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Abstract 8 

The deformation of sheet-like igneous intrusions in multiple orientations can give detailed insights 9 

into the kinematics of ductile flow in shear zones. Using the Torrisdale Vein Complex in the 10 

northern Scottish Caledonides as a case study, we examine the relationships between folded and 11 

boudinaged pegmatitic intrusions deformed by strike-slip dominated shear. Within the shear zone, 12 

intrusions that trend clockwise of the adjacent regional foliation were commonly (75%) folded, 13 

whereas >80% of pegmatites at anticlockwise angles were asymmetrically boudinaged, giving 14 

dextral senses of shear parallel to the dominant and gently-plunging mineral lineations. Pegmatite 15 

fold trains at high angles to foliation (Sn) display the greatest % shortening, marked by steeply 16 

plunging ‘Z’ shaped folds when viewed down plunge. Pegmatites typically form Class 1C folds and 17 

were therefore more competent than their host gneisses at the time of deformation, i.e. they were 18 

not in the magmatic state. Such fold geometries are consistent with flattened parallel folds and 19 

suggest that up to 0.5 homogenous flattening was superimposed on the folds. Fold styles also 20 

indicate viscosity contrasts between the pegmatites and host gneisses of between 50 and 250 at the 21 

time of folding. Fold hinges are dispersed about an arc within the steeply-dipping foliation, 22 

suggesting a component of hinge rotation towards the mineral lineation during non-coaxial 23 

deformation. Folded pegmatites may also display boudinage on their limbs indicating that fold 24 

limbs had rotated into the extensional field during progressive deformation. Pegmatite boudin trains 25 

are typically developed <45º anticlockwise of Sn and display the greatest % extension when 26 

trending sub-parallel to the shear zone foliation. Within such trains, individual shearband boudins 27 

are more anticlockwise than the overall train and show right-stepping relative to neighbouring 28 

bodies. More equant boudins have rotated less than elongate boudins (aspect ratios >3) and preserve 29 

the largest anticlockwise angles with the overall boudin train. Conversely, domino boudins are 30 

clockwise of overall boudin trains and have undergone clockwise rotation marked by left-stepping 31 

of adjacent boudins. Domino boudins display flanking folds which progressively open as the 32 

deformable boudin rotates towards the foliation and margins of the boudin lozenges locally become 33 

clockwise of flow. This ‘unfolding’ of deflected foliation, together with local reversals in the sense 34 

of shear around rotating boudins, is consistent with a clockwise vorticity associated with bulk 35 

dextral shear. These observations collectively indicate that bulk dextral shear with an additional 36 

component of pure shear operated across the shear zone and provides further insights into the 37 

kinematics of mid-crustal deformation. 38 

Keywords: shear zone; intrusion; boudinage; folding; flanking folds; Caledonides 39 

 40 

1. Introduction  41 

Multiple sets of granitic pegmatite veins are recorded widely in the exhumed parts of many 42 

orogenic belts (e.g. Karlstrom et al., 1993; Carreras and Druguet, 1994; Henderson and Ihlen, 43 
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2004) and many are directly associated with crustal-scale shear zones which are often inferred to 44 

act as channel-ways that controlled magma emplacement (Holdsworth and Strachan 1988; Hutton 45 

1988; D’Lemos et al., 1992; Ingram and Hutton, 1994, Brown and Solar, 1998a, b; 1999). These 46 

tabular granitic sheets are typically heterogeneously deformed by ductile deformation related to 47 

the host shear zone and the resulting structural styles give an indication of the viscosity or 48 

competence of the intrusive units relative to their host rocks (e.g. Ramsay and Huber 1983; 1987; 49 

Talbot, 1999). Diagnostic features associated with such deformed igneous sheets include buckle 50 

folds, cuspate-lobate structures, boudins and pinch-and-swell structures (e.g. Passchier et al., 51 

2005; Druguet et al., 2008). The rotation of objects such as sheets and boudins in a host rock 52 

matrix and associated development of flanking folds of the foliation in the adjacent host rocks, 53 

additionally carries information about the sense of shear and vorticity of the shear zone 54 

deformation field (e.g. Passchier, 1990; 1991; 2001; Wiesmayr and Grasemann, 2005; Fossen et 55 

al., 2013). A number of studies have examined the relationships between more competent markers 56 

such as intrusions or veins and shear zone kinematics, from the viewpoint of theoretical stress and 57 

strain (e.g. Talbot, 1970; Passchier, 1990; Lacassin et al., 1993; Sassier et al., 2009), analogue 58 

modelling (e.g. Sengupta, 1983; Zulauf and Zulauf, 2005) and fieldwork (e.g. Druguet et al., 1997, 59 

2008, 2009; Druguet, 2019; Skjernaa and Pedersen, 2000; Henderson and Ihlen, 2004; Passchier et 60 

al., 2005). Various textbooks also draw on the analogy of shearing of variably oriented intrusions 61 

to explain strain and deformation within different types of shear zones (e.g. Ghosh, 1993, p.161; 62 

Passchier and Trouw, 2005, p.151; Davis et al., 2011, p.597; Fossen, 2016, p.336). 63 

In this paper, we describe well exposed examples of variably deformed granite-pegmatite 64 

sheets within the Torrisdale Vein Complex (TVC) that is spatially associated with shear zones in 65 

Neoproterozoic Moine metasedimentary rocks of N Sutherland, Scottish Caledonides (Figs. 1, 2) 66 

(Burns, 1994; Holdsworth et al., 2001; Strachan et al., 2010a, 2020). Specifically, we describe the 67 

geometric relationships between folded and boudinaged pegmatite sheets that were intruded into a 68 

localised strike-slip dominated shear zone that reworks older ductile thrusts. Examples of flanking 69 

folds, which are defined as ‘deflections of planar or linear fabric elements in a rock alongside a 70 

cross-cutting object’ (Passchier, 2001, p.951) are well developed adjacent to rotating pegmatite 71 

boudins and a range of structural relationships are recorded by pegmatite veins and apophyses 72 

injected at variable angles to the foliation. We propose a model involving dextral simple shear 73 

combined with foliation-normal pure shear shortening that creates extension parallel to strike. We 74 

broadly define this as a dextral general shear in a foliation-parallel subvertical shear zone (e.g. 75 

Dewey et al., 1998; Dewey et al., 1998; Fossen, 2016, p.411; Fossen et al., 2013, p.91). We 76 

discuss the overall kinematic patterns generated during the bulk dextral deformation of intrusions 77 

and consider the broader implications for understanding the regional development of vein 78 

complexes in orogenic belts. 79 

 80 

2. Regional Setting 81 

The rocks of the Moine Supergroup are arranged in a stack of east-dipping Scandian (Silurian) 82 

thrust sheets (Fig 1a; Barr et al., 1986; Strachan et al., 2002, 2010a; 2020). In north Sutherland, 83 

the main regional structures comprise, from west to east and structurally lowest to highest, the 84 

Moine, Naver, Swordly and Skinsdale thrusts (Fig. 1a, b) (Moorhouse and Moorhouse, 1988; 85 

Strachan and Holdsworth, 1988; Kocks et al., 2006; Holdsworth et al., 2006, 2007). Syn-86 
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deformational metamorphic grade increases up-section from 450˚C and 5.0 kbar immediately 87 

above the Moine Thrust to 733˚C and 9.5 kbar in the immediate hangingwall of the Naver Thrust 88 

(Ashley et al., 2015; Mako et al., 2019).  89 

Lithologically the Moine rocks of Sutherland comprise mainly psammites with subordinate 90 

pelites that locally preserve sedimentary features such as cross-bedding, slump folds and gritty to 91 

conglomeratic layers (Holdsworth, 1989; Holdsworth et al., 2001; Kocks et al., 2006; Alsop et al., 92 

2010). In contrast, the overlying Naver nappe is dominated by migmatitic psammitic gneisses 93 

where all sedimentary features have been obliterated by high strain and intense metamorphic 94 

recrystallisation (Moorhouse and Moorhouse, 1988; Kinny et al., 1999). The Moine rocks are also 95 

interfolded and inter-thrust with Archaean orthogneisses which represent their depositional 96 

basement marked by locally preserved unconformities (Fig 1a, b) Peach et al., 1907; Holdsworth, 97 

1989; Holdsworth et al., 2001; Friend et al., 2008). 98 

The dominant structures in the Moine Nappe are locally referred to as ‘D2’ and are related 99 

to regional Scandian top-to the NW ductile thrusting (Fig 1a, b; Strachan and Holdsworth, 1988; 100 

Holdsworth, 1989; Holdsworth et al., 2001; Alsop et al., 2010). Reclined, tight to isoclinal D2 101 

folds with southeasterly-dipping axial planes and curvilinear hinges are ubiquitous between the 102 

Moine and Naver thrusts and developed on all scales (e.g. Alsop and Holdsworth, 2007; 2012). D2 103 

ductile thrusting and folding resulted in the development of a regional composite, gentle- to 104 

moderately- inclined, S0-S1-S2 (=Sn) foliation defined by aligned biotite and muscovite. This east 105 

to southeast-dipping fabric intensifies into blastomylonite associated with the D2 Naver ductile 106 

thrust. S2 carries a mineral extension and rodding lineation (L2) which trends between ESE and 107 

SSE and is sub-parallel to the axes of local F2 folds in most areas (Strachan et al., 2020).  108 

Within the Moine Nappe, the D2 structures described above are deformed by local F3 109 

buckle folds developed on all scales (Alsop and Holdsworth, 1993, 2007; Alsop et al., 1996). F3 110 

fold axes and associated axial surfaces are variably oriented with respect to L2 and have been 111 

related to the development of flow perturbations during differential displacements along 112 

underlying D2 ductile thrusts (Holdsworth, 1990; Alsop and Holdsworth, 1993; 2002).  113 

Displacements on the Naver and Skinsdale thrusts are associated with the emplacement of 114 

significant quantities of syn- to late-tectonic felsic melt (e.g. Holdsworth and Strachan, 1988; 115 

Kocks et al., 2006). The granites and pegmatites of the TVC are associated with the Naver Thrust 116 

and are most common in its immediate hangingwall around Torrisdale Bay and on Neave Island, 117 

where they locally form up to 50% of the outcrop (Figs. 1a, b, 2a). The veins appear to correlate 118 

with the Klibreck-Vagastie suite along strike to the south, members of which have yielded U-Pb 119 

zircon (CA-ID-TIMS) ages of 432-426 Ma (Strachan et al., 2020).  120 

 121 

3. The Torrisdale Steep Belt 122 

In the region around Torrisdale Bay where the TVC outcrops, ductile structures in the Moine and 123 

Naver nappes are reworked in a localised zone of later dextral general shear known as the 124 

Torrisdale Steep Belt (TSB, Figs. 1a, b, 2a; Holdsworth et al., 2001; Strachan et al., 2020). Here, 125 

the regional north-south-trending composite regional foliation, the Naver and Swordly thrusts, and 126 

F2 and F3 fold axial planes all steepen and become rotated anticlockwise into a NNW-trend (Fig. 127 

2a-d). L2 is progressively overprinted by a strong mineral and rodding lineation (local L4) which 128 
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plunges gently to the south-southeast, co-linear with local F2, F3 and F4 fold axes (Figs. 2a-e, 3a). 129 

Variably orientated fold hinges all progressively rotate towards the L4 lineation (Fig. 3b). A steep 130 

foliation is generally pervasive, although local zones of low strain preserve relic F2-F3 folds and 131 

lineations. The area of steep foliation and gently-plunging mineral lineations is dominated by 132 

dextral shearing that produces pegmatite sigmoids (Fig. 3c) (see Passchier and Trouw, 2005, p. 133 

155 for definitions), together with σ (sigma) and δ (delta) porphyroclasts within the host gneisses 134 

and pegmatites (Fig. 3d, e) (Holdsworth et al., 2001; Strachan et al., 2020). 135 

Metamorphic temperatures during dextral general shear were at least c. 500°C because L4 136 

is defined by aligned hornblende and recrystallized aggregates of garnet (Burns, 1994; Holdsworth 137 

et al., 2001). It therefore seems unlikely that there was any substantial temporal break between the 138 

development of the TSB and the main phase of regional ductile thrusting (Strachan et al., 2020). 139 

On a regional scale, the anticlockwise swing and steepening of foliation in the TSB has been 140 

interpreted to reflect a wrapping of fabrics around the northern termination of a major basement 141 

inlier exposed immediately to the west of the TSB (the Borgie Inlier, Fig. 1a, b) (Strachan et al., 142 

2020). This area of anomalous deformation has been exploited by large-scale ductile domino-like 143 

rotation and flattening (dextral ‘bookshelf sliding’) along the pre-existing shear zone foliation 144 

planes, as a result of the development of an inferred E-W trending lateral ramp to the Naver Thrust 145 

that is located offshore and further to the north (Fig. 1a, b) (Strachan et al., 2020). 146 

The granitic pegmatites of the TVC are hosted in the lowest part of the Naver Nappe in 147 

amphibolites interbanded on a scale of 3-5 m with finely banded grey orthogneisses that are 148 

characterised by variable proportions of biotite, hornblende, garnet, quartz and feldspar (Burns 149 

1994). These host rocks - the Druim Chuibhe Orthogneiss Complex – form a unit up to 350 m 150 

thick (Fig. 2a; Burns 1994). Preliminary geochemical data indicates that the complex is unlikely to 151 

be part of the local Archaean basement, and the various meta-igneous lithologies are viewed as 152 

most likely constituting a series of possibly contemporaneous pre-tectonic intrusions (Burns 153 

1994). 154 

The detailed petrography of the pegmatites within the TVC have been described by 155 

Holdsworth et al. (2001, p.47) who note that they comprise varying proportions of coarse grained 156 

(cm-mm scale) perthitic K feldspar, quartz and plagioclase (albite-oligoclase) together with minor 157 

components of garnet, muscovite, biotite, apatite, zircon and opaques. The central portions of 158 

intrusions are typically less strained and comprise equant feldspar crystals and interstitial quartz 159 

aggregates that are mostly undeformed with 120° intercrystalline boundaries. Holdsworth et al. 160 

(2001) note that extensive areas of myrmekite are developed adjacent to the K feldspar consistent 161 

with solid-state deformation. The margins of the intrusive veins are highly strained with 162 

penetrative L-S fabrics marked by aligned muscovite and locally biotite, together with 163 

recrystallized ribbons of quartz. This fabric wraps feldspar phenocrysts which are cracked and 164 

display undulose extinction indicating a component of brittle deformation. The fabric within the 165 

pegmatites forms strongly convergent fans around fold hinges (Fig. 3f, g), with pinched and 166 

cuspate margins around the inner arc of hinges (e.g. Fig. 3g), indicating that the pegmatites were 167 

more competent than the host gneisses during solid state deformation. Contemporaneous 168 

recrystallisation of quartz and brittle deformation of feldspar is generally taken to indicate solid 169 

state deformation under greenschist facies conditions (e.g. Passchier and Trouw, 2005). 170 

 171 
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4. Orientation and geometry of pegmatite intrusions 172 

The TVC intrusions are sub-vertical to steeply NE-dipping, varying from veins a few cm thick to 173 

large sheet-like, anastomosing bodies up to 100 m thick, and are traceable laterally for up to 600 m 174 

[e.g. NC 694 608] (Figs. 2a, f). An L-S fabric defined by aligned quartz-feldspar aggregates is 175 

present within many intrusions and is parallel to the composite regional fabric in the host Moine 176 

rocks. The thickest intrusions are only deformed along their margins. Unambiguous temporal 177 

relationships between these intrusions and D2 and D3 folds are often difficult to establish because 178 

of the degree of overprinting during development of the D4 TSB. However, in areas of low D4 179 

strain, intrusions cross-cut both the S0/S1 lithological banding, and D2 and D3 folds (Fig. 4a-f). 180 

Pegmatite intrusions cut both limbs of regional folds, with local deflections of foliation adjacent 181 

(<20 cm) to contacts interpreted as flanking folds generated by emplacement of pegmatites (Fig. 182 

4a-f) (e.g. Butler and Torvela, 2018). Locally older (labelled 1) and younger (2) pegmatite veins 183 

cross-cut one another as well as regional folds and refolds within lower strain areas (Fig. 4f). 184 

Increasing D4 strain is marked by intense foliations, with markedly curvilinear fold hinges that 185 

display arcs of 160° around the sub-horizontal mineral lineations to create sheath folds (Fig. 4g). 186 

Although the majority of studied pegmatites were emplaced after regional D2 and D3 folding, but 187 

before D4, some of the larger sheets traceable for hundreds of meters (Fig. 2a) carry no fabrics and 188 

cut apparent D4 structures (Strachan et al., 2020). These late-stage undeformed sheets are believed 189 

to be intruded shortly after D4 and are not considered further in this study.  190 

Previous accounts of the TVC are limited, but have suggested that the pegmatites are 191 

folded where they lie at high angles to the regional fabric, whilst those at a low angle are 192 

boudinaged, with structural asymmetries giving consistently dextral senses of shear viewed in 193 

sections parallel to L4 (Holdsworth et al., 2001). Others have suggested that pegmatites intruded 194 

clockwise of foliation are generally folded, while those that are anticlockwise are boudinaged 195 

(Strachan et al., 2010b, p. 252). A recent account of some of the pegmatite geometries, together 196 

with an interpretation of the timing of crystallisation and deformation has been provided by Butler 197 

and Torvela (2018). In order to test the various geometric assertions we have photographed and 198 

measured the trends of more than 260 steep to sub-vertical pegmatite intrusions within the TSB. 199 

Trend is defined as ‘the azimuth of a geological feature’ (Allaby, 2013, p.600) and is frequently 200 

used to delineate the orientation of igneous intrusions and dykes in a number of both older and 201 

more recent text books (e.g. Price and Cosgrove, 1990, p.74, 77; Pollard and Martel, 2020, p.382). 202 

We record trend where a planar pegmatite contact or foliation intersects a sub-horizontal outcrop 203 

surface thereby creating a linear intersection when measured from above (map-view). The steeply-204 

dipping nature of pegmatites, coupled with the subdued topography and smoothed flat outcrop 205 

surfaces means that in this case trend and strike are broadly equivalent to one another. Our data 206 

were collected from a ~200 m square area centred on the sand-blasted western slopes of Druim 207 

Chuibhe at UK Grid: NC 68856160 [GPS: N58°31’23.600’’ W4°15’10.730’’] (please see 208 

supplementary file for GPS coordinates of all photograph localities) (Fig. 2a, f). The pegmatite 209 

intrusions here display an overall mean trend of 149º (N=261), while the foliation (Sn) adjacent to 210 

these intrusions has a mean trend of 150º. This statistical sub-parallelism between mean pegmatite 211 

and foliation trends masks a more complex relationship when the orientation of folded and 212 

boudinaged pegmatite intrusions are considered separately. 213 

 214 
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4.1. Trend of pegmatite fold trains  215 

As both the intruded pegmatites and regional foliation have steep to sub-vertical attitudes within 216 

the TSB (Fig. 2a, b), it is appropriate to consider the orientations of these structures in terms of 217 

their trends relative to one another. The trend of a pegmatite fold train is measured by recording 218 

the azimuth of the enveloping surface that joins crests (or troughs) of adjacent fold hinges along 219 

the same margin of the pegmatite vein (e.g. Figs. 3h, 4a, 5a, c-e).  220 

Pegmatite intrusions that are folded display a range of orientations, on average trending 221 

157°, while the adjacent foliation (Sn) strikes 147°, meaning that folded pegmatites are 222 

statistically ~10º clockwise of the steep foliation (Table 1; Fig. 5b). In terms of field observations, 223 

75% of folded pegmatites are developed clockwise of the adjacent Sn and trend 162°, while the 224 

remaining 25% of folded pegmatites are anticlockwise and trend 142º (Table 1). However, the 225 

foliation adjacent to these atypical anticlockwise folded pegmatites trends 154º and is itself 226 

therefore more clockwise than the overall mean (147º) foliation, i.e. pegmatites in these cases may 227 

have been intruding into local areas of anomalous striking foliation. 228 

Pegmatite intrusions are deformed into steeply-plunging folds on a variety of scales from 229 

cm to metres and typically display ’Z’ asymmetry when viewed down plunge (Fig. 5a, c, d, e). 230 

The fold hinges generally plunge down the dip of the associated steep axial planes (inset 231 

stereonets in Fig. 5c, d, e) unless affected by shearing where steep fold hinges (labelled A) are 232 

rotated towards gently-plunging attitudes (labelled B) subparallel to the strike-slip lineation (Fig. 233 

5a). The foliation in the adjacent quartzo-feldspathic gneiss and amphibolites does not typically 234 

record the same folding as it is oriented orthogonally to the inferred shortening direction.  235 

 236 

4.2. Trend of pegmatite boudin trains  237 

The trend of a pegmatite boudin train is measured by recording the azimuth of the enveloping 238 

surface that joins the flanks of adjacent boudins along the same margin of the pegmatite vein (see 239 

Goscombe et al., 2004) (e.g. Figs. 3h, 6a, f, g). Pegmatite intrusions are boudinaged on a variety of 240 

scales from cm to metres, with boudins best seen in gently-inclined to sub-horizontal outcrop 241 

surfaces that act as section views in the strike-slip dominated TSB (Fig. 6a-c, e-i). Boudinaged 242 

intrusions trend on average 143°, while the adjacent foliation (Sn) trends 152°, meaning that they 243 

are statistically ~9° anticlockwise of the steep foliation (Table 1; Fig. 6d). In the field, 83% of 244 

boudinaged pegmatites are developed anticlockwise of the adjacent Sn and trend 141°, while the 245 

remaining 17% are clockwise trending on average 153º (Fig. 6i). However, in these cases the 246 

foliation trends 145º and is itself therefore more anticlockwise than the overall mean (152º) 247 

foliation trend, i.e. once again, these pegmatites may have been intruding into local areas of 248 

anomalously striking foliation (Table 1). In a small number of cases, the pegmatites trending 249 

clockwise of foliation also display an atypical sense of sinistral shear suggesting that localised 250 

reversal in shear sense may develop (Fig. 6i). 251 

The trends of folded and boudinaged pegmatite veins display distinct, if overlapping, 252 

patterns that are generally clockwise and anticlockwise of foliation (Sn), respectively (Fig. 7a-f). 253 

If the trend of regional foliation (Sn) deviates, then the trend of folded and boudinaged pegmatite 254 

vein shows a corresponding variation seemingly in order to maintain the obliquity relationship 255 

(Fig. 7e, f). The deviation in foliation trends may be a result of early F2-F3 folding, or variations 256 
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in strain and/or the general slight swing in strike as the high-strain zone is traced from south to 257 

north in the Torrisdale area (Fig. 2a). Fold hinges within pegmatites generally plunge down the dip 258 

of their associated axial planes, and then display a rotation towards more gently-plunging attitudes 259 

associated with hinge tightening and strike-slip shear (hinge clusters marked ‘A’ and ‘B’ 260 

respectively in stereonets in Fig. 7h, i).  261 

We have also investigated the % shortening in folded pegmatites, and the % extension in 262 

boudinaged pegmatites using simple line length measurements on the flat outcrop surfaces (e.g. 263 

Price and Cosgrove, 1990, p.9) and compared these values with the angle of obliquity that the 264 

pegmatite train makes with the foliation (Sn) (Fig. 8a-f). In folded pegmatite trains, the % 265 

shortening increases as the angle of clockwise obliquity with Sn becomes greater (Fig. 8a). Some 266 

folded pegmatites display ~80% shortening and form trains at high angles (>60°) to Sn, whereas 267 

pegmatites marked by <30% shortening are developed within 30° clockwise of Sn (Fig. 8 a-d). 268 

Although folded pegmatites are generally clockwise of Sn, some intensely shortened (~70%) 269 

pegmatites are preserved at greater angles (100°-120°) in an anticlockwise sense, i.e. they lie on 270 

the opposite side of the foliation-normal orientation so that the acute angle is actually 271 

anticlockwise to Sn (Fig. 8a). In boudinaged pegmatite trains, the % extension increases as the 272 

angle of anticlockwise obliquity with Sn reduces (Fig. 8e). Pegmatite trains at ~25° to Sn typically 273 

display ~10% extension, and this increases to >100% extension when pegmatite trains are ~5° 274 

anticlockwise of Sn (Fig. 8 e, f). Data suggest that the relationship between % extension and 275 

foliation obliquity is non-linear, with % extension increasing exponentially at obliquities of <10° 276 

(Fig. 8e).  277 

 278 

4.3. Geometry of individual pegmatite folds  279 

Analysis of the folded pegmatites reveals that they form across a variety of scales, with 280 

wavelengths ranging from cm to m; the latter is generally dependent on the thickness of the 281 

pegmatite (Fig. 9a, b). Fold hinges are predominantly steeply plunging, although those folds that 282 

are tightened or display pronounced shearing are rotated towards the sub-horizontal lineation (fold 283 

clusters ‘A’ and ‘B’ in stereonets, Fig. 9a, b). In general, fold hinges that have not been rotated 284 

display broadly parallel (Class 1B) geometries, where the folded layer maintains its orthogonal 285 

thickness around the fold hinge and limbs (Fig. 9a, b). Matching of marker layers on each side of 286 

pegmatite intrusions suggests that they opened in directions parallel to foliation irrespective of 287 

their present orientation (Figs. 5a, 9a). The general role of buckling suggested by the broadly 288 

parallel fold shapes (Fig. 9e) is consistent with the pegmatites being more competent than their 289 

host quartzo-feldspathic gneisses and amphibolites at the time of deformation, i.e. the pegmatites 290 

were not in a magmatic state. 291 

In order to provide a more detailed analysis of folded pegmatite shapes we have 292 

undertaken a dip-isogon analysis (Fig. 9c, d) (e.g. Ramsay, 1967, p.363). In this method, dip 293 

isogons join points of equal dip on adjacent folded surfaces, t0 is layer thickness measured along 294 

the axial surface, while tα is orthogonal layer thickness measured at various angles (α - alpha) to 295 

the axial surface. Graphs normalise thicknesses by using t’α (where t’α = tα / t0) and plot this value 296 

against dip angle (α) to create a series of plots that can compared to a series of idealised curved 297 

that are used to differentiate different fold classes (Ramsay 1967, p. 366). Class 1 folds are marked 298 

by convergent dip isogons, Class 2 folds by parallel dip isogons, and Class 3 folds by diverging 299 
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dip isogons (e.g. Ramsay 1967, p.365; see Fossen, 2016, p.263). The analysed folded pegmatites 300 

display convergent dip isogons and plots within the Class 1C field, where slight attenuation of the 301 

limbs relative to the hinge is observed (Fig. 9c, d). Such patterns are typical of buckle folds that 302 

have undergone a component of homogeneous flattening (Ramsay, 1967). If a homogenous 303 

flattening strain is applied to a parallel fold, then this additional strain is shown by the Z/X ratio of 304 

the superimposed theoretical strain ellipse, which reduces towards zero where the flattened 305 

parallel fold would approach a Class 2 similar fold shape (Ramsay 1967, his fig. 7.79; Price and 306 

Cosgrove, 1990, p.295). In the current study, analysis of pegmatite folds suggests Z/X ratios of 307 

between 0.9 to 0.5 (Fig. 9d). 308 

Layer thickness (h), amplitude (A) and wavelength (λ) of single layer folds (rather than 309 

multi layers) may be measured in an attempt to estimate the strain and viscosity contrast between 310 

layers during folding (e.g. Schmalholz and Podladchikov, 2001; see also Hudleston and Treagus 311 

2010). The thickness of a pegmatite (h) is measured orthogonal to the folded layer, while 312 

amplitude (A) is defined as half the distance from the trough to the crest of upright folds (e.g. Fig. 313 

9f). Wavelength (λ) is defined as the distance between two points that occupy a similar position on 314 

the fold train (i.e. between adjacent synform hinges) (e.g. Fig. 9f). Schmalholz and Podladchikov 315 

(2001, p. 206) state that wavelength may also be measured as double the horizontal distance 316 

between neighbouring fold hinges (i.e. double the distance between antiform and synform fold 317 

hinges forming a fold pair).  318 

In general, the amplitude (A) and wavelength (λ) of pegmatite folds increase together as 319 

expected in buckle folding (Fig. 9g). The amplitude / wavelength (A/λ) can be compared with 320 

layer thickness / wavelength (h/λ) on a strain contour map (Schmalholz and Podladchikov, 2001). 321 

For any fold where A, h and λ can be measured on the profile plane, estimates of the layer / matrix 322 

viscosity ratio and the bulk strain (in terms of % shortening) can be made by reading the position 323 

of data directly off the map (e.g. Fig. 9h). This technique assumes all the layer shortening is taken 324 

up by buckling with no out of plane movement or homogeneous layer thickening. Our analysed 325 

fold trains show linear data across a range of shortening values varying from ~55% to >70%, 326 

suggesting that viscosity contrasts of between 50 and 250 did not vary significantly during the 327 

folding of individual pegmatites, although estimated viscosity contrasts do change between 328 

different fold trains.  329 

 330 

4.4. Geometry of individual pegmatite boudins  331 

Individual boudins display a range of geometries that vary between lensoid-shaped ductile boudins 332 

to more blocky boudins potentially created during brittle ‘tearing’ of the competent body 333 

(Goscombe et al., 2004; Samanta et al., 2017) (Fig. 10a-f). The central parts of large (50cm thick) 334 

pegmatites remain undeformed (no grainsize reduction seen) despite boudinage. Blocky boudins 335 

are strongly wrapped by the foliation (Sn) (e.g. Fig. 10a, b) which is attenuated and folded around 336 

the boudin to create ‘quarter-structures’ consistent with dextral shear (Fig. 10c) (e.g. Fossen, 2016 337 

p.346). The more blocky boudins can also display ‘barrel’ shapes where longer faces bow 338 

outwards while the two end terminations display asymmetric inward curving faces (Fig. 10b, d) 339 

(e.g. Samanta et al., 2017). Individual boudins are locally cut by shears or fractures that displace 340 

the boudin to create secondary dominoes (Fig. 10d), while ‘ragged’ intrusive pegmatite margins 341 
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are sometimes preserved on the low-strain quadrants of equant boudins and along contacts 342 

protected from shearing (Fig. 10e). 343 

The host metasediment contains scar folds where it has flowed to infill the boudin necks 344 

(Fig. 10f). As ductility increases, deformable boudins are marked by recrystallised tails of 345 

pegmatite extending off the ‘corners’ which are wrapped around the neighbouring boudin (Fig. 346 

10g). Asymmetric boudins may display elongate ‘tails’ developing off the top left and bottom 347 

right quadrants (e.g. Fig. 11a-d), which is the mirror image to that typically developed in dextral 348 

shear (e.g. Fig. 3c), but entirely consistent with moderate non-coaxial deformation of barrel 349 

boudin shapes (e.g. Ghosh, 1993, his fig. 17.30b, p.414). 350 

 351 

4.5. Geometry of pegmatite boudin trains  352 

Individual boudins are frequently aligned to create elongate boudin trains that may be traced sub-353 

parallel to the foliation for tens of metres (e.g. Figs. 4a, 6a). Although originally formed from a 354 

single pegmatite intrusive body, individual boudins may become entirely separated from one 355 

another such that they are now completely enveloped by the surrounding amphibolites and 356 

gneisses (Figs. 10a-f, 11a-e). As noted previously, such boudin trains are typically developed 357 

anticlockwise of the foliation trend (Figs. 6d, 7a-g, 8e, f, 11a-f). Boudin trains may be analysed by 358 

lining up the flanks of each adjacent boudin and comparing the trend of this enveloping surface 359 

(Goscombe et al., 2004) with: a) the regional foliation; and b) the amount and sense of rotation of 360 

individual boudins (see Ghosh, 1993 his fig. 17.28b). 361 

In our examples, boudin trains are generally anticlockwise of foliation, while the long axis 362 

(L) of each individual boudin are preserved either:  363 

i) parallel to the boudin train with no sense of lateral offset or stepping of adjacent boudins (e.g. 364 

Fig. 6a, b, c). These are representative of drawn boudins (e.g. Goscombe et al., 2004). 365 

ii) oriented even more anticlockwise of the boudin train and the foliation and displaying en-366 

echelon right-stepping of adjacent boudins (e.g. Figs. 6e, f, g, 8g, 10g). These are representative of 367 

shearband boudins (e.g. Goscombe et al., 2004).  368 

iii) oriented clockwise of the boudin train and the foliation and displaying en-echelon left-stepping 369 

of adjacent boudins (e.g. Fig. 6h, 10h). These are representative of domino boudins (e.g. 370 

Goscombe et al., 2004). Overall, these various boudin geometries are consistent with dextral-371 

dominated non-coaxial deformation. 372 

We have also analysed the shape of individual boudins and compared this with the 373 

obliquity between the boudin and the foliation. The shape of a boudin may be defined by its length 374 

(L) and width (W), and this L/W ratio can be directly compared with the angle that L makes with 375 

Sn (Fig. 11a-f). More equant boudins display obliquity angles of up to 50°, whereas more elongate 376 

boudins with aspect ratios >3 are generally 10°-15° anticlockwise of Sn (Fig. 11f). Our results 377 

therefore show that boudins with larger aspect ratios plot closer to the shear plane marked by the 378 

foliation (Sn). 379 

 380 

5. Progressive deformation and flanking folds next to pegmatite intrusions 381 

5.1. Flanking folds  382 
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Flanking folds are localised deflections in bedding or foliation formed alongside a cross-cutting 383 

body such as an intrusion or boudin (e.g. Passchier 2001; Grasemann et al., 2003, 2018; Coelho et 384 

al., 2005). Within the case study, flanking folds are locally generated within quartzo-feldspathic 385 

gneisses adjacent to pegmatite boudins (Fig. 12a-h). They typically form within 20 cm of the 386 

pegmatite contact and display a systematic sense of overturning on each flank of the boudin. In 387 

shearband boudinage, synthetic slip along interboudin surfaces causes antithetic rotation of 388 

individual boudins (Fig. 12a, b). This results in flanking folds forming on the upper left and lower 389 

right quadrants of boudins where pegmatites originally cut across the regional foliation in the host 390 

gneisses (Fig. 12b).These relationships are consistent with anti-clockwise rotation of the 391 

shearband boudin during bulk dextral shear (Fig. 12a, b). In domino boudinage, antithetic slip 392 

along interboudin surfaces causes clockwise rotation of individual boudins during bulk dextral 393 

shear (Fig. 12c, d, e). Flanking folds are best developed at the widest point of domino boudins and 394 

in upper right and lower left quadrants which would otherwise be expected to lie within ‘strain 395 

shadows’ of boudins during dextral shear (Fig. 12c-g). Flanking folds may form on both margins 396 

of a boudin (e.g. Fig. 12c-e), or alternatively on just one side (Fig. 12h). In either case, local 397 

irregularities or steps along the contact may encourage flanking folds to develop (Fig. 12c). 398 

Flanking folds were analysed by measuring the maximum angle of deflection (β) which the 399 

external foliation (Sn) undergoes from its regional trend, to where it intersects the boudin wall, 400 

and comparing this with the angle that the boudin long axis (L) makes with Sn (see Coelho et al., 401 

2005, p.600) (Fig. 12h, i). We have chosen β to be the maximum angle of deflection, as this angle 402 

is not constant and varies along the flank of the boudin towards the terminations where it may 403 

reduce to zero (i.e. no deflection associated with flanking folds). The largest deflections of Sn 404 

(~165°) are associated with tight flanking folds along the margins of domino boudins that 405 

markedly cross-cut foliation by 20° (Fig. 12g). As the obliquity between the boudin long axis and 406 

Sn diminishes to ~5°, then the angle of deflection also reduces to ~90° (Fig. 12g).  407 

 408 

5.2. Boudinaged folds  409 

Although we have broadly divided pegmatites into folded and boudinaged bodies, it is entirely 410 

possible that pegmatites that were initially folded may be subsequently boudinaged as they enter 411 

the extensional field during progressive non-coaxial deformation (e.g. for a summary, see Fossen, 412 

2016, p.51). Conversely, it should be noted that it is not possible to generate boudinage and then 413 

folding of that boudinage train in a single progressive deformation (Passchier and Trouw, 2005). 414 

Within the case study, a number of examples of pegmatite fold limbs that have undergone pinch 415 

and swell (e.g. Fig. 9c) or complete separation during boudinage are observed (e.g. Figs. 13a-h, 416 

14a). Such boudinaged fold limbs are typically anticlockwise of the foliation (even if the overall 417 

fold train is clockwise). Analysis of boudinaged fold limbs reveals that the % extension compared 418 

to the angle of obliquity is no different from pegmatites that have simply undergone extension 419 

(Figs. 8e, 13g, h). Minor fold hinges that form part of boudinaged limbs may undergo a tightening 420 

and rotation towards the gently plunging lineation compared with fold hinges in the hinge of the 421 

larger fold (e.g. compare down-dip fold hinges (labelled ‘A’) with rotated fold hinges on 422 

boudinaged limbs (labelled ‘B’) shown in stereonets in Fig. 14a). The restriction of boudinage to 423 

fold limbs trending anticlockwise of Sn, and its absence from fold hinges, suggests that these 424 
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structures were created during progressive non-coaxial deformation rather than separate 425 

deformational events. 426 

 427 

5.3. Cross-cutting pegmatite veins and apophyses  428 

Within igneous complexes, minor veins of slightly different ages may cross-cut one another, while 429 

apophyses of melt sourced from larger intrusions may inject into the surrounding host rock to 430 

create complex marginal networks. The relationship of cross-cutting minor veins and apophyses to 431 

surrounding folds and foliations is of interest as it potentially permits analysis of the evolution of 432 

structures during progressive deformation.  433 

Within the case study, older pegmatite veins (labelled 1) are cross-cut by younger veins 434 

(labelled 2) (Figs. 4f, 13a-c). Older veins may be confidently traced as they generally reappear on 435 

the opposite margin of the younger intrusion (Figs. 13a-c, e, f), while distinct changes in crystal 436 

sizes and vein composition mark the cross-cutting contacts between different pegmatites (e.g. Fig. 437 

13b). Where older veins (1) trend clockwise of Sn, they are subsequently folded (Fig. 13a-c) 438 

whereas younger veins (2) trending anticlockwise of foliation are later boudinaged (Fig. 13a-c). 439 

However, continued rotation of the boudin long axis may cause it to impinge on the older vein (1), 440 

causing a deflection and indentation (Fig. 13b). The limbs of folded older veins (1) may also 441 

undergo boudinage where they rotate into the extensional field during continued deformation (Fig. 442 

13a-c). Older veins (1) that are injected at high angles to Sn display intense shortening, suggesting 443 

that significant deformation occurred during D4 and has been recorded by the veins (Figs. 7b, 444 

13e). Older veins (1) that are cross-cut are generally folded, although examples of older 445 

boudinaged veins (1) being more anticlockwise of younger boudinaged veins (2) and associated 446 

foliation are occasionally observed (Fig. 13f). The typical lack of such cross-cutting boudinaged 447 

veins reflects the difficulty of observing interference between different boudin trains rather than 448 

their actual absence. 449 

Within the case study, apophyses that are locally sourced and feed from pegmatites that are 450 

subsequently boudinaged also form (Fig. 14b) Such apophyses cannot be traced from the opposite 451 

margins of the ‘feeder’ vein and lack distinct differences in crystal size associated with older veins 452 

(see above). Where apophyses are clockwise of foliation then they are generally folded (Fig. 14b). 453 

More intensely folded apophyses display hinges that have rotated from down-dip directions (‘A’ 454 

hinges) towards more gently-plunging orientations (‘B’ hinges) closer to the gently-plunging 455 

lineation (stereonet inset in Fig. 14b). In some cases, apophyses cut directly across regional folds 456 

indicating that the apophysis post-dates regional F2-F3 folds that are locally protected from 457 

shearing around the margins of rigid intrusions (Fig. 14c). Further away from the source 458 

pegmatite, these cross-cutting pegmatite apophyses are themselves folded with steep hinges and a 459 

‘Z’ asymmetry reflecting continued bulk dextral kinematics during progressive (D4) deformation 460 

(Fig. 14c). Matching of markers on either side of apophyses suggests that the veins opened 461 

orthogonally (Fig. 14c inset). In other cases, apophyses that are parallel to Sn are folded by 462 

flanking folds adjacent to the intrusion (e.g. Fig. 12c, d, e). Alternatively, apophyses cut across Sn, 463 

and are themselves folded by regional folds along the margins of the ‘parent’ pegmatite body (Fig. 464 

14d). This suggests that some regional folds continued to tighten during D4 and affected both the 465 

host gneiss and apophyses to differing degrees, with apophyses therefore post-dating early 466 

regional folds. Finally, sites where apophyses branch from parent pegmatite bodies and intrude 467 
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parallel to the foliation planes may locally coincide with where fold hinges later nucleate in 468 

pegmatites (Fig. 14e). 469 

Apophyses injected from pegmatites that are boudinaged may be caught up in the 470 

continued rotation of the boudin, with clockwise spinning boudins creating locally intense 471 

isoclinal folds that become ‘wrapped’ around the boudin (Fig. 14f, g). Older veins (1) cut by 472 

younger veins (2) that are later boudinaged also form isoclinal folds that are tightly coiled around 473 

the rotating boudin (Fig. 14h, i). Such ‘spinning’ boudins are generally equant, although the sense 474 

of vorticity always appears to be clockwise reflecting bulk dextral shear (Fig. 14h, i). Clockwise 475 

rotating pegmatite boudins within bulk dextral shear will locally generate sinistral shear around 476 

their margins where the boudin rotates relative to the host. This local sinistral shear is supported 477 

by other shear sense such as σ porphyroclasts and creates local flanking folds with ‘S’ asymmetry 478 

opposite to the bulk shear sense (Fig. 14h, i).  479 

 480 

6. Discussion 481 

6.1. Geometry of pegmatite folds  482 

Our estimates of the viscosity contrast of between 50 and 250 for the pegmatite and host 483 

gneisses (Fig. 9h) is similar to values obtained elsewhere in metamorphic and igneous rocks (e.g. 484 

Schmalholz and Podladchikov, 2001; Druguet et al., 2009: Llorens et al., 2013). The variations in 485 

viscosity contrasts between individual fold trains may reflect differences in the host lithology, 486 

together with temperature in the pegmatites at the time of deformation. All of the analysed 487 

pegmatite sheets here are of similar thickness in an attempt to reduce this thermal role (e.g. Fig. 488 

9e, f). 489 

Although it is frequently assumed that simple shear deformation of an inclined layer will 490 

create asymmetric folds verging in the direction of shear (e.g. Fossen, 2016, p.342), modelling 491 

studies suggest that “simple shear fold trains do not display a clear asymmetry” and that axial 492 

planes form normal to the fold train and are then rotated along with the fold train resulting in 493 

variable orientations (Llorens et al., 2013, p.209). Although very high shear strains may ultimately 494 

lead to an apparent reversal in fold vergence (e.g. Fossen, 2016, p.347), folds are generally 495 

considered to verge in the direction of shear. Folded pegmatites in the case study generally show 496 

‘Z’ asymmetry that reflects dextral shear, while the Class 1C fold style suggests that the folded 497 

layers have not experienced sufficient shearing that would cause folds to become Class 2 (similar). 498 

Estimates of shortening around pegmatite folds are in the range of 55%-70% (Fig. 9h), while 499 

pegmatite fold trains generally trend at <45º to the foliation. Calculations of % shortening are 500 

based on line length measurements around folds and are thus minimum estimates that are subject 501 

to error where shortening has led to early thickening (rather than folding) of pegmatites. However, 502 

to create such % shortening by simple shear alone results in fold trains trending at ~45º or more to 503 

the foliation, even when the folded layering was initially inclined at just 14º to 27º from the shear 504 

direction (Llorens et al., 2013). If the marker layer was initially inclined 14º clockwise of the 505 

simple shear plane, and we assume a viscosity contrast of 100, then 50% and 70% shortening of 506 

the marker layer is achieved when it is rotated to ~29º (γ≈2) and ~51º (γ≈3) from the shear plane 507 

respectively (Llorens et al. 2013, p.213). In the case study, analysis of folded pegmatites suggests 508 

viscosity contrasts in the range of 50-250 (Fig. 9h) with 50% shortening achieved at an obliquity 509 
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of ~35º, while 70% shortening forms angles of 50º with Sn representing the shear plane (Fig. 510 

8a).These estimates are therefore broadly in-line with the simple shear models of Llorens et al 511 

(2013). However, greater values (80% - 90%) of shortening at high angles (~80º) to the shear 512 

plane (Fig. 8a), suggests that a foliation-normal pure shear component also operated during 513 

general shear. 514 

A component of foliation-normal pure shear during general shear is supported by the Class 515 

1C geometry of the pegmatite folds (Fig. 9d). Class 1C folds may be regarded as being created by 516 

a component of flattening associated with buckle folding (Ramsay 1967) and are therefore 517 

consistent with general shear across the high strain zone. Estimates of flattening across parallel 518 

folds suggest superimposed Z/X strain ratios of between 0.9 to 0.5 and are compatible with 519 

general shear (Fig. 9d).  520 

 521 

6.2. Geometry of individual pegmatite boudins  522 

Symmetrical boudins which do not experience slip on the interboudin surfaces are termed drawn 523 

boudins where there is ductile stretch of the competent layer, and torn boudins where this layer is 524 

cut by high-angle apparently brittle fractures to create angular or rectilinear boudins (Goscombe et 525 

al. 2004, p.751). In both cases, boudins are symmetrical with no apparent rotation, and the long 526 

axis of individual boudins remains parallel to the overall boudin train (e.g. Figs. 6a-c, 8f) (see 527 

Goscombe et al, 2004). There is a transition, marked by increasing asymmetry, from symmetrical 528 

drawn boudins to shearband boudins that form rhombohedral or sigmoidal shaped lenses with 529 

aspect ratios (A) that compare the length and width of the boudin displaying relatively high values 530 

(A=3-4) (e.g. Goscombe and Passchier, 2003; Goscombe et al., 2004). Shearband boudins exhibit 531 

obliquity relative to the main regional foliation and display synthetic movement and offset across 532 

the interboudin surface with respect to the bulk shear sense (e.g. Fig. 6e-g) (Goscombe and 533 

Passchier, 2003; Goscombe et al., 2004; Dabrowski and Grasemann, 2014; Rodrigues and 534 

Pamplona, 2018). Shearband boudins may develop wings that rotate into shear bands that separate 535 

boudins, with individual boudinaged blocks potentially displaying an antithetic sense of rotation 536 

with respect to bulk shear sense (e.g. Figs. 6f, 8g, 10g, 11a-e) (e.g. see Dabrowski and Grasemann, 537 

2014 for a summary). There is also a transition from symmetrical torn boudins cut by high-angle 538 

interboudin faces to asymmetric domino boudins that generally display rhombohedral to 539 

rectangular shapes with low length to width aspect ratios (A=1-2) (Goscombe et al., 2004) (e.g. 540 

Fig. 10h). Domino boudins are marked by synthetic rotation of individual boudin blocks with 541 

respect to the bulk shear sense (e.g. Figs. 6h, 10h). Interboudin surfaces that separate adjacent 542 

boudins display an antithetic sense of slip created as neighbouring domino boudins rotate past one 543 

another (Goscombe et al., 2004; Dabrowski and Grasemann, 2014). 544 

In the case study, pegmatite boudins collectively display a range of styles from ‘blocky’ 545 

shapes typically associated with more brittle deformation (e.g. Fig. 10a-f), to more lensoid and 546 

sigmoidal shapes characteristic of ductile behaviour (e.g. Fig. 10g) (see Fossen 2016, p.316 for a 547 

recent review). Rhombic-shaped boudins are observed (e.g. Fig. 10a-d) together with some layer-548 

normal extension fractures cutting across boudins (e.g. Fig. 10c, d) indicating more brittle 549 

deformation and no evidence of melt leaking from torn boudins i.e. pegmatites were not in the 550 

magmatic state during deformation. 551 
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Barrel-shaped boudins, where longer faces bow outwards while the two end faces are 552 

asymmetric and inward curving (e.g. Figs. 10b, d, 11b) are considered to indicate that boudins are 553 

more competent than the matrix (e.g. Samanta et al., 2017) and initially formed with square 554 

sections that were deformable during rotation (Ghosh 1993, p.414, his fig.17.30b). Passchier and 555 

Druguet (2002) and Treagus and Lan (2000) suggest that barrelling is most likely to develop when 556 

boudin necks develop at ~90º to the length of the boudin. Ghosh (1993, p.414) shows that with 557 

increasing simple shear deformation, individual ‘barrel-shaped’ boudins not only rotate towards 558 

the shear direction, but also that the position of elongate or ‘pointed’ corners to the boudins 559 

switches from lower strains where the sheared corners point into the direction of shear (i.e. top left 560 

and lower right in dextral shear) (e.g. Figs. 10b, 11c, d) to more typical σ–type shapes at higher 561 

strains (Ghosh 1993, p.414, his fig. 17.30b, d) (e.g. Fig. 3c). Barrel-shaped geometries with 562 

concave end-faces suggest that boudins had a moderately high competence contrast with the 563 

matrix and the interboudin material (e.g. Samanta et al., 2017), while Dabrowski and Grasemann 564 

(2019) model classic barrel-shaped with intermediate viscosity ratios of ~10 and relatively low 565 

strains. The boudin geometries are therefore not consistent with melt pips that are ‘squeezed’ 566 

along high strain zones (e.g. Bons et al., 2004). However, the preservation of lenticular boudins 567 

(e.g. Fig. 6b, g, i) indicate that the competence contrast between pegmatites and the high-grade 568 

host gneisses may be rather limited in some cases (Ghosh, 1993, p.387). 569 

 570 

6.3. Geometry of pegmatite boudin trains  571 

The trend of a boudin train is defined by a line or surface joining the flanks of adjacent 572 

boudins to create an enveloping surface as defined by Goscombe et al. (2004) (Fig. 8g). The 573 

relative obliquity of this boudin train with the long axis (L) of individual boudins and the 574 

surrounding foliation has been analysed across a range of settings (e.g. Ghosh and Ramberg, 1977, 575 

Ghosh 1993; Goscombe and Passchier, 2003). 576 

Where individual boudins rotate at a different rate to the overall boudin train, then en-577 

echelon right-stepping or left-stepping boudin trains are created by slip along the interboudin 578 

surface (Ghosh 1993, p.405; Passchier and Druguet, 2002; Goscombe et al., 2004). The sense of 579 

synthetic or antithetic slip along the interboudin surface is largely controlled by the original 580 

orientation of this surface with respect to the walls of the intrusion, with interboudin surfaces 581 

inclined in the opposite direction to bulk shear sense being termed forward-vergent while those 582 

that are inclined in the same direction are referred to as backward-vergent respectively (Passchier 583 

and Druguet, 2002; Goscombe et al., 2004). In simple, pure or general shear, interboudin surfaces 584 

that display synthetic slip with respect to a bulk dextral shear sense will generate shearband 585 

boudins associated with a right-stepping en-echelon arrangement of adjacent boudin segments 586 

(e.g. Figs. 6f, 10g) (Passchier and Druguet, 2002; Goscombe et al., 2004). Conversely, interboudin 587 

surfaces that display antithetic slip with respect to a bulk dextral shear sense will generate domino 588 

boudins associated with a left-stepping en-echelon arrangement (e.g. Figs. 6h, 10h) (Passchier and 589 

Druguet, 2002; Goscombe et al., 2004). 590 

If boudins are deformable, but more competent than the host, then the difference in 591 

rotation between individual boudins and the overall boudin train broadly increases with increasing 592 

competence contrast between the boudins and host (Ghosh 1993, p.409). Increasing the L/W 593 

aspect ratio of isolated boudins may also result in an increased rotation (Marques et al., 2007), 594 
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although the amount of rotation is in general markedly reduced if adjacent boudins are in close 595 

proximity or direct contact with one another (Dabrowski and Grasemann, 2019). The proximity of 596 

adjacent boudins may therefore be the controlling influence on the amount of boudin rotation 597 

(Dabrowski and Grasemann, 2019).  598 

Our observations from the TSB indicate that boudin trains are generally anticlockwise 599 

(<45°) of the foliation (Sn), with shearband boudins displaying en-echelon right-stepping (e.g. 600 

Figs. 6d-g, 10g) and domino boudins a left-stepping arrangement (e.g. Figs. 6h, 10h). Irrespective 601 

of boudin type, the greatest % extension is generally recorded by boudin trains at lower angles to 602 

Sn (Fig. 6a-g). The long axes of individual shearband boudins are anticlockwise of the overall 603 

trend of the boudin train, with more equant boudins recording the largest angles suggesting they 604 

have rotated less, or have rotated antithetically with respect to the bulk shear sense (Figs. 6f, 10g). 605 

Conversely, the long axes of individual domino boudins are clockwise of the overall trend of the 606 

boudin train, indicating they have rotated in a synthetic (clockwise) sense (Figs. 6h, 10h).  607 

From the theoretical relationships described above, it can be seen that these geometric 608 

patterns are consistent with bulk dextral shear of the TVC. The present pattern may reflect the fact 609 

that pegmatites were initially intruded at variable angles to the foliation, but have subsequently 610 

rotated towards the dextral shear (X) direction resulting in the observed right-stepping and left-611 

stepping arrangement of shearband and domino boudin trains respectively. This geometric 612 

relationship will also have been reinforced by pure shear acting across the shear zone (to create 613 

general shear) which encouragers further rotation of boudin trains towards the shear (X) direction. 614 

A component of pure shear across the TSB is also suggested by the increased % shortening of 615 

folded pegmatites at higher angles to Sn (see section 6.1.). 616 

 617 

6.4. Flanking folds around pegmatite boudins  618 

Flanking folds developed around boudins are widely recognised in shear zones (e.g. Passchier, 619 

2001; Coelho et al., 2005). In the present study, flanking folds are formed around antithetically 620 

rotating shearband boudins (e.g. Figs. 12a, b, 15a), and also develop adjacent to domino boudins 621 

where they create overall Z shapes (e.g. Figs. 12c-g, 15b, c) suggesting that they may be 622 

reasonable indicators of dextral shear sense during non-coaxial progressive deformation (Butler 623 

and Torvela, 2018). Flanking folds form in the upper left and lower right quadrants of shearband 624 

boudins where the pegmatite originally cut foliation in the host gneisses (Fig. 15a). Conversely, 625 

flanking folds around domino boudins display the opposite pattern and generally form in the upper 626 

right and lower left quadrants (Fig. 15b, c). They are particularly well-preserved around the widest 627 

part of domino boudins and continue to develop on the protected ‘leeward’ side of boudins relative 628 

to the dextral shear couple (Figs. 12c-i, 15b, c). 629 

The mechanism of formation of flanking folds has been discussed by several authors, with 630 

Passchier (2001, p. 957) suggesting that igneous intrusions alter the country rock margins via 631 

metasomatism. This locally increases the competence of the ‘baked’ margins and results in the 632 

external foliation being dragged around with the rotating boudin during subsequent deformation in 633 

what Grasemann and Stüwe (2001) term ‘attached rims’. However, this interpretation of contact 634 

metamorphism and metasomatism does not explain the observation in the present case study that 635 

only the central and protected ‘leeward’ margin of each domino boudin generally display such 636 
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flanking folds. In addition, the pegmatites were intruded into country rocks undergoing regional 637 

metamorphism with mineral lineations defined by aligned hornblende and recrystallized 638 

aggregates of garnet indicating temperatures of >500°C (Burns, 1994; Holdsworth et al., 2001). 639 

The pegmatites are therefore considered unlikely to create significant baked margins at such high 640 

regional temperatures, although fluids could locally alter the host-rock rheology along the contact 641 

while leaving little visible evidence of their presence. Flanking folds only developed towards the 642 

centre of each boudin have been simply attributed to ‘complex flow around developing boudins’ 643 

(Passchier, 2001, p.959, his fig. 6a). In the case study, the greatest angle of deflection (β) of the 644 

foliation into flanking folds is generally preserved at the widest part of boudin lozenges and then 645 

diminishes along the ‘leeward’ flank (Fig. 12c-i). It is notable that this reduction in the cut-off 646 

angle typically develops where the flank of the boudin lozenge is locally in a clockwise sense to 647 

the bulk dextral shear, although the long axis (L) of the domino boudin itself remains 648 

anticlockwise of flow (Figs. 12c-i, 15b, c). Grasemann and Stüwe (2001) suggest that foliation in 649 

attached rims adjacent to cross-cutting veins may locally be co-rotated with the more competent 650 

vein, with shear along the contact creating a drag effect resulting in ‘n-Type’ flanking folds. 651 

We suggest that flanking folds initiate early in the deformation history as pegmatite veins 652 

are at first extended and then undergo boudinage as they rotate. As domino boudins undergo 653 

clockwise rotation, the flanking folds developed on boudin margins that have become clockwise 654 

of flow undergo extension and unfolding, thereby leading to a reduction in β in boudins as their 655 

long axis becomes sub-parallel to shear (Sn) (Figs. 12i, 15b, c). The observation that flanking 656 

folds are sometimes only developed on one margin of the boudin may also suggest that they may 657 

be created by boudin rotation enhancing and tightening folds on one flank, while the opposing 658 

margin underwent shear (e.g. Fig. 12h). This is similar to the mechanism proposed by Passchier 659 

(2001, his fig 8v’) where deflections along a cross-cutting structure are passively amplified during 660 

rotation. The application of a pure shear component during dextral shear may result in angular 661 

deflections where β <90° is reduced by the general shear. 662 

 663 

6.4.a) Distinguishing flanking folds from regional folds adjacent to boudins 664 

Distinguishing flanking folds from regional folds that pre-date intrusions can sometimes be 665 

problematical, as the style of regional folds may vary and appear atypical where they are protected 666 

from ongoing regional deformation in strain shadows formed along the flanks of an intrusion (see 667 

Druguet 2019 for a general review). In the ideal unambiguous situation, the earlier regional folds 668 

are themselves refolded and deflected by later flanking folds formed along the margins of the 669 

intrusion (Figs. 4c-f, 14j). In addition, intrusions may cut across both limbs of tight-isoclinal 670 

regional folds, whereas only the short limb of a monoformal flanking fold is truncated by the 671 

intrusion (Figs. 12 a-i, 14j). While the vergence of regional folds is dependent on larger scale 672 

tectonics, the asymmetry and style of flanking folds is very much dependent on the sense of 673 

truncation of foliation and vorticity around the intrusion. In this study, we observe that flanking 674 

folds are spatially restricted to within 20 cm of the intrusion, may nucleate adjacent to 675 

irregularities along the intrusive margin, and are generally best developed on the ‘leeward’ 676 

margins of the domino boudins (Figs. 12c-i, 14j). In this setting, the fold style displays a 677 

progressive opening of interlimb angles as the flanking fold is traced from the widest point of the 678 

boudin towards the tails. In addition, flanking folds frequently appear to form where the margin of 679 
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the boudin has rotated to become clockwise of the general foliation, although the overall long axis 680 

of the boudin remains anticlockwise to it (Figs. 12c-g, 15b, c). The general correlation between the 681 

obliquity of the boudin with foliation, and the angle of deflection of the foliation in the flanking 682 

fold is also diagnostic of structures created during rotation of domino boudins (Fig. 12i). 683 

Distinguishing regional folds from flanking folds is critical when determining intrusive timing 684 

relationships and determining whether apophyses of melt remained in the system and potentially 685 

cut across later flanking folds.  686 

 687 

6.5. Pegmatite apophyses and the state of crystallisation during deformation 688 

Based on cross-cutting relationships, pegmatites may locally be divided in to older (1) and 689 

younger (2) veins (Fig. 13a-c, e, f). However, where veins can be separated, then they both cut the 690 

regional F2-F3 folds (e.g. Fig. 4f, 7b) and both are themselves reworked and refolded by D4 691 

structures indicating that they were intruded at broadly the same time. Apophyses branching and 692 

feeding from pegmatite veins may be viewed as either part of this pre-existing anastomosing 693 

network of pegmatites that pre-date (D4) dextral shear, or alternatively as representing later stage 694 

melts that intruded synchronous with this deformation. In the latter scenario, melts intruded into 695 

active shear zones in Cap de Creus have previously been interpreted to create ‘pseudo-boudins’ 696 

where strings of magmatic ‘beads’ migrate along shear zones and therefore do not represent a 697 

single layer that was originally continuous (Bons et al., 2004). Alternatively, other workers have 698 

used the TVC as an example to suggest that crystallisation along the margins of intrusions formed 699 

a ‘strong rind’ that to some extent protects the ‘soft-centre’ where melt remained during 700 

deformation (Butler and Torvela, 2018). Clearly, these differing interpretations are significant as 701 

the state of melt within intrusions will affect the bulk rheology during crustal shearing (see Butler 702 

and Torvela, 2018 for a general discussion).  703 

We now highlight some of the main observations from the case study relevant to the 704 

interpretation of the state of crystallisation of the TVC pegmatites at the time of deformation. 705 

i) Extensive areas of myrmekite are developed adjacent to K feldspar grains and indicate solid 706 

state deformation (Holdsworth et al., 2001, p.47). 707 

ii) Pegmatite grain sizes commonly decrease towards boudinaged necks consistent with 708 

recrystallisation linked to solid state deformation during shearing (e.g. Figs. 3c, d, e, 4b, 6h). 709 

iii) Matching of marker layers across pegmatites suggests that most veins were tensile and opened 710 

orthogonally to their margins (e.g. Figs. 5a, e, 9a, 14c). This is less likely if melts were intruded 711 

obliquely into an actively shearing regime where they would be anticipated to accommodate some 712 

of the deformation and thereby display relative displacement of markers. 713 

iv) Fabrics in folded pegmatites display convergent fans that extend across the entire thickness of 714 

the deformed veins indicating they were consistently more competent than the host (e.g. Figs. 3f, 715 

g, 14e inset). 716 

v) The correlation between pegmatite layer thickness and fold wavelength suggests that the entire 717 

pegmatite vein was crystallised and more competent than the host gneisses during deformation 718 

(e.g. Fig. 9h). It is unlikely that this classical buckle fold relationship would persist if only the 719 

margins of the pegmatite vein had crystallised to create a ‘strong rind’ while the internal melt-rich 720 

areas formed ‘soft-centres’ that remained relatively weak (Butler and Torvela, 2018).  721 
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vi) Pegmatite veins generally display parallel (Class 1B) or sub-parallel (Class 1C) fold style 722 

consistent with buckling of competent layers (Fig. 9c, d) (see also Butler and Torvela, 2018). Such 723 

a fold style is less likely where shearing of melt-rich cores to pegmatite veins would lead to 724 

pronounced thinning of long limbs and thickening of short limbs of asymmetric folds. 725 

vii) Viscosity contrasts of between 50 and 250 did not vary significantly during the folding of 726 

individual pegmatites (e.g. Fig. 9h). This suggests that the proportion of any melt present did not 727 

vary during folding and the veins were solid. 728 

viii) Discrete failures marked by recrystallised finer-grained mylonites cut across over-tightened 729 

and rotated folds in the pegmatites (e.g. Figs. 5a inset, 7i inset). Localisation of deformation to 730 

create failed fold limbs is consistent with solid-state deformation. 731 

ix) Barrel-shaped boudins with concave end-faces indicates that boudins were more competent 732 

than their host (e.g. Samanta et al., 2017; Dabrowski and Grasemann, 2019) and suggests that 733 

boudins were solid-state at the time of deformation, although with a potentially low competency 734 

contrast. No evidence is observed of melt escaping from the terminations of boudins or leaking 735 

from where boudins are cut across by later tear faults (e.g. Fig. 10a-e). 736 

x) Pegmatite apophyses cross-cut early (F2-F3) regional folds (e.g. Fig. 4b), but are generally 737 

deformed by later (D4) structures and flanking folds (e.g. Figs. 12c, e, f, 14c). Some pegmatite 738 

apophyses cut early (F2-F3) regional folds which continued to tighten during D4 resulting in more 739 

limited shortening of the pegmatite (e.g. Fig. 14d). Despite careful searching, we observe no clear 740 

evidence of apophyses cutting across flanking folds developed around larger boudins that would 741 

demonstrate some melts remained and intruded post-boudinage. 742 

xi) In some cases, we observe a coincidence of branching apophyses and fold hinges in pegmatites 743 

(e.g. Fig. 14e). This is interpreted to suggest that such ‘branching points’ represent areas of 744 

heterogeneity or ‘nodes’ where fold hinges are more likely to later nucleate. 745 

xii) All older veins (1) connect directly with younger boudinaged veins (2) and there are no 746 

recorded examples of older veins cutting the necks between boudins (Fig. 13a-c, e). Passchier et 747 

al. (2005, p.76) note that while older veins can cross the suture between magma ‘beads’ that create 748 

the pseudo-boudins of Bons et al. (2004), they cannot cross the necked region between solid state 749 

boudins and must intersect the boudins themselves. As this distinguishing relationship is 750 

consistently observed in the case study, it thereby supports solid-state rather than magmatic state 751 

boudins. 752 

xiii) Smaller-scale older veins and apophyses do not appear to display any less shortening than 753 

larger veins developed at the same angle to foliation. This suggests that both scales of veins 754 

suffered the same amount of shortening, with all veins and apophyses therefore intruded at the 755 

same approximate time in the deformation history.  756 

In summary, while we cannot entirely rule out a small percentage of melt remaining in isolated 757 

pockets within deforming pegmatites of the TVC, our observations and reasoned interpretations 758 

collectively suggest that the pegmatites were intruded syn-late tectonically with respect to the 759 

regional ductile thrusting and prior to dextral shearing. During this local D4 event, they 760 

experienced predominantly solid-state deformation. 761 

 762 

6.6. Overall patterns of extension and contraction recorded by pegmatite sheets  763 
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Given that the pegmatites were intruded at a variety of orientations within the TSB, and 764 

that viscosity contrasts between pegmatites and host gneisses and amphibolites could also locally 765 

vary, it is possible to provide only a general estimate of the relative components of simple shear 766 

and pure shear. Such assessments of shortening or extension are also complicated by layer-parallel 767 

shortening/extension that does not result in folding and boudinage of pegmatites, and the potential 768 

for out of plane movement. However, the development of pegmatite boudin trains anticlockwise of 769 

foliation (Sn) and pegmatite fold trains clockwise of Sn is entirely consistent with a dextral non-770 

coaxial deformation where the foliation lies parallel to the regional shear plane and the finite 771 

extension direction lies sub-parallel to its strike (e.g. Fossen 2016, p.48) (Fig. 13i). Taking the 772 

orientation of folded and boudinaged pegmatite veins into account, and given the caveats noted 773 

above regarding variations in viscosity and deformation not recorded by folds and boudins, our 774 

data shown as variable line lengths and orientations (see Druguet et al., 2008, p.397 for method) 775 

are broadly consistent with general shear comprising γ ≈3 and a pure shear component of 0.5 (Fig. 776 

13i). Within such a scenario, both folded and boudinaged pegmatites trains will rotate towards the 777 

dextral shear direction (Figs. 13i, h, 16) (e.g. Fossen 2016, p.50, his fig. 2.31). This rotation 778 

progressively results in increasing % contraction in shortened pegmatites where they are at high 779 

angles to the shear plane, and increased stretching in boudinaged pegmatites where they approach 780 

the shear plane (Fig. 13i). Some pegmatites that were emplaced in the shortening field were 781 

initially folded, but during subsequent rotation they entered the stretching field resulting in 782 

boudinage of the fold limbs (Figs. 13d, g, h, 14a). The addition of a pure shear component to the 783 

deformation to create sub-simple shear (or general shear) may result in some markers developed 784 

close to the flow direction undergoing an anticlockwise ‘back rotation’, or actually rotating across 785 

the X axis (Fig. 13i) (Fossen 2016, p. 51, his fig. 2.32). Given an additional foliation-normal pure 786 

shear component, it is therefore entirely consistent that some 17% of boudinaged pegmatites form 787 

clockwise of Sn. Furthermore, a small number of atypical left-stepping shearband boudins also 788 

trend clockwise of foliation and are associated with sinistral shear (e.g. Fig 6i). These are 789 

interpreted to reflect localised reversals in shear sense within the predominantly dextral general 790 

shear regime. Similarly, intensely shortened pegmatites at high angles to Sn may rotate past the 791 

flow-normal to lie in the anticlockwise field (e.g. Fig. 9b). Development of 25% folded pegmatites 792 

only marginally (<20°) anticlockwise of Sn (Fig. 5b) may reflect intense shear and foliation-793 

normal pure shear, but could also represent localised reversals in shear during the bulk dextral 794 

deformation, development of atypical short limbs on larger pegmatite folds (e.g. Fig. 8c), together 795 

with local ‘wrapping’ of fold trains around larger pegmatite bodies (e.g. Fig. 14e). Such folded 796 

pegmatite trains marginally anticlockwise of Sn are also likely to have suffered a component of 797 

post-folding boudinage within the extensional field (e.g. Fig. 13d, g, h, i), with similar ‘pinch and 798 

swell’ structures also observed in fold trains marginally clockwise of Sn (Figs. 5d, 7b, 9c).  799 

 800 

7. Conclusions 801 

Studies that provide a better understanding of the regional development of vein complexes in the 802 

mid-crustal portion of orogenic belts have a number of important implications. Examination of the 803 

detailed geometric relationships between veins permits an understanding of the bulk kinematic 804 

relationships and relative components of simple or pure shear in complex crustal shear zones. This 805 

provides greater insights into how deformation is partitioned in the crust. Clearly, the addition of 806 
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significant volumes of melt into deforming crust has consequences for the strength of that crust 807 

and how it subsequently deforms (see recent discussion in Butler and Torvela, 2018). In addition, 808 

the exact timing of igneous intrusions, and whether veins are entirely synchronous or display a 809 

degree of diachroneity (e.g. Henderson and Ihlen, 2004) also has ramifications for their use in 810 

determining strain rates within deforming orogens (e.g. Sassier et al., 2009). While many of the 811 

issues surrounding these general objectives necessitate detailed field observations, our case study 812 

has allowed us to draw the following more specific conclusions.  813 

7.1. Our observations of folded pegmatites from the Torrisdale Steep Belt are summarised in 814 

Figure 16 and reveal that pegmatite trains are typically (75%) clockwise of the adjacent foliation 815 

with fold trains that are at high angles to foliation displaying the greatest % shortening. Analysis 816 

of fold styles indicates viscosity contrasts between the pegmatites and host gneisses of 50 to 250 at 817 

the time of folding. Individual fold geometries are flattened parallel folds (Class 1C) and suggest 818 

up to 0.5 homogenous flattening. The marked ‘Z’ fold asymmetry, combined with pegmatites 819 

developed at high angles to the foliation showing the most significant shortening supports a 820 

general dextral shear interpretation. Matching of layers on each side of a pegmatite suggests that 821 

they opened normal to the vein walls, and therefore at high angles to the presumed shortening 822 

direction. 823 

 824 

7.2. Our observations of boudinaged pegmatites from the Torrisdale Steep Belt are summarised in 825 

Figure 16 and reveal a range of ‘blocky’ barrel-shapes to lensoid geometries indicating a variety of 826 

deformation styles ranging from brittle to ductile respectively. Our data show that boudin trains 827 

are generally (80%) anticlockwise (<45°) of the foliation (Sn), with shearband boudins displaying 828 

en-echelon right-stepping and domino boudins a left-stepping arrangement. Irrespective of boudin 829 

type, the greatest % extension is generally recorded by boudin trains at lower angles to Sn. The 830 

long axes of individual shearband boudins are anticlockwise of the overall trend of the boudin 831 

train, with more equant boudins recording the largest angles suggesting they have rotated less, or 832 

have rotated antithetically with respect to the bulk shear sense. The long axes of individual 833 

domino boudins are clockwise of the overall trend of the boudin train, indicating they have rotated 834 

in a synthetic (clockwise) sense with respect to the dextral shear. 835 

 836 

7.3. Flanking folds are developed adjacent to the upper left and lower right quadrants of shearband 837 

boudins, and in the ‘opposite’ upper right and lower left protected ‘leeward’ quadrants of domino 838 

boudins. These spatial and geometric relationships indicate that they are not an earlier fold related 839 

to regional tectonics, but are formed during creation and rotation of boudins during non-coaxial 840 

deformation. In domino boudins, the preferential development of flanking folds in strain shadows 841 

(behind the widest part of the boudin), coupled with their systematic asymmetry is consistent with 842 

clockwise rotation of domino boudins during bulk dextral shear. The reduction in the angle of 843 

deflection (β) of Sn as boudin margins become clockwise of dextral flow suggests a potential 844 

component of extension and unfolding of flanking folds during continued rotation. 845 

 846 

7.4. Apophyses are locally sourced from pegmatites that form boudin trains or alternatively, may 847 

coincide with the hinges of buckle folds. Pronounced changes in pegmatite thickness represent 848 

heterogeneities that may focus later deformation. These include the nodes where apophyses branch 849 
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from veins leading to later folding being focussed, together with thinning of pegmatites associated 850 

with boudinage focussing later refolding associated with spiral folds. These apophyses are 851 

subsequently deformed during dextral shear with apophyses clockwise of foliation undergoing 852 

folding while anticlockwise apophyses are boudinaged. Apophyses at high angles to foliation may 853 

display intense shortening Apophyses cut regional folds but are deformed by flanking folds 854 

developed around larger pegmatite boudins reflecting the ongoing deformation. The absence of 855 

apophyses cutting flanking folds, together with solid state deformation fabrics indicates that 856 

pegmatite intrusions were largely crystallised at the time of deformation forming the (D4) 857 

Torrisdale Steep Belt.  858 

 859 

7.5. Pegmatite intrusions trending clockwise of foliation are generally folded, while those that are 860 

anticlockwise are boudinaged indicating bulk dextral deformation. The development of folds in 861 

some pegmatites that are anticlockwise of foliation highlights the complexity of natural systems 862 

linked to larger structures and potential local reversals in shear sense during bulk dextral shear. An 863 

additional component of foliation-normal pure shear across the shear zone to create general (or 864 

sub-simple) shear results in flattening of buckle folds that form Class 1C folds. Differing amounts 865 

of deformation recorded by pegmatites reflect slightly different orientations, resulting in variable 866 

amounts of hinge rotation towards the sub-horizontal shear direction. Despite the potential 867 

variation in viscosity contrasts between pegmatites and host gneisses, the pegmatite sheets display 868 

a remarkably consistent geometric arrangement illustrating the overarching control of the bulk 869 

kinematic regime. 870 
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Figures 883 

Figure 1 a) Geological map of Sutherland highlighting the major ductile thrusts. The locations of the Naver 884 

and related Torrisdale thrusts are also shown, as is the projected offshore continuation of the Naver Thrust 885 

and position of the detailed case study area around Torrisdale Bay (Fig. 2). b) Schematic 3-D cross section 886 

highlighting major thrusts and folds, together with the ductile domino model associated with dextral 887 

bookshelf sliding in the study area. See Fig. 1a for approximate location. 888 

Figure 2 a) Geological map of the Torrisdale Bay area highlighting the major ductile thrusts that, in this 889 

area, have been reworked by dextral strike-slip deformation in the Torrisdale Steep Belt (TSB). The 890 

location of the Naver and Torrisdale Thrusts are indicated, as are some of the larger granite and pegmatite 891 

sheets. Stereonets show: b) poles to foliation (Sn) and L4 lineation (Ln); c) F2 fold hinges and poles to 892 

associated axial planes; d) F3 fold hinges and poles to associated axial planes; e) F4 fold hinges and poles 893 
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to associated axial planes in folded pegmatites. f) View towards the south of Druim Chuibhe and the 894 

detailed study area (location shown in a).  895 

Figure 3 a) Gently-plunging F4 fold hinge parallel to the lineation (Ln) within pegmatite veins. b) Folds 896 

within pegmatite veins display variable orientations associated with rotation towards the L4 lineation. 897 

Intense deformation within the Torrisdale Steep Belt leads to folding and shearing of pegmatites resulting 898 

in c) pegmatite sigmoids, and d), e) δ porphyroclasts. f) Hinge of folded pegmatite vein displaying a 899 

pinched and cuspate inner arc, and g) foliation wrapping the outer arc. In each case shown in f) and g), the 900 

fabric within the pegmatite vein displays a strongly convergent fan around the hinge. h) Pegmatite intrusion 901 

illustrating how enveloping surfaces are used to measure the trends of fold trains and boudin trains relative 902 

to foliation (Sn). Scale is provided by a 10 cm long chequered rule and a 15 mm diameter coin. 903 

Figure 4  a), b) Pegmatite veins cross-cutting both limbs of tight-isoclinal regional folds with gently-904 

plunging hinges sub-parallel to the shallow mineral lineations within amphibolites and gneisses of Druim 905 

Chuibhe In a), the general trend of the pegmatite fold train is defined by a pink line joining adjacent fold 906 

hinges to create a fold envelope along the pegmatite. c), d) Pegmatites cross-cutting both limbs of regional 907 

folds that are locally deflected by flanking folds developed along the margins of the intrusion. e) Tight 908 

regional fold cross-cut by the irregular intrusive margin of a pegmatite. Local steepening of the foliation 909 

and folding adjacent to the margin represents a flanking fold. f) Regional folds and refolds cut by 910 

pegmatites, with locally older (1) and younger (2) pegmatites cutting one another. g) Curvilinear sheath 911 

fold developed around the sub-horizontal L4 mineral lineation. Inset stereonet shows the orientation of fold 912 

hinge segments (red dots) measured at various positions (a-d) around the fold that collectively displays > 913 

160° of hinge line curvature. Scale is provided by 10 cm long chequered rule. 914 

Figure 5 a) Pegmatite vein displaying steeply-plunging parallel fold geometries and overall ‘Z’ asymmetry 915 

when viewed from above. The general trend (marked in pink) of such folded pegmatites is clockwise of the 916 

adjacent foliation (Sn) (highlighted in yellow). Inset photo shows detail of the opening direction of the 917 

pegmatite that is parallel to Sn in the host gneisses. Note the extreme thickening of the short limb and 918 

thrusting of the hinge consistent with dextral shear. b) Rose diagram highlighting the trends of folded 919 

pegmatite veins (N=105) relative to adjacent foliation (Sn). 75% of folded pegmatite veins are clockwise of 920 

Sn. c) Folding of ~50 cm thick pegmatite intrusion developed at a high angle to foliation (Sn). d) Buckle 921 

folding of pegmatite intrusion at moderate angles to foliation (Sn). The folded pegmatite displays pinch and 922 

swell on the fold limbs. e) Intense buckle folding of pegmatite at high angles to foliation (Sn). Inset 923 

stereonets (here and elsewhere) show individual fold hinges (red circles), poles to axial planes (red squares) 924 

and the mean axial plane (red great circle). Groups of fold hinges (labelled A) that plunge down the dip of 925 

the axial plane are in some instances tightened and rotated towards more gently-plunging attitudes (labelled 926 

B) during continued deformation. Scale is provided by a 10 cm long chequered rule and a 15 mm diameter 927 

coin. 928 

Figure 6 a, b, c) Drawn pegmatite boudins developed anticlockwise of the foliation (Sn). In a), the trend of 929 

the boudinaged pegmatite train is defined by lining up the flanks of each adjacent boudin, and comparing 930 

this trend (shown by the dashed pale blue line) with the regional foliation (yellow line) d) Rose diagram 931 

highlighting the trends of boudinaged pegmatite veins (N=156) relative to adjacent foliation (Sn). 83% of 932 

boudinaged pegmatite veins are anticlockwise of Sn. e, f, g) Shearband boudins developed anticlockwise of 933 

the foliation (Sn) and marked by right-stepping necks along the boudin train. Note the more ‘blocky’ 934 

character of boudins bound by shears in e) and the more ductile deformation of boudins in f) and g). h) 935 

Domino boudins developed anticlockwise of the foliation (Sn) and marked by left-stepping necks along the 936 

boudin train. Inset photo in h) shows finer grained recrystallised tail to boudin. i) Example of shearband 937 

boudins that are left-stepping and form clockwise of foliation during localised sinistral shear. Scale is 938 

provided by a 10 cm long chequered rule and 15 mm diameter coin. 939 
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Figure 7 Structural data showing the relationships between folded pegmatite veins (N=105 in red) and 940 

boudinaged veins (N=156 in blue). Systematic relationships exist between the trends of boudinaged or 941 

folded pegmatite veins relative to foliation (Sn). a) Histogram showing trends of folded and boudinaged 942 

pegmatites. b) Photograph of boudinaged pegmatite trains trending anticlockwise of foliation (Sn), while 943 

folded pegmatites are clockwise. Note the boudinage of the fold limbs, and intense folding of high-angle 944 

pegmatite apophyses stemming from boudins. c) Histogram showing the relative obliquity between 945 

pegmatite veins and foliation (Sn) trends. d) Graph comparing the trend of boudinaged and folded 946 

pegmatites with the trend of adjacent foliation (Sn). Graphs showing how the difference in pegmatite and 947 

foliation (Sn) trends varies with e) the trend of pegmatites, and f) the trend of the foliation (Sn). Note that 948 

clockwise (Cw) trends are viewed as positive in each case. g) Right-stepping shearband boudin train (in 949 

blue) trending anticlockwise of foliation and fold train (in pink) trending clockwise of Sn. h) Photograph of 950 

pegmatite fold train trending clockwise of Sn while an anticlockwise trending boudin train is deflected 951 

where it crosses from amphibolite into gneisses. i) Moderately folded pegmatites with boudinage on fold 952 

limbs. Folded limbs are locally thrust and imbricated (inset). Inset stereonets in h) and i) show clusters of 953 

fold hinges (labelled A and B). Scale is provided by a 10 cm long chequered rule and a 15 mm diameter 954 

coin. 955 

Figure 8 a) Graph showing how the % shortening recorded along fold trains varies with the clockwise 956 

(Cw) obliquity of the train to foliation (Sn) (N=25). Data measured from adjacent photos is located (b, c, 957 

d). Some high angle fold trains have passed through the foliation (Sn) normal to lie anticlockwise (A-Cw) 958 

of Sn. b) Photograph of folded pegmatite displaying 78.6% shortening and a 62° clockwise (Cw) obliquity 959 

to Sn. Data from this fold is shown on the graph (a). c) Intensely (92.7%) shortened pegmatite at 90° to Sn. 960 

d) Intensely shortened (68.8%) pegmatite displaying ‘Z’ folds while regional foliation shows ‘S’ folds. 961 

Obliquity is measured by a fold envelope line (in pink) joining adjacent fold hinges to create a general 962 

trend. e) Graph showing how the % extension recorded along boudin trains varies with the anticlockwise 963 

(A-Cw) obliquity of the train to foliation (Sn) (N=30). Data measured from adjacent photo f) and other 964 

figures is located. Blue triangles are data measured from boudinaged fold limbs and display no distinct 965 

difference to other boudin trains. f) Photograph showing how pegmatite boudin trains display anticlockwise 966 

obliquity to Sn, with individual drawn boudins remaining parallel to one another. g) Shearband boudins 967 

with individual boudin long axes developed anti-clockwise of the overall boudin train. Scale is provided by 968 

a 30 cm long hammer, 10 cm long chequered rule and a 15 mm diameter coin.  969 

Figure 9 a) Centimetre-scale folded pegmatite vein trending 62° clockwise of foliation (Sn) and showing 970 

50% shortening. Note the opening of the vein orthogonal to margins highlighted in the inset photo. b) 971 

Metre-scale folded pegmatite which displays a 117° obliquity (measured clockwise from Sn) and 67% 972 

shortening. In both a) and b), fold hinges on stereonet insets display rotations from down-dip orientations 973 

(labelled A) to more gently plunging attitudes (labelled B). c) Class 1C folded pegmatite vein that has 974 

undergone dip isogon analysis shown in d). Note pinch and swell structures on the fold limbs associated 975 

with flattening of the folds on the dip-isogon plot. e) f) Examples of fold styles in pegmatite veins that have 976 

been analysed in terms of g) amplitude and wavelength, and h) strain contour map developed by 977 

Schmalholz and Podladchikov (2001). Details of amplitude (A), wavelength (λ) and thickness (h) 978 

parameters are shown in f). Scale is provided by a 10 cm long chequered rule and a 15 mm diameter coin. 979 

Figure 10 Individual boudins showing geometries that vary from more ‘brittle’ blocks with barrel shapes to 980 

ductile boudins displaying tails that wrap one another. Individual boudin blocks displaying a) foliation (Sn) 981 

wrapping around a rotating boudin, b) barrel-shape with concave end faces, c) quarter folds and tearing 982 

faults cutting boudins, d) antithetic tearing faults cutting domino boudins, e) Irregular intrusive contacts 983 

along boudin margins. f) Large boudin blocks with scar folds developed in necks of shearband boudins. g) 984 

Ductile shearband boudins displaying antithetic rotation and synthetic shearing along interboudin surfaces. 985 

h) Domino boudins marked by clockwise rotation and antithetic shear along sharp interboudin surfaces. 986 
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Scale is provided by a 30 cm long hammer, 10 cm long chequered rule, a 7 cm diameter lens cap and a 15 987 

mm diameter coin. 988 

Figure 11 a) Boudinaged pegmatite trains may be described in terms of lining up the flanks of each 989 

adjacent boudin and comparing this trend (shown by the dashed pale blue line) with the regional foliation 990 

(yellow line). Individual shearband boudins are labelled a-g and display long axes that are anticlockwise of 991 

the foliation (Sn) (see inset photos). The overall boudin train displays 108% extension. b-c) Examples of 992 

individual shearband boudins displaying antithetic rotation and shown in photo a). d), e) Photographs of 993 

shearband boudin trains with some labelled boudins shown in close-up inset photos. f) Graph comparing 994 

the boudin length – width (L/W ratio) with the anticlockwise (A-Cw) obliquity of the long axis to Sn from 995 

boudins displayed in a), d) and e). The graph shows that the L/W ratio varies with the obliquity to Sn of 996 

individual boudins. Scale in photographs is provided by a 30 cm long hammer and a 15 mm diameter coin. 997 

Figure 12  998 

a, b) Flanking folds developed around shearband boudins where the pegmatite margin originally cross-cut 999 

the regional foliation (Sn). Adjacent boudins display right-stepping and antithetic rotation. c, d, e) Flanking 1000 

folds around deformable domino boudins are best developed where the boudin margin trends clockwise of 1001 

general dextral flow, while the overall long axis of boudin remains anticlockwise to Sn. f, g) Examples of 1002 

flanking folds developed on the protected ‘leeward’ margin of domino boudins that now trend clockwise of 1003 

foliation (Sn). h) Photograph highlighting angle of obliquity of boudin to foliation (Sn) and angle of 1004 

deflection of foliation (β) into flanking folds along the margin of the boudin. These parameters are 1005 

compared on plot i) and show that the angle of Sn deflection reduces as the obliquity of the pegmatite 1006 

margin to Sn also decreases.  1007 

Figure 13 a, b) Older pegmatite veins (1) are cut by younger pegmatites (2). The older veins are clockwise 1008 

of foliation (Sn) and are folded during later deformation, whereas younger veins (2) are anticlockwise (A-1009 

Cw) and boudinaged. In c), older veins (1) are deformed by rotating boudins (2). d) Folded pegmatite with 1010 

boudinaged limbs. Fold hinges preserve steep down-dip plunges (see stereonet inset). e) Older veins (1) 1011 

that trend at high anticlockwise angles to foliation are cut across by younger pegmatites (2). f) Older veins 1012 

(1) that trend at low anticlockwise angles to foliation are cut across by younger pegmatites (2). g); h) 1013 

Folded pegmatites with limbs that are subsequently boudinaged. i) Best fit horizontal sectional finite 1014 

strain ellipse (≈XZ) obtained from measuring the % extension or contraction of variably orientated 1015 

veins (see Druguet et al. 2008 for details of technique). The data is superimposed on the simplified 1016 

model of general dextral shear modified from Fossen (2016, p.51) and based on γ ≈3 and a pure shear 1017 

component of 0.5 (see text). 1018 

Figure 14 a) Folded pegmatites with limbs that are later boudinaged. On the inset stereonet, fold hinges 1019 

rotate from steeper down-dip plunges (A) to gently plunging attitudes (B) on the sheared limbs. b) 1020 

Apophyses injecting at high angles from boudins. c) Some thin pegmatite offshoots cross-cut regional folds 1021 

with ‘S’ asymmetry. The cross-cutting pegmatite veins are themselves folded with ‘Z’ asymmetry 1022 

reflecting bulk dextral shear. d) Pegmatite apophyses cross-cuts a regional fold pair. The apophyses is also 1023 

shortened suggesting continued tightening of the regional fold during dextral general shear. e) Pegmatite 1024 

veins are deformed by sinistral shear around the margins of clockwise rotating boudins during overall 1025 

dextral kinematics. Apophyses that branch from pegmatite veins locally cross-cut Sn next to folds (inset). f) 1026 

Pegmatite veins and boudins are marked by clockwise rotation associated with dextral shear. g) Folded and 1027 

boudinaged pegmatite veins undergoing clockwise rotation associated with dextral shear. In h) and i), older 1028 

veins (1) are refolded by rotating boudins (2) that have created local sinistral shear around the margins. j) 1029 

Summary cartoon highlighting the interplay of a clockwise rotating domino boudin with regional folds and 1030 

flanking folds.  1031 
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Figure 15 Summary cartoons of flanking folds developed around a) deformable shearband boudins, b) 1032 

deformable domino boudins, c) an individual domino boudin rotating during progressive dextral general 1033 

shear. In a), shearband boudins display right-stepping across interboudin surfaces (IBS) with flanking folds 1034 

forming on the upper left and lower right quadrants, whereas in b) domino boudins display left-stepping 1035 

with flanking folds generated on the upper right and lower left quadrants In b) and c) domino boudins 1036 

undergo clockwise rotation with flanking folds best preserved on the margins of the deformable boudin that 1037 

are locally clockwise of foliation  1038 

Figure 16 Schematic summary cartoon of boudinaged pegmatite (in blue) and folded pegmatite (red) veins 1039 

deformed in the dextral general shear zone forming the Torrisdale Steep Belt. Observations are developed 1040 

across a range of scales from cm to hundreds of m and establish a consistent geometric and kinematic 1041 

framework within the high strain zone.  1042 

 1043 

  1044 
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 1045 

Table 1. Geometric relationships between folded and boudinaged pegmatite veins developed 1046 

clockwise (Cw) and anticlockwise (A-Cw) of adjacent foliation (Sn) at Druim Chuibhe (Fig. 1047 

2a). 1048 

 Folded Pegmatite Boudinaged Pegmatite 

Mean foliation (Sn) trend 147º (N=105) 152º (N=156) 

Mean pegmatite vein trend 157º (N=105) 143º (N=156) 

Mean pegmatite vein obliquity to Sn 10º Cw (N=105) -9º A-Cw (N=156) 

Mean pegmatite trending clockwise (Cw) of Sn 162º (N=79) 153º (N=26) 

Mean pegmatite trending anticlockwise (A-Cw) of Sn 142º (N=26) 141º (N=130) 

 1049 
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