasts
remain, with a rim of clear amphibole grown preferentially in the
X direction (Fig. 6a iii). Small (<0.1 mm) quartz is predominantly
observed as individual grains around the tails of elongated plagioclase
clusters, and as disaggregated bands within amphibole matrix (Fig. 6a
i). These individual quartz, and occasionally plagioclase, grains are
often elongate with preferentially grown tails formed in the X direction,
or exist as individual grains with high aspect ratios between elongate
amphibole grains (Fig. 6a ii). These grains are often seen to ‘indent’
amphibole grains (Fig. 6a ii).

Gneiss: Compared to domains 1 and 2 gneiss, domain 3 gneiss
comprises 5% more plagioclase and 5% less of both amphibole and
chlorite (Table 1). Notably, 5% biotite is observed, spatially associ-
ated with amphibole, and plagioclase is generally unaltered with only
<5% altered to sericite (Fig. 6b i-ii). The large plagioclase and large
individual quartz grains observed in domains 1 and 2 gneiss are not
present here; instead small (0.2 mm) plagioclase dominates the matrix,
interspersed with individual grains or discontinuous bands of 0.1 mm
quartz + amphibole and biotite, aligned in the X direction (Fig. 6b iii).
Occasional quartz bands, boudinaged and semi-continuous in the X-
direction (Fig. 6b iii), have a larger (~ 0.5 mm) grain size compared
to the matrix and exhibit undulose extinction.

4.4.4. Domain 4 ‘shear zone centre’. Strongly and homogeneously deformed
dyke, strongly deformed gneiss; main deformation dyke fabric T2

Dyke: Here the dyke is composed predominantly of T2 (60%) and T1
(30%) strain fabric and some T3 (7%, Fig. 4). Compared to T1, T2 dyke
consists of 5% more amphibole, 5% less plagioclase and titanite is not
present as an accessory mineral (Table 1). Grain populations and distri-
bution is very similar to domain 3 T1, except that plagioclase clusters
are elongated here into discontinuous bands rather than clusters, with
a grain size of 0.1-0.5 mm (Fig. 6¢ i). 40% of the plagioclase is altered
to sericite, with both altered and unaltered plagioclase intermixed
within the plagioclase bands and individual grains (Fig. 6c ii). Similar
to domain 3, T1, intermediate (0.5 mm), elongate and aligned amp,
forms the matrix framework (Fig. 6¢ i-ii). Amp, often align to form
continuous linked surfaces extending several grains in the X direction,
with or without small <0.15 mm individual quartz or plagioclase grains
grown between aligned amp, (Fig. 6¢ iii). As in domain 3 T1, these
small quartz and plagioclase are observed as disseminated bands in
the amphibole matrix and at the margins of plagioclase clusters or
amphibole porphyroclasts, as thin films between amp, or elongate with
tails preferentially grown in the X direction (Fig. 6¢ iv—vi). In quartz
these preferentially grown tails exhibit reduced CL-response compared
to the overall grain (Fig. 6¢c v). Quartz, plagioclase and amphibole
grains themselves often ‘indent’ adjacent amphibole grains in the Z
direction, perpendicular to foliation (Fig. 6¢ iv & vi).

T3 mineralogy and phase distribution is distinct from T1-2; only 5%
plagioclase remains and 5% clinozoisite is present, quartz, plagioclase,
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Fig. 6. Optical microstructures of domain 3 and 4 dyke (a & c) and gneiss (b), shown with thin section scans, photomicrographs in plane-polarised light (PPL) or cross-polarised
light (XPL) where indicated, and EBSD false colour phase maps (see Fig. 5 for legend). (a) Dyke domain 3 T1 (AS2237); (i) elongate pl clusters and disseminated qz (white arrows),
(ii) elongate amp (amp,), more rounded, equant amp (amp,), indentation (white arrows) and tails (red arrows), (iii) XPL asymmetric amp rim preferentially formed in the X
direction (dashed lines denotes replacement front). (b) Gneiss domain 3 (AS2155); (i) semi-continuous qz band (ii) bt association with amp, (iii) pl-dominant matrix with large
grains qz bands. (¢) Dyke domain 4 T2 (AS2160); (i) elongate pl bands with elongate amp matrix and more rounded, equant amp (amp,), (ii) heterogeneous pl seritisation, inset:
XPL. (iii) XPL planar surface along aligned amp (dashed lines), (iv) gz indentation (white arrows) and tails (red arrows), (v) CL image of qz showing darker tails preferentially
grown in X direction (red arrows) and (vi) photomicrograph showing amp-amp and amp-qz grain indentation (white arrows). Black scale bar: 1 mm and white bar: 500 pm, unless
stated otherwise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Optical microstructures of domain 4 high strain dyke (a) and gneiss (b), and a mm wide quartz vein in dyke (c & d), shown in photomicrographs in plane-polarised light
(PPL) or cross-polarised light (XPL) where indicated. (a) Dyke domain 4 T3 (AS2158); (i) qz, pl, ilm and czo are disseminated in amp matrix, (ii) asymmetric qz distribution around
rounded, equant amp (amp,) within elongate amp (amp,) matrix, grain indentation (white arrows) and preferentially grown tails (red arrows). (b) Gneiss domain 4 high strain
(AS2157); (i) fabric-parallel qz veins and bt seams, and (ii) different populations of gz: large-grained vein and smaller grains in pl-dominant bands. (c) Stitched photomicrograph
of qz vein formed at local dyke-gneiss contact in (i) PPL and (ii) XPL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

clinozoisite and ilmenite are entirely disseminated within the 80%
amphibole matrix, and grain size is largely unimodal as very few to
no original large grains remain (Fig. 7a i). However, in common with
domain 3 T1 and domain 4 T2 are specific microstructures such as
indented grains, elongate, aligned tails and thin films, and aligned grain
boundaries — despite the more uniform distribution of phases here (Fig.
7a ii).

Gneiss: Adjacent to T3 dyke, the gneiss mineralogy is similar to
domain 3, albeit with marginally less amphibole. Here the gneiss
has a strong fabric defined by 2 mm wide plagioclase domains and
subparallel, continuous quartz bands (Fig. 7b i). Biotite forms semi-
continuous layers, often adjacent to quartz veins and in places biotite is
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seen to replace amphibole (Fig. 7b ii, see also Fig. 6b ii). Plagioclase has
a grain size of 0.1-0.2 mm and is only lightly altered to sericite, while
subparallel, cm-long quartz bands (likely relict quartz veins) comprise
larger 0.2-0.4 mm grains (Fig. 7b ii).

Quartz veins: In both the dyke and gneiss, where observed in
thin section, quartz veins show a larger grain size compared to the
surrounding matrix, of up to 2 mm and 0.5 mm respectively, and
undulose extinction (Fig. 7b ii & c ii). In the shear zone centre, quartz
veins are rare at sample scale in the dyke, however, in the high strain
gneiss we see numerous quartz veins close together. The quartz veins
in the gneiss show a variety of straight or undulatory boundaries, and
biotite seams are often observed adjacent to quartz vein margins (Fig.
7b i).
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Fig. 8. Amphibole and plagiocalse chemistry in dyke and gneiss wall rock (WR) and shear zone (SZ) centre. (a) EMPA data for amphibole in dyke wall rock and shear zone
(small grains < 100 pm, medium grains 0.1-02 pm). Si vs Mg# plot after Leake et al. 1997. We do not have chemistry data for amp, because of ilmenite inclusions, see text for
details. (b) EMPA and EDX data for plagioclase in dyke wall rock and shear zone centre (small grains < 300 pm). (c & d) EDX chemistry maps for dyke (c) and gneiss (d) show
asymmetrical, structural control on K-rich seritisation in the shear zone centre where blue = Ca and orange = K. High angle grain boundaries in black and twin boundaries in
red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.5. Changes in mineral chemistry

4.5.1. Dyke: Amphibole composition is varied in wall rock but homogeneous
in shear zone

In the dyke wall rock a range of amphibole chemistry exists
across the amphibole populations, with compositions trending between
magnesio-hornblende (WR small, 6.8-7.3 Si and 0.55-0.6 Mg#)
and Fe-hornblende (WR medium, 6.5-6.7 Si and 0.450.5 Mg#, Fig.
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8a). In contrast, the shear zone amphibole has a homogeneous Fe-
pargasite composition. Within the wall rock, the magnesio-hornblende
population most distinct from the shear zone is the small (<0.1 mm)
amphibole observed in amphibole-quartz + clinopyroxene areas (Fig.
5a iv). The Fe-hornblende population, closest in composition to the
shear zone, is the medium (0.1-0.2 mm) sized amphibole which forms
a margin between plagioclase and amphibole-quartz + clinopyroxene
areas (Fig. 5a iv). Between these two wall rock end-members is the
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Table 2

Calculated estimates of H,O content in dyke.
Domain Domain 1 Domain 2 Domain 4 Domain 4
Type TO T1 T2 T3
Sample AS2239 AS2153 AS2160 AS2158
Modal % Amp 60 70 75 80
H,0 in Amp (wt%) 2.8 2.8° 3.1 3.1¢
H,0 in whole rock (wt%) 1.7 2 2.3 2.5
Lypo per m gy, 50.5 59 70 75
Relative increase (L/m?3) +8.5 +19.5 +24.5

a AS2153 & AS2158 Amp wt% data from AS2239 & AS2160 respectively.

clear green amphibole associated with large (0.2-0.5 mm) grains,
which has an intermediate hornblende composition (Fig. 8a).

4.5.2. Systematic change in plagioclase composition from wall rock to shear
zone centre

In the dyke, where unaltered, large plagioclase grains exhibit an
andesine (0.5-0.7 #Al) composition, while small plagioclase grains
exhibit a slightly higher albite content andesine-oligoclase composi-
tion (0.6-0.75 #Al, Fig. 8b). In the shear zone centre, plagioclase is
only lightly altered to sericite and overall has an andesine-oligoclase
composition (0.65-0.85 #Al, Fig. 8b). However, the centre and margin
of individual grains exhibit distinct chemistry, with grain margins
comprising a slightly higher albite content (0.75-0.85 #Al) compared
to the centre of grains (0.65-0.8 #Al, Fig. 8b). Fig. 8c illustrates how
the spatial distribution of alteration of plagioclase to K-rich sericite
in the wall rock compares to alteration in the shear zone centre. In
the wall rock, large plagioclase is variably altered to sericite with
a generally even distribution of alteration within grains, while small
plagioclase is generally unaltered. In the shear zone centre, alteration
to sericite occurs primarily at the margin of grains, and preferentially
in the long axis of aligned, elongate plagioclase grains (Figs. 6¢ ii &
8c). The gneiss exhibits a similar alteration pattern to the dyke, with
plagioclase grains variably altered to sericite in the wall rock, while in
the shear zone centre sericite alteration is less and is observed primarily
in the long axis of aligned, elongate plagioclase grains (Fig. 8d).

4.5.3. Change in H,O content in dyke

The proportion of hydrous phases amphibole and clinozoisite in-
creases in the dyke with strain and proximity to the shear zone (Table
1, see Section 4.4). To provide a minimum estimate of the increase in
water needed to accommodate such changes, we use the wt% totals
of EMPA analyses of amphibole to estimate the mean whole rock H,O
content in each sample (Supplementary materials Table S3; Stuart et al.
2018). The H,O content in amphibole is 2.8 wt% in the wall rock and
3.1 wt% in the shear zone centre, which corresponds to an increase
from 1.7 total wt% whole rock H,O in the wall rock to 2.5 wt% H,O
in the shear zone centre (Table 2). To convert this to water content
by volume gives an increase of 24.5 litres H,O per m® of rock. This
is a minimum estimate because, for simplicity, we do not account
for clinozoisite modal increase and this calculation does not take into
account the presence of any grain boundary fluid.

4.6. Quantitative changes in grain size with increasing strain

4.6.1. Dyke: With increasing strain, grain size and phase abundance de-
creases in plagioclase and increases in quartz and amphibole

The dyke grain size evolution is illustrated in Fig. 9a where small
grain populations (amphibole < 80 um, plagioclase < 300 pm and quartz
< 100 pm) are highlighted as a subset to illustrate the different grain
populations described in Section 4.4 and grain size is plotted in an
area-weighted fraction histogram. In domain 1 TO grain size is bimodal
with significant proportions of amphibole, plagioclase and quartz both
above and below the subset threshold (Fig. 9a). Small amphibole grains
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occur predominantly in amphibole-quartz + clinopyroxene areas away
from plagioclase, and > 80 pm amphibole is spatially associated with
plagioclase. In domain 2 T1 fewer large grains are observed and pla-
gioclase clusters are almost entirely small grains (Fig. 9a). In domain 4
T2, few small amphibole grains exist and they generally exist alongside
individual small quartz and plagioclase grains close to plagioclase clus-
ters. Instead, bands of > 80 pm amphibole exist away from plagioclase
clusters. In domain 4 T3 quartz and plagioclase are generally below the
subset threshold, while amphibole is generally above (Fig. 9a). Domain
4 amphibole and quartz grain size is generally unimodal, respectively
above and below the subset threshold (Fig. 9a). Plagioclase is bimodal
in domain 4 T2 due to very small individual plagioclase grains in the
amphibole matrix adjacent to plagioclase clusters (Fig. 9a). In domain
4 T3, all plagioclase is now very small and disseminated within the
amphibole matrix.

Overall, domain 1 area-weighted grain size distribution shows a
large range but is dominated by small grains, however, with increasing
strain amphibole and quartz median area-weighted grain size increases
and the range decreases, to produce a more unimodal distribution in
domain 4 (Fig. 9a). Plagioclase median grain size decreases slightly
with increasing proximity to the shear zone, from 50 pm in the wall
rock to ~ 35 pm in the shear zone centre (Fig. 9b). In contrast, quartz
and amphibole median grain size increases with proximity to the shear
zone, respectively from ~ 30 pm and ~ 25 pm in the wall rock to ~
40 pm and ~ 80 pm in the shear zone centre (Fig. 9b).

4.6.2. Gneiss: In the shear zone grain size increases relative to wall rock

The gneiss grain size evolution is illustrated in Fig. 10a where small
grains (amphibole < 120 pm, plagioclase < 200 pm and quartz < 100 pm)
are highlighted as a subset to illustrate the different grain populations
described in Section 4.4. Like in the dyke, domains 1 and 2 have a
bimodal grain size with large, original grains and small reacted or
recrystallised grains (Fig. 10a). Domains 3 and 4 matrix grain size is
more unimodal, with plagioclase and amphibole grain size distribution
almost entirely below 400 pm, however, quartz is an exception (Fig.
10a). Quartz veins that are ~ 1 mm wide and continuous over cm’s
have a larger grain size between 200-800 pm (Fig. 10a). Discontinuous
quartz bands that are <0.5 mm wide and <1 cm in length have a grain
size intermediate between small (< 100 pm) quartz disseminated within
the plagioclase matrix and the quartz vein large grains.

The grain size of plagioclase, quartz and amphibole (where present)
is ~ 50% greater in domains 3 and 4, compared to domain 1 (Fig.
10b). The median grain size in domain 1 is ~ 60, 35 and 350 pm for
plagioclase, quartz and amphibole, respectively compared to ~ 100, 70
and 60 pm respectively in domains 3 and 4.

4.7. Changes in crystallographic orientation and shape fabric with increas-
ing strain

4.7.1. Dyke

In dyke domain 1 TO none of the main phases (amphibole, pla-
gioclase, quartz) show any significant overall SPO or CPO (Fig. 11a).
The aspect ratio of amphibole (large and small) and large plagioclase
grains is 2.5 and 2.45, respectively. Quartz (large and small) and small
plagioclase grains have an aspect ratio of 1.75 and 1.8, respectively.
In domain 4 T2 and T3, whilst plagioclase and quartz still show no
overall CPO, amphibole has a strong CPO with the c-axis [001] aligned
in the X-direction, and the a-axis [100] parallel to the Z-direction,
and all three main phases (quartz, plagioclase, amphibole) show a
significant SPO with their long axes aligned in the X-direction (Fig.
11a). The aspect ratio of amphibole, plagioclase and quartz is greater
here compared to domain 1, with aspect ratios of 2.85, 2.5 and 2,
respectively, in domain 4 T2. Note that the SPO is strongest in these
phases in the higher strain domain 4 T3, compared to domain 4 T2.

Although there is no overall CPO in domain 1 TO, locally, the
intergrown, small grained amphibole-quartz + clinopyroxene areas
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0-6, oriented data is shown in the XZ plane.

(Fig. 5a iv) exhibit for each area an area specific CPO with a clear
crystallographic relationship to the parent clinopyroxene such that
the amphibole CPO is the same as the parent clinopyroxene (Fig.
12a). In addition, the amphibole fringe formed between amphibole-
quartz + clinopyroxene areas and plagioclase locally exhibits a CPO
that corresponds with the amphibole-quartz + clinopyroxene area to
which it is adjacent (Fig. 12a). Large grain populations (amphibole:
0.2-0.5 mm, plagioclase: 0.3-0.8 mm and quartz: 0.1-0.2 mm) ex-
hibit significant, crystallographically-controlled intra-grain orientation
change (7-8°), while small and medium grains (small amphibole and
quartz <0.1 mm, medium amphibole: 0.1-0.2 mm and small plagioclase
<0.3 mm) exhibit little to no (< 1°) intra-grain orientation change (Fig.
12b).

In domain 4 T2, neither the elongate matrix amphibole (0.1-0.3 mm)
nor plagioclase (0.1-0.4 mm) show significant internal deformation
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(<2° within a single grain), however, remnant, large amphibole grains
(1 mm) are randomly oriented compared to the amphibole matrix and
possess 12° orientation change (Fig. 12c), similar to those in Domain
1 TO. In domain 4 T3, none of the main phases show any significant
internal deformation, and large grains are absent (Fig. 12d).

4.7.2. Gneiss

Similar to dyke domain 1 TO, in the gneiss domain 1, none of
the major phases (plagioclase, quartz, amphibole) show any significant
overall SPO or CPO (Fig. 11b). The aspect ratio of (large and small)
amphibole, plagioclase and quartz is 2, 1.8 and 1.65, respectively. In
domain 3, whilst plagioclase and quartz still show no overall CPO,
amphibole has a CPO with the c-axis [001] aligned in the X-direction,
and the a-axis [100] parallel to the Z-direction, and all three main
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Fig. 12. Dyke: Crystallographic-orientation data and maps showing local, reaction-controlled CPO in wall rock amphibole and grain size-control on grain relative orientation
deviation (GROD) i.e. intra-grain deformation. Maps are underlain by BSE maps. (a) Domain 1 TO (AS2239); inverse pole figure (IPF) map shows local, area-specific orientation
in amp (dashed lines). Shaded area in phase map (see Fig. 5 for legend) indicates the specific area plotted in pole figures, which shows local area-specific orientation of amp is
related to parent cpx grain. Pole figure colour bars show multiples of uniform density (MUD) values with a range of 0-10. (b) Domain 1 TO (AS2239); GROD maps and cumulative
disorientation measurements show (i) 7-8° crystallographically-controlled internal deformation of large grains and <1° internal deformation of small, new grains. (¢) Domain 4 T2
(AS2160); small, new grains show < 2° internal deformation while large remnant amp shows >10° internal deformation. (d) Domain 4 T3; GROD map shows little to no internal
grain deformation in amp, qz and pl. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

phases (quartz, plagioclase, amphibole) show a significant SPO with
their long axes aligned in the X-direction (Fig. 11b). In domain 4,
plagioclase has an even stronger SPO but still no CPO, amphibole is
absent and quartz has a stronger SPO in grains > 100 pm, together
with a CPO showing a rotated c-axis [0001] girdle (Fig. 11b). Quartz
grains < 100 pm show a very faint rotated c-axis girdle. There is a
slight increase in the aspect ratio of plagioclase and quartz in domain 4,
compared to domain 1, with aspect ratios of 1.9 and 1.7, respectively.
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In domain 1, again similar to dyke domain 1, the intergrown small
grained amphibole-quartz areas (Fig. 5b) often exhibit locally an area
specific CPO (Fig. 13a). Of the different grain size populations in TO,
the large grain populations (plagioclase: 0.2-1 mm, quartz: 0.1-0.6 mm
and amphibole: 0.1-0.4 mm) exhibit significant and systematic ori-
entation change within individual grains (up to 14°, Fig. 13b). This
corresponds to the undulose extinction observed optically (Section 4.4).
In contrast, small grains (plagioclase: <0.2 mm, quartz: <0.1 mm and
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Fig. 13. Gneiss: Crystallographic-orientation data and maps showing local, reaction-controlled CPO in wall rock amphibole and grain size-control on grain relative orientation
deviation (GROD) i.e. intra-grain deformation. Maps are underlain by BSE maps. (a) Domain 1 wall rock (AS2240a); inverse pole figure (IPF) map, with corresponding phase map
(see Fig. 5 for legend), shows local area-specific orientation in amp. (b) Domain 1 wall rock (AS2240a); GROD maps and cumulative disorientation measurements show (i) 10-13°
of crystallographically-controlled internal deformation in large grains and <2° of internal deformation in small, new grains. (¢) Domain 3 medium strain (AS2155); GROD maps
show minimal internal deformation of pl, amp and small qz, but up to 8° internal deformation in large qz. (d) Domain 4 high strain (AS2157); GROD map shows little to no
internal deformation in pl and small qz, but up to 8° internal deformation in large qz. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

amphibole: <0.1 mm) exhibit little to no orientation change within
individual grains.

In domain 3, neither amphibole (<0.2 mm), plagioclase (0.1-0.4
mm), nor small quartz (<0.15 mm) show significant internal deforma-
tion (<2° within a single grain), however, semi-continuous bands of
large (0.3-0.8 mm) quartz possess up to 8° intragranular orientation
change (Fig. 13c). Domain 4 plagioclase and quartz show similar
internal deformation signatures, but with more pervasive large quartz
intra-grain deformation (Fig. 13d).

5. Discussion

5.1. The development of Badcall shear zone at amphibolite-facies condi-
tions: Chemistry, hydration and phase change

Mineralogy within the shear zone is fully equilibrated to amphibolite-
facies conditions (pargasite + andesine-oligoclase), in both the dyke
and gneiss. This is in agreement with estimated P-T conditions:
510-660 °C and 5-8 kbar/500-800 MPa (Beach, 1973; Sills, 1982;
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Cartwright, 1990; Droop et al., 1999; Pearce and Wheeler, 2014).
In the wall rock, chemically and/or microstructurally distinct grain
populations delineate different reactions in space and time. To
determine the relative timing of these populations, in this section we
follow their evolution towards the shear zone centre where the most
advanced hydration reactions occur.

In the dyke wall rock, the small (< 100 pm) amphibole in amphibole-
quartz + clinopyroxene areas (amp.p, and qz,,) has the most distinct
chemical composition with respect to the shear zone (Figs. 5a iv;
8a, Mg-hornblende and Fe-pargasite respectively). Amp.,, show no
significant internal deformation (<2°) within individual grains, and
discrete amp,;,-qZcpy + clinopyroxene areas largely preserve the crys-
tallographic orientation of the > 1 mm parent clinopyroxene grain
(Fig. 12a). These grains are the result of static hydration of clinopy-
roxene at amphibolite-facies conditions, driving topotaxial replacement
of clinopyroxene to produce amphibole that retains the orientation of
the parent phase (e.g. Shannon and Rossi, 1964; McNamara et al.,
2012; Lee et al., 2022). As outlined by Beach (1980), this replacement
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reaction can also produce quartz, giving the general reaction:

cpx + hydrous fluid — amp,y + qzep + hydrous fluid (reaction 1)

The presence of clinopyroxene, predominately in the centre of some
amp,py-QZpy areas, indicates that here hydration is only partial and is
localised even at the mm-scale.

Large (> 200 pm) amphibole exhibit a range of chemistry:
end-members exhibit either dark ilmenite-speckled cores with clear
green rims, or entirely clear green grains, and between these end-
members, grains show partial replacement of ilmenite-cores with clear
amphibole, amp,, to be igneous, originally high temperature Ti-rich,
amphibole that exsolved Ti to form ilmenite during cooling (e.g.
Mongkoltip and Ashworth, 1983). We interpret the clear green
amphibole rims and grains to be the result of static interface coupled
replacement/dissolution—precipitation reactions, which replace amp;
not obtain chemical data for amp; because of the ilmenite inclusions,
however, the chemistry of amp, (hornblende, Hbl) is intermediate
between amp,py (Mg-hbl) and the medium-sized (100 - 200 pm)
amphibole population that has the closest chemistry to the shear
zone, and which we define as amp; (Fe-hornblende, Fe-hbl, Fig.
8a). Amp; forms a reaction fringe between plagioclase and amp,-
QZpx + clinopyroxene areas, where it indents and appears to replace
plagioclase by preferential dissolution of plagioclase and precipitation
of amphibole (Fig. 5a iv; Mérit et al. 2025). Similar to ampp,
(Mg-hbl), amp; (Fe-hbl) does not exhibit crystal-plastic deformation
features (i.e. no significant intragrain lattice distortions) and has a
crystallographic orientation similar to the adjacent amp,,, area (Fig.
12a & b). The chemistry of plagioclase also changes, through the
recrystallisation of large original pl; grains to small new pl, grains
Abg,_75) are less altered by sericite and exhibit a ~ 5% higher albite
content, compared to pl; (andesine, Abss_-,, Fig. 8b EDX).

The gneiss wall rock comprises plagioclase and amphibole popula-
tions which exhibit the same spatial and crystallographic relationships
observed in the dyke, with the exception of igneous amp; and with a
lower amphibole content overall (10 modal % compared to 60 modal
% in dyke wall rock, Table 1; Figs. 5b i-iii; 11b; 13a). Areas of
amphibole-quartz (anolgous to amp,,), with a reaction fringe (anal-
ogous to amps) at the margin of plagioclase, appear to have also
formed through reaction 1, where pre-existing clinopyroxene reacts
with fluid to form amphibole + quartz (Fig. 5b iv). The ~ 5% observed
chlorite is texturally late and represents static alteration of amphibole,
perhaps related to the greenschist-facies ‘late Laxfordian’, or otherwise
named ‘Assyntian’, event that followed ‘Laxfordian’ amphibolite-facies
deformation (Table 1; Holdsworth et al. 2020) .

Reaction 1 requires fluid input and indicates influx of fluid prior to
significant deformation. While some large grains exhbit internal defor-
mation (see Section 5.3 below), the preservation of local orientation
of amp,,-qz.,x areas and amps reaction fringes indicate the lack of
significant strain in the wall rock since these reactions occurred. Next,
we outline the evolution of grain populations and phase abundance
towards the shear zone centre, which correspond to an increase in
strain and hydration.

In domain 2, grain populations similar to those in TO dyke exist in
T1 dyke and low-medium strain gneiss, however, here distinct areas
of grain populations are elongate parallel to lineation (Fig. 5¢ & d).
Reaction 1 is complete and no clinopyroxene remains, which means
fluid is no longer absorbed and it can instead facilitate deformation
(Table 1). The presence of asymmetric quartz beards in pressure shad-
ows indicates precipitation of material from such a fluid (Fig. 5c iii).
Preferentially aligned matrix amphibole envelop and indent (i.e. dis-
solve) clusters of small, recrystallised plagioclase, while elongate bands
of (clinopyroxene-absent) amp,,-qZ.,x areas exist away from such
clusters (Fig. 5c i inset & ii).
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We propose that the observed progressive replacement of plagio-
clase by amphibole, by apparently coupled dissolution—-precipitation
processes, explains the 10-25 modal % increase in amphibole and
decrease in plagioclase in deformed dyke, relative to undeformed TO
(Table 1; Grund et al. 2025, Mérit et al. 2025). A complete characterisa-
tion of this process is beyond the scope of this study, however, it likely
involves both material transfer and chemical exchange in the presence
of fluid. Overall, the original andesine pl; (Abss_;,) clusters reduce
in both grain size and cluster size through reaction-driven grain size
reduction from original large grains to new, smaller andesine-oligoclase
ply, (Abgy_75) grains, and through the replacement of plagioclase by
amphibole associated with dissolution—precipitation processes.

In domains 3 and 4 (shear zone margin and shear zone centre),
amp,py-QZpy bands are absent in dyke T1 and T2, and the spatial distri-
bution of phases is significantly changed. Here, preferentially aligned,
elongate amphibole form continuous bands away from plagioclase
clusters, and quartz and smaller amphibole exist predominantly in the
tails of plagioclase clusters or large amphibole porphyroclasts (Figs. 6a
i & ¢ i; 9a). Mineral chemistry shows that shear zone matrix amphibole
(ampg;, Fe-pargasite) is entirely distinct from amphibole populations
in wall rock TO (Fig. 8a, Mg- to Fe-hornblende). We interpret ampg,
to form from a continuation of the dissolution—precipitation processes
identified in domains 1 and 2 (wall rock and incipient strain), where
infiltrating fluids interact with the rock. Through this process, ampg;
replaces earlier amphibole populations (amp,,, and amp;.3) due to
their meta-stable composition and/or non-optimal grain orientation,
which promotes preferential dissolution or precipitation of material ac-
cording to grain orientation relative to sites of high stress (dissolution)
or low stress (precipitation; Kamb 1959). Ilmenite-speckled amphibole
porphyroclast cores remain in places, however, here the clear green
rims bear the same chemistry as the matrix ampg; (Fe-pargasite). The
fact that the wall rock amphibole populations evolve from Mg- and Fe-
hornblende, towards but staying distinct from the shear zone pargasite
(ampgy, Fig. 8a), suggests that within the shear zone the rock fully
equilibrated to the prevailing P-T-fluid conditions during deformation
but the wall rock did not.

Plagioclase chemistry is also distinct in the shear zone, with an
oligoclase-andesine composition ~ 10%-15% higher #Ab compared to
the wall rock andesine pl; (Fig. 8b; Abgs_gs and Abss_-, respectively).
The shear zone centre plagioclase, plg, is asymmetrically zoned, with
an oligoclase-andesine composition (Abgs_g,) at the centre of grains but
often a higher #Ab oligoclase composition (Ab;s_gs) at their margin
(Fig. 8b). EDX maps show how the distribution of plg; sericite alteration
is structurally controlled in both the dyke and gneiss, where alteration
occurs predominantly in the long axis of grains grown preferentially in
the X-direction (Fig. 8c & d). Given the microstructural similarities be-
tween dyke T1 and T2 in domains 3 and 4, we propose that amphibole
and plagioclase chemistry in shear zone centre is comparable to that in
the shear zone margin.

Overall, dyke wall rock amphibole populations are consumed and
replaced by chemically distinct amphibole in the shear zone (Fig. 8a).
Plagioclase is also distinct in the shear zone compared to the wall rock,
with a chemical composition that is higher in albite content in the
shear zone, particularly in the long axis of grains aligned in the X-
direction (Fig. 8b-d). The absence of clinopyroxene in domains 24,
and the increase in amphibole and clinozoisite in domains 3 and 4,
indicates not only a correlation between hydration, reactions and strain
as detailed previously by Beach (1980), but importantly also requires
the introduction of external fluid (Table 1).

5.2. Fluid influx: quartz vein abundance coincides with increase in hydra-
tion and strain

Tatham and Casey (2007) established a macro-fabric strain gradient
from <1 in the shear zone margin, to 15 in the shear zone centre, based
on the rotation of macro fabric in the gneiss (Fig. 1b). Our maps of
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shape fabric intensity show deformation in the dyke at outcrop scale,
even in domain 2 where the dyke remains undeformed at map-scale
(Figs. 1b; 4). In domain 2 the distribution of strain is heterogeneous,
with discrete, anastomosing bands of T1 that envelop the dominant
undeformed TO lenses, which comprise >60% of the dyke here (Figs. 2c
i & d i-ii; 4d). From domain 2 to domain 4, strain in the dyke becomes
more pervasive and homogeneously distributed. Planar T1 shape fabric
dominates >60% of the dyke in domain 3, and only limited TO lenses
exist (Figs. 3a i; 4). In domain 4 100% of the dyke exhibits a planar
fabric, 60% of which comprises the higher strain T2 (Figs. 3b ii; 4).
The presence of remnant clinopyroxene in only TO means hydration is
incomplete in TO dyke (Fig. 5a iv; Table 1). In contrast, in domains 2-4
dyke T1-3, absence of clinopyroxene suggests that hydration reaction 1
is complete. In domain 4 dyke T2-3 the greatest abundance of hydrous
phases is observed (Table 1, amphibole and clinozoisite). Therefore,
with increasing proximity to the shear zone we observe an increase in
shape fabric intensity and strain, which is correlated with an increase
in hydrous phases and dyke H,O content from 1.7 to 2.5 wt% (Table
2; Beach 1980, Ramsay 1980, Putnis 2021, Grund et al. 2025). Based
on hydrous phase modal percentages we calculate that an influx of at
least 8.5 and 19.5-24.5 Ly,o per m® dyke is needed to account for the
increased hydration in domain 2 T1 (incipient strain) and domain 4 T2-
3 (shear zone centre), respectively (Table 2, see Section 4.5.3). These
estimations are in line with suggested influx of fluid proposed by Beach
(1980) for similar shear zones in NW Scotland.

The presence of hydrated mineral assemblage, increased shape fab-
ric intensity and strain with proximity to the shear zone is also corre-
lated with the increased abundance of syntectonic quartz veins (Fig. 4
b-d, fabric-parallel or subparallel, 0.5-20 mm wide and up to 60 cm
long). In the dyke shape fabric maps, all but one quartz vein are
observed in either the shear zone margin or shear zone centre (domains
3 and 4), and all quartz veins are observed within shape fabric T1-3
(i.e. not observed in TO). Due to the similarity in grain habit between
a dyke quartz vein (Fig. 7c) and quartz bands in gneiss domains 3
and 4 (Figs. 6b; 7b), we consider semi-continuous to continuous coarse
quartz bands in the gneiss to represent deformed quartz veins. This
suggests quartz veins are significantly more abundant in the gneiss, as
a number of these deformed veins are present within individual thin
sections (Figs. 6b iii; 7b).

Quartz veins are known to be related to fluid influx (Sibson, 1981,
1994; Bons et al., 2012), and syntectonic quartz-carbonate veins have
been previously reported in the nearby Gairloch shear zone (Beach,
1980). We interpret the quartz veins to represent episodes of lo-
cal brittle failure (in otherwise viscous flow), which produced frac-
tures that were subsequently filled through the precipitation of quartz
from fluid (Yardley, 1983; Bons et al., 2012; Hayman and Lavier,
2014; Fagereng et al., 2018). In this way, the increase in syntectonic
quartz veins with proximity to the shear zone reflects localised fluid-
infiltration via fractures at the time of deformation (Figs. 3; 4; 7b & c).
The spatial coincidence of hydration, strain and quartz vein abundance
calls for causal relationships, and suggests deformation associated with
the shear zone is facilitated by fluid.

We highlight that the quartz veins we observe here are small,
discrete and discontinuous, relative to extensive quartz vein networks
typically observed at shallower depths (e.g. Williams and Fagereng
2022). The source of the quartz may be internal and/or external: in
part derived from fluid and/or derived entirely from the host rocks.
Previous authors have proposed the introduction of fluids to the mid-
crust during earthquakes, i.e. ‘seismic pumping’ proposed by Sibson
(1981, 1994), and mid-crustal quartz veins have been found to bear
an isotopic signature which indicates meteoric-fluid (McCaig, 1988;
Stenvall et al., 2020; Gottardi et al., 2024). Other potential sources of
fluid are magmatic or metamorphic.
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5.3. Remnant signatures of dislocation creep in wall rock contrast domi-
nance of dissolution—precipitation creep within shear zone

5.3.1. Signatures and timing of dislocation creep in wall rock

In the wall rock there is no overall CPO or SPO (Fig. 11), however,
large (~ 1 mm) plagioclase, amphibole and (>0.1 mm) quartz grains in
gneiss and dyke preserve signatures of crystal-plastic dislocation creep
deformation accumulated by strain in the wall rock. These include
undulose extinction, crystallographic-controlled internal deformation
of grains, and limited subgrains (dyke, Fig. 12b; gneiss, Fig. 13b). We
know that the wall rock did not experience significant deformation
since reaction 1 occurred because amp,,, and amps retain local CPO
related to their parent grain (dyke, Fig. 12a; gneiss, Fig. 13a), and
the distribution of large and small plagioclase grains is not struc-
turally controlled. The preserved signatures of dislocation creep in
large plagioclase, amphibole and quartz reflect the history of the wall
rock as being relatively strong, prior to fluid-infiltration and reaction-
driven grain size reduction (see Section 5.1). Because partial hydration
reactions have occurred in the wall rock (Section 5.1), we know that the
hydration associated with the shear zone extends further from the shear
zone than does significant deformation. Therefore, hydration likely
preceded the deformation associated with the shear zone in domains
2-4, where a greater degree of hydration allows for the activity of
dissolution—precipitation creep and associated weakening of the rock.

5.3.2. Deformation is dominated by dissolution—precipitation creep

At the microscale, deformed dyke and gneiss show with strain a
development of SPO in all major phases and CPO in amphibole (Fig.
11), despite a lack of internal deformation of grains (with the exception
of bands of large quartz in the gneiss, and remnant porphyroclasts in
the dyke; Figs. 12¢ & d; 13c & d). The development of SPO without
significant internal deformation of grains is consistent with numerical
models that produce grain shape change during grain-size-sensitive
deformation processes that involve the movement of material from a
surface of relatively high stress to a surface of lower stress. This can
occur by strictly diffusive processes (Gardner and Wheeler, 2021), or by
dissolution—precipitation creep where material is dissolved at surfaces
of high stress, transported in grain boundary fluid and subsequently
precipitated in areas of low stress (Malvoisin and Baumgartner, 2021).
The development of SPO in the absence of internal grain deformation
is consistent with microstructural and experimental studies which at-
tribute deformation to dissolution—precipitation creep (Wintsch and Yi,
2002; Diaz Aspiroz et al., 2007; Stokes et al., 2012; Marti et al., 2018;
Lee et al., 2022).

The development of CPO in amphibole in both dyke and gneiss
without significant internal deformation of grains indicates that CPO
formed by means other than dislocation creep. Kamb (1959) observes
anisotropic grain growth, where ‘the preferred orientation is that which
minimises the chemical potential required for equilibrium across the
plane normal to the greatest principal pressure axis. Thus, the weakest
axis of a crystal (e.g. c-axis of calcite) tends to align with the greatest
principal pressure axis, or axes, while the strongest axis (e.g. c-axis
of quartz) tends to align perpendicular thereto’. Preferential growth
in the long axis of amphibole (an elastically anisotropic mineral) cre-
ates CPO in favourably orientated grains, accompanied by associated
rigid body rotation through the dissolution (or truncation) of sur-
faces of unfavourable crystallographic-orientation and precipitation
on favourably oriented grain surfaces (Fig. 6¢ vi). Similar signatures
have been identified where pre-existing chemical zoning in grains is
preferentially truncated by dissolution as a fabric is formed during
deformation (Wintsch and Yi, 2002; Stokes et al., 2012; Wassmann and
Stockhert, 2013; Giuntoli et al., 2018; Moore et al., 2024; Mérit et al.,
2025). This aids the alignment of grain boundaries in the X-direction,
creating planar surfaces which extend across several grains (Fig. 6c iii),
which look similar to weak ‘sliding surfaces’ produced during numerical
modelling of diffusion processes (Gardner and Wheeler, 2021). In this
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way, a microstructure favourable for co-operative grain boundary slid-
ing develops. Semi-continuous aligned biotite seams in gneiss domains
3 and 4 (Fig. 7b i) may behave similarly. The lack of CPO development
in plagioclase and, in the dyke, quartz, is consistent with deformation
by dissolution—precipitation creep because plagioclase and quartz are
not significantly anisotropic minerals and as such they are not expected
to produce a CPO in the same way as amphibole. In contrast, SPO
does not rely solely on crystallographic control and therefore all three
main phases develop a SPO that appears to reflect their anisotropy to
some degree; in order of highest mineral anisotropy to least anisotropy,
aspect ratios are 2.85, 2.5 and 2 in dyke T2 amphibole, plagioclase and
quartz, respectively.

The progressive replacement of amp; by amp, from grain edge
to grain centre in all four domains is a distinct signature of coupled
dissolution—precipitation. Reactions in dyke domain 1 TO occur stati-
cally and there is no structural control on the dissolution-precipitation
metric amp, rims grow preferentially in the X-direction (Fig. 6a iii),
implying that material is transported from high stress surfaces (Z-
direction) to low stress surfaces (X-direction, i.e. Wintsch and Yi 2002).
The homogeneous amphibole chemistry in dyke domain 4 T2, com-
pared to the range in chemistry observed in dyke domain 1 TO, suggests
that dissolution—precipitation processes have replaced grains entirely —
no zoning is preserved except for infrequent amp, porphyroclast cores
(Fig. 8a). Similarly, the structurally-controlled composition of plg; and
the chemically distinct quartz tails in dyke T2 suggest mobilisation
of material through dissolution—precipitation creep, which promotes
preferential precipitation/growth in the long axes of grains aligned
in the X-direction (Figs. 6¢ v; 8c & d; Wintsch and Yi 2002, Stokes
et al. 2012, Wassmann and Stockhert 2013, Trepmann and Seybold
2019, Giuntoli et al. 2022, McNamara et al. 2024, Wintsch et al.
2024, Mérit et al. 2025). The microstructure of individual quartz grains
amongst amphibole matrix in dyke domains 3 and 4 suggests quartz
indents (dissolves) amphibole in the Z-direction, while simultaneously
developing thin tails in the X-direction (Fig. 6a ii & c iv—vi). Thin quartz
films between aligned amphibole grains are also very distinctive, likely
formed through the transport and precipitation of material along grain
boundaries.

At outcrop scale, the intensity of shape fabric reflects the activ-
ity of dissolution-precipitation creep. In domain 2 dyke the limited
presence of T1, anastomosed around elongate lenses of TO, illustrates
the heterogeneous and limited distribution of hydration and activity of
dissolution—precipitation creep outside of the shear zone (Fig. 4d). In
domain 3, the m-wide regions of planar T1 dyke fabric suggest that
hydration and the activity of dissolution—precipitation creep is much
more pervasive in the shear zone margin. Finally, in domain 4 where
planar fabric and strain is homogeneously distributed, we find that
the entire shear zone centre is sufficiently hydrated, weak and able to
deform pervasively by dissolution—precipitation creep.

5.3.3. Minor component of dislocation creep in large vein quartz and
amphibole grains

As outlined above, the microstructure in deformed dyke and gneiss
indicates a dominance of dissolution—precipitation creep and, with the
exception of rare, large amphibole porphyroclasts in the dyke and
bands of large quartz in the gneiss, a general lack of dislocation creep
signatures. In deformed dyke and gneiss matrix we do not observe
features that are known to be associated with dislocation creep, such
as subgrains, grain size reduction by subgrain rotation (dynamic re-
crystallisation), core-mantle structures, bending of crystal lattices or a
slip system-controlled CPO (Figs. 12 ¢ & d; 13 ¢ & d; Trimby et al.
1998, Prior et al. 2002, Piazolo et al. 2002, Passchier and Trouw 2005,
Halfpenny et al. 2006). It is only the large grains that exhibit some
component of dislocation creep.

In the dyke, internal deformation of large amphibole porphyroclasts
is similar in magnitude to those in the wall rock (>10° cumulative
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disorientation), while the surrounding shear zone matrix has little to
no internal deformation (Fig. 12¢ & d). We consider these grains to rep-
resent amp; or amp, grains, which have survived from pre-hydration
deformation, or have experienced grain size strain partitioning due
to their larger grain size. Grain-size-sensitive dissolution—precipitation
creep is most effective at small grain sizes, so more strain will be
accommodated by the smaller matrix grains, and larger porphyroclasts
are less affected. In addition, the large grain porphyroclasts are often
poorly aligned crystallographically, so rates of dissolution and precipi-
tation will be less effective. Similar to the way in which preservation of
large porphyroclasts is expected if grain-size-sensitive grain boundary
sliding accommodated by dislocation creep or dislocation glide (Dis-
GBS) is active (Warren and Hirth, 2006), here large porphyroclasts
of amphibole are preserved as smaller matrix grains accommodate
strain more easily at lower stresses — producing some grain size strain
partitioning. In domain 3 and 4 gneiss, larger grained quartz bands
exhibit some internal deformation (Fig. 13c & d), which could reflect
grain size dependent partitioning of strain, or a rheological contrast
between the surrounding plagioclase matrix and the quartz bands at the
temperature of deformation. A weaker surrounding matrix would exert
higher stress on the quartz bands, enabling deformation by dislocation
creep.

5.4. Proposed shear zone model: Strain localisation by localised fluid-
infiltration and activation of dissolution—precipitation creep

5.4.1. Stage 0: Strong, anhydrous crust deformed in dislocation creep
regime

Prior to shear zone initiation, granulite-facies anhydrous pyrox-
ene bearing-quartzofeldspathic gneisses form during the ‘Badcallian’
tectonometamorphic event c. 2800-2700 Ma between 750-990 °C and
7-11 kbar (Sutton and Watson, 1950; Park, 1970; Cartwright and Barni-
coat, 1987; Sills and Rollinson, 1987; Corfu et al., 1994; Goodenough
et al., 2013). A dolerite dyke (plagioclase, clinopyroxene, amphibole
and minor quartz), part of the Scourie dyke swarm, intrudes un-
der conditions of 450-500 °C and 5-7 kbar, 2400-1900 Ma between
the amphibolite-facies ‘Inverian’ and ‘Laxfordian’ tectonometamorphic
events (Sutton and Watson, 1950; Tarney, 1963; Park and Tarney,
1987). Far-field ‘Laxfordian’ stress produces minor, dislocation creep
regime, deformation in the coarse 1 mm grain size anhydrous gneiss
and dyke, producing internal grain deformation and few subgrains
(Sections 4.7 and 5.3.3; Figs. 5a & b; 12b; 13b). The preservation of
original igneous, isotropic dyke TO microstructure indicates very minor
strain overall (Stage 0, Fig. 14).

5.4.2. Stage 1: Brittle failure drives localised fluid ingress and hydration
reactions, locally weakening the crust

We hypothesise that a high strain rate event (such as an earthquake)
in the upper-crust extends into the mid-crust brittle-ductile transition
zone and, where the relatively homogeneous crust fails in a brittle
manner, introduces fluid into fractures (Stage 1, Fig. 14; i.e. Giuntoli
et al. 2018, Putnis 2021, Zertani et al. 2023, Moore et al. 2024).
Where fluid is introduced to anhydrous crust bearing clinopyroxene,
it permeates along grain boundaries to drive initial hydration reaction
1 (epx + hydrousfluid — amp.,, + qtz.,, + hydrousfluid), weaken-
ing the rock through significant reduction in grain size of amphibole
and quartz from 1 mm to < 100 pm (Fig. 5a iv; wall rock, Fig.
9; Stage 1, Fig. 14). Where reaction 1 is incomplete and remnant
clinopyroxene remains, continued reaction will consume, and limit
the availability of, fluid such that sufficient fluid is not available to
initiate dissolution—precipitation creep. Where reaction 1 is complete
(clinopyroxene is entirely consumed), and grain boundaries are suffi-
ciently wetted, these areas begin to deform by dissolution—precipitation
creep, switching the dominant deformation regime from dislocation
creep to dissolution—precipitation creep (Section 5.3). Strain subse-
quently localises in these areas because deformation in the dissolution—
precipitation creep regime requires significantly less stress compared
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to dislocation creep, at equivalent P-T conditions (Marti et al., 2018;
Malvoisin and Baumgartner, 2021; Lee et al., 2022; Mérit et al., 2025).
In this way, where hydration is complete and sufficient fluid is uni-
formly available we expect the distribution of strain to be homoge-
neous. Where hydration is only local and partial, the distribution of
strain will be heterogeneous.

5.4.3. Stage 2: Further fluid input fully hydrates the shear zone and facili-
tates deformation in the dissolution—precipitation creep regime

New fluid is not required for deformation to continue in the shear
zone centre, provided the grain boundaries stay wetted. However,
grain boundary fluid may deplete through the process of free water

22

consumption via hydration reactions in the surrounding anhydrous wall
rock (e.g. Moore et al., 2020). If this depletion results in a lack of
sufficient fluid along the grain boundaries, deformation will cease and
shear zone will ‘harden’. In contrast, if deformation by dissolution—
precipitation creep starts a feedback where ongoing deformation allows
drawing in of more fluid (Fusseis et al., 2009; Menegon et al., 2015),
then availability of fluid in the shear zone will increase and facilitate
shear zone widening. Does quartz only precipitate as veins where
the rock is fluid-saturated? This could explain why quartz veins are
only observed in completely hydrated rock (where no clinopyroxene
remains), and are apparently absent in undeformed TO areas bearing
clinopyroxene (Fig. 4c & d).
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The finite width of the shear zone suggests that a finite reservoir of
fluid was available. Externally introduced fluid would likely dissipate
with time, producing a transient effect. Repeated fracture and fluid
infiltration events allow the hydrated region of shear zone to widen,
with fluid permeating out and reacting with the surrounding wall rock
ahead of the deformation zone as the shear zone evolves (Stage 2, Fig.
14; i.e. Moore et al. 2020, 2024). In summary, local fluid influx triggers
activation of low stress dissolution—precipitation creep and localised
strain.

5.5. Wider rheological implications

5.5.1. Similar bulk strain rate in quartzofeldspathic gneiss and mafic dyke

Both the gneiss and dyke exhibit the same planar fabric and lin-
eation in domains 3 and 4 (Fig. 3a & b), and the dyke-gneiss contact
is planar (Fig. 3b i), which suggests both lithologies have a simi-
lar bulk rheology. The absence of undulatory fabric or pinch and
swell structures at the contact between the two lithologies implies
there is no significant rheological contrast (Fig. 3b i; Gardner et al.
2017b). This means for dissolution-precipitation creep, we expect the
gneiss and dyke to behave very similarly, in agreement with field
observations and laboratory experiments that find wet amphibolite
exhibits a similar rheology to wet anorthite, at lower-crustal condi-
tions (Getsinger et al., 2013; Getsinger and Hirth, 2014). A previous
study of Lewisian Gneiss Complex amphibolite-facies metamorphism
and deformation concludes that the mafic dykes are weaker than the
surrounding gneisses, based on pre-deformation metamorphic reactions
that reduce grain size (Pearce et al., 2011). During early deformation
of the Upper Badcall shear zone it is possible that this holds true, as
the overall grain size is larger in the gneiss than the dyke in domains 1
and 2 (Figs. 9b & 10b). However, once the shear zone and deformation
fabrics are evolved (e.g. domains 3 and 4) then the grain size is similar
for both the gneiss and the dyke and this could explain their apparently
similar rheology (Figs. 9b & 10b).

5.5.2. Localised activation of ‘Newtonian’ dissolution—precipitation creep as
a trigger for strain localisation — a special case or not?

In the absence of other factors, Newtonian behaviour alone cannot
localise deformation. Hence, for such a process to be important in
the localisation of strain then additional processes must occur. As
outlined above, we suggest that a local introduction and availability
of fluid determines where strain localises through the activation of
deformation by dissolution—precipitation creep, which is weaker than
dislocation creep at equivalent P-T conditions provided sufficient fluid
is available (Marti et al., 2018; Malvoisin and Baumgartner, 2021; Lee
et al., 2022; Mérit et al., 2025).

A growing body of literature attributes strain localisation to
dissolution—precipitation creep in a number of cm- to m-scale mid-
crustal shear zones (Menegon et al., 2008; Lee et al., 2022; Moore
et al., 2020, 2024; Mérit et al., 2025), and identifies dissolution—
precipitation creep as a significant process within km-scale shear zones
and deformed units (Wintsch and Yi, 2002; Diaz Aspiroz et al., 2007;
Stokes et al., 2012; Giuntoli et al., 2018; Trepmann and Seybold, 2019;
Wintsch et al., 2024). Our study provides insight into the localised
initiation and evolution of strain within a large-scale mid-crustal shear
zone that deforms by dissolution-precipitation creep, and contributes
to our understanding of how fluid-rock interaction can promote crustal
weakening.

We question whether signatures of dissolution—precipitation creep
have been overlooked or misinterpreted as annealed in some cases, due
to the subtle signatures it produces in rocks: a lack of intra-grain de-
formation (crystal-plasticity) and relatively large grain size relative to
typical mylonites produced by dynamic grain size reduction. The non-
genetic definition of such deformed rocks would be blastomylonites:
cohesive, foliated fault rocks with pronounced grain growth (Sibson,

23

Journal of Structural Geology 199 (2025) 105461

1977; Woodcock and Mort, 2008); however, this definition means blas-
tomylonites are invariably associated with annealing processes. In our
study, the nature of matrix formation in the shear zone is by grain size
refinement (grain size reduction or increase depending on the starting
grain size and chemistry), and overall grain size increase in the dyke
(amphibole and quartz) and gneiss (Figs. 9 & 10). Grain size increase
is in this case consistent with numerical models that demonstrate
grain growth with deformation (Bons and Den Brok, 2000; Piazolo
et al., 2002) and observations from elsewhere in the Lewisian Gneiss
Complex (Beach, 1974a; Pearce et al., 2011). Related to the potential
misinterpretation of the signatures produced in rocks by dissolution—
precipitation creep is the fact that dissolution—precipitation creep can
produce CPO of elastically anisotropic minerals such as amphibole
and phyllosilicates (Kamb, 1959; Bons and Den Brok, 2000; Wenk
et al., 2020). This means that areas of the crust interpreted to deform
by dislocation creep based on their seismic anisotropy, may in fact
deform by dissolution—precipitation creep if a significant proportion of
anisotropic minerals are present.

The Upper Badcall shear zone is one of many 1-100 m discrete,
steeply dipping shear zones across the Assynt terrane and, together
with larger structures such as the Laxford and Canisp shear zone, are
estimated to be responsible for 22.5 km of horizontal displacement in
total (Fig. 1a; Beach 1974a,b, Goodenough et al. 2010). If processes in
the Upper Badcall shear zone are equivalent to processes in the shear
zone population as a whole, then dissolution—precipitation creep can be
attributed to accommodating a significant amount of deformation. Sim-
ilar signatures of dissolution—precipitation creep have been identified
in km-scale mid- to lower-crustal shear zones and uniformly deformed
units (Wintsch and Yi, 2002; Diaz Aspiroz et al., 2007; Stokes et al.,
2012; Giuntoli et al., 2018; Trepmann and Seybold, 2019; Wintsch
et al., 2024). We suggest that greater recognition and characterisation
of such processes, where applicable according to geological history
and setting, is required to ensure that geophysical models of crustal
deformation accurately represent natural processes.

Finally, dissolution-precipitation creep facilitated by fluid infiltra-
tion offers a mechanism that can produce transient rheology in the
mid-crust, as identified in geophysical data (Ingleby and Wright, 2017;
Hussain et al., 2018; Weiss et al., 2019; Tian et al., 2020), as a weaken-
ing response to discrete fluid input followed by gradual strengthening
through dissipation of that fluid through reaction and spatial migration.
Further work is needed to understand how this transient fluid-reaction-
deformation cycle influences large-scale deformation of the continental
crust, and to align geological knowledge of flow laws with geophysical
observations and models. Laboratory experiments that can capture the
process of dissolution—precipitation creep across a range of lithology,
deformation and P-T conditions would greatly aid the implementation
of this process into rheological models.

6. Conclusions

Our field-based microstructural and minerochemical study shows
how localised introduction of fluid facilitates strain localisation through
activation of spatially-confined dissolution-precipitation creep, to pro-
duce the 100-m-wide mid-crustal Upper Badcall shear zone. To deter-
mine the deformation process, we analyse representative areas of both
mafic dyke and quartzofeldspathic gneiss at map, outcrop and thin
section scale, in a transect from 1 km away in the wall rock to the
shear zone centre.

Signatures of dissolution—precipitation creep identified in this shear
zone include strong CPO development of amphibole contrasted by weak
to absent CPO for quartz and plagioclase, and strong SPO in amphibole,
plagioclase and quartz. We also observe indented, asymmetrically trun-
cated grains, and grains with preferentially grown chemically distinct
asymmetric rims and/or elongate tails. Within amphibole or biotite-
dominant areas, grain boundaries align to form planar surfaces that
extend over several grains, potentially as ‘weak sliding surfaces’. In the
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highest strain domain the microstructure, grain-chemistry and strain
distribution is relatively ‘homogeneous’ and grain size is near unimodal.
Overall, grain size increases slightly from outside to inside the shear
zone and there is a lack of signatures of crystal-plasticity, such as lattice
bending, subgrains and core-mantle structures, in all mineral phases.

We propose a model of shear zone evolution that involves an inter-
play between several related processes: (1) spatially-confined influx of
fluids infiltrate through small-scale fractures, (2) localised hydration
reactions occur due to fluid influx, and (3) dominant deformation
regime switches from dislocation creep to dissolution—precipitation
creep where enough fluid is available for grain boundaries to be suffi-
ciently wet. The shear zone widens as fluid progressively migrates into
and hydrates the surrounding wall rock. This behaviour is interpreted
to be transient as additional water influx is needed to keep grain
boundaries wet during shear zone widening.

We suggest that signatures of dissolution—precipitation creep may
be overlooked in the mid- to lower-crust, even though the activity of
dissolution—precipitation creep has important rheological consequences
for the deformation of the Earth’s crust: (1) dissolution—precipitation
creep weakens the crust relative to regions that deform by dislocation
creep, (2) CPO development through dissolution—precipitation creep
involving elastically anisotropic minerals will result in strong seismic
anisotropy, (3) transient weakening of the mid- and lower-crust, as
inferred from our study, may be important for the behaviour of faults
throughout the seismic cycle, where mobilisation of fluids during earth-
quakes may temporarily promote dissolution—precipitation creep in the
postseismic period.

Our work highlights the potential for dissolution-precipitation creep
to be a transient process in shear zones; it is expected to be recognisable
in geophysical data - either through seismological studies of shear zone
structure, or geodetic studies of time-variable deformation processes
associated with active faults.
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