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Abstract 

The multiply reactivated Berw Fault/Shear Zone (BSZ) on Anglesey and Lleyn Shear Zone (LSZ) on 

the Lleyn Peninsular, northwest Wales, are strands of the steeply-dipping, southwest-northeast-trending 

Menai Strait Fault Zone (MSFZ). The MSFZ originated as a crustal-scale fault and shear zone system 

during sinistral strike-slip along the north-western margin of Gondwana in the early Ordovician (ca. 

486-479 Ma).  

It is widely believed, despite a lack of direct kinematic evidence, that the deformed and sheared rocks 

of the BSZ on Anglesey can be traced directly along strike onto mainland Wales to the southwest and 

are exposed in the LSZ, representing a single surface lineament. In this study, this hypothesis is tested 

by contrasting and comparing the kinematic and textural evolution of the LSZ and BSZ. Overprinting 

relationships and fault rock distributions, observed at localities along the two shear zones, are used to 

propose interpretations of the kinematic histories. Microstructural analysis of significant fault rocks is 

offered to support the argument for the kinematic correlations and to understand the textural evolution 

of the fault rocks associated with the two shear zones.  

The BSZ and LSZ share similar kinematic characteristics and were likely both initiated during the same 

Ordovician D1 deformation and were also associated with similar regional tectonic processes. Outcrop 

and thin section analysis of key fault rocks from the BSZ and LSZ show that the initial D1 sinistral 

transpressional deformation led to the development of greenschists and mylonites within the BSZ and 

LSZ. This was followed by a D2 deformation that involved northwest-directed shearing and continued 

compression with some southeast-directed local backfolding and thrusting. Both shear zones preserve 

evidence for a later D3 dextral strike-slip deformation. The Berw Fault alone records at least one 

episode of D4 deformation involving normal, northwest-side-down displacement that is thought to be 

related to extensional tectonics in the Carboniferous and Permo-Triassic. Final phases of brittle sinistral 

strike-slip displacement along the Berw Fault and LSZ are thought to be correlated and are likely 

responsible for left-lateral offsets of Cenozoic dykes seen in geophysical data.  

The early history of the LSZ and BSZ, including the D1 sinistral transpression, D2 northwest-directed 

shearing, and D3 dextral strike-slip, is likely related to deformation during the ‘Penobscot’ orogeny, 

which affected peri-Gondwanan microcontinents, and occurred at approximately 480 Ma. Differences 

in their post-D3 movement history suggest that the two fault zones are not directly equivalent structures 

along strike and perhaps represent separate strands of the same crustal scale fault zone. 
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Chapter 1. Introduction 

1.1 Regional context and evolution 

Northern Britain (including the northern part of Ireland) and southern Britain (including SE Ireland), 

throughout much of their late Precambrian and early Palaeozoic evolution, were separated by the 

Iapetus Ocean (Wilson, 1966, McKerrow & Soper, 1989), and therefore contrast geologically until their 

final amalgamation in the mid-Silurian. 

In the early Neoproterozoic, the supercontinent of Rodinia existed as the product of a number of cratonic 

blocks, separated by collisional orogenic belts (Figure 1.1a). Australia/East Antarctica, India and South 

China separated from Rodinia between approximately 825 Ma and 720 Ma. During the late 

Neoproterozoic (approximately 630 Ma), a number of continental collisions produced the short-lived 

supercontinent of Pannotia (Figure 1.1b), which consisted of Gondwana, Laurentia and Baltica, and on 

which northern and southern Britain were situated. Between 600 and 580 Ma Pannotia separated; 

Baltica rifted from Greenland (eastern Laurentia) and Gondwana rifted from Laurentia to open the 

Iapetus Ocean (Figures 1.2a, b). Northern Britain drifted towards lower southern latitudes on the 

southern margin of Laurentia while southern Britain occupied part of the northern margin of Gondwana 

at higher southern latitudes. In the early Ordovician, a number of microcontinents separated from the 

northern margin of Gondwana (Figure 1.2c shows the palaeogeographic setting and location of 

Avalonia and Figure 1.3 provides a more detailed illustration of the locations of peri-Gondwanan 

microcontinents), which are now represented by the peri-Gondwanan terranes of Avalonia, Ganderia, 

and Megumia.  

During westward dispersal of these microcontinents from the margins of Amazonia and West Africa, 

between approximately 490 Ma and 480 Ma, a series of sinistral oblique collisions took place between 

them (Figure 1.3, Waldron, et al., 2019). The continued sinistral displacement of the peri-Gondwanan 

terranes led to their seperation from Gondwana and the Iapetus ocean more or less simultaneously began 

to close (Waldron, et al., 2014, Waldron, et al., 2018). The Rheic Ocean opened to the south of the peri-

Gondwanan terranes, separating them from Gondwana (Figure 1.2d). The nature of the final closure of 

the Iapetus Ocean is complex and occurred as a number of orogenic collisions, as terranes travelled 

independently towards Laurentia and collided, between the approximately 475 Ma and 430 Ma, 

collectively characterised as the Salinic event (Waldron, et al., 2018). As a result of these collisions and 

the closure of the Iapetus, the new continent of Laurussia was formed.  

Further orogenic deformation occurred as the microcontinental sliver of Armorica rifted northwards 

from Gondwana and collided with Laurussia in the mid- Devonian (400-390Ma, Figure 1.2e). The 

Rheic Ocean, which previously separated Laurussia and Gondwana, subsequently closed during the 

Variscan orogeny (370-290Ma) in north-west Europe (Woodcock & Strachan, 2012). The  
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supercontinent of Pangaea (Figure 1.2f) was thus formed between the Late Carboniferous and Permian 

before it too began to break up during the opening of the Atlantic from the Jurassic onwards. 

During the Early Palaeozoic Anglesey was located on the southern margin of the Iapetus Ocean, on the 

peri-Gondwanan microcontinent of Ganderia (Figures 1.2a-c, 1.3). The island of Anglesey features a 

collection of basement rocks that together make up the Monian Composite Terrane. The rocks of the 

Monian Composite Terrane display a record of ensialic accretion on the peri-Gondwanan margin of 

Iapetus during the Neoproterozoic and Early Palaeozoic.  

The Monian Composite Terrane consists of a lower plate assemblage of subducted rocks, igneous rocks 

interpreted to have been intruded in a suprasubduction zone setting in the late Neoproterozoic, and 

Gondwanan continentally derived coarse clastic sediments. The units, which are of contrasting crustal 

depth, are juxtaposed by steeply dipping, southwest-northeast striking faults and shear zones. In the 

southeast of Anglesey and immediately across the Menai Strait onto mainland Wales, three faults make 

up the Menai Strait Fault Zone, which accommodated sinistral strike-slip during the oblique collisions 

that occurred at ca. 480 Ma (Figure 1.3) and was subsequently reactivated during later deformation 

events.  

Ganderia drifted northwards during the closure of the Iapetus Ocean and arrived at Laurentia in the 

Silurian (Figures 1.2d, e). After the closure of the Rheic Ocean (Figure 1.2e), Anglesey occupied part 

of the interior of the Pangaea supercontinent (Figure 1.2f) until its eventual breakup from the Jurassic 

onwards. 

1.2 Anglesey: The Monian Composite Terrane 

Anglesey is an island of 680km2 area located adjacent to the northwest coast of Wales, north of Bangor 

(Figure 1.4). The island is separated from the mainland by the narrow Menai Strait, which trends 

approximately southwest-northeast.  

The broad domain of Ganderia consists of a group of Peri-Gondwanan basinal terranes in the northern 

Appalachian orogen (van Staal et al. 1998, 2012), lying to the NW of West Avalonia. It is believed to 

represent the Peri-Gondwanan microcontinent of Ganderia. Recent age and Nd- and O-isotopic analysis 

by Schofield, et al. (2016) has highlighted similarities between the Monian Composite Terrane and 

igneous components of the Ganderia domain, and therefore Schofield, et al. (2016) attributed Anglesey 

to the peri-Gondwanan microcontinent Ganderia.  

Greenly (1919) was the first to carry out extensive work on Anglesey and suggested a stratigraphic 

framework. He defined four major tectonic-stratigraphic subdivisions on the Island: These were, loosely 

from southeast to northwest: 1) the Penmynydd Zone of Metamorphism; 2) the Gneisses; 3) the Plutonic 

Intrusions; and 4) the Bedded succession. This subdivision has since been modified by various authors 

(e.g. Barber & Max, 1979, Shackleton, 1969, Gibbons, 1983) and is now divided into the central  
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Coedana granite and gneiss (coincident with Greenly’s Gneisses and Plutonic Intrusions), the southeast 

Penmynydd Zone of Metamorphism (blueschist unit), and northern Monian Supergroup (Greenly’s 

bedded succession) (Figure 1.4a). A detailed description of the stratigraphy is given in Chapter 2. 

The Monian Composite Terrane, which encompasses the Neoproterozoic – early Cambrian basement 

rocks of Anglesey, comprises units formed at contrasting crustal depths, such as the ensialic arc-derived 

magmatics of the Coedana Complex, the supracrustal Monian Supergroup, and the highly deformed 

blueschists of the Penmynydd Zone. The units are bounded by steep, long-lived faults that have a 

complex history of reactivation and inversion. The southeast limit of the terrane is loosely defined by 

the Menai Strait Fault Zone (MSFZ, Section 1.3, Figure 1.4a). 

In a series of papers by Gibbons and co-authors (e.g. Gibbons, 1983, Dallmeyer & Gibbons, 1987, 

Gibbons & Horak, 1990), the three major units, the Monian Supergroup, the Coedana Complex gneisses 

and granites, and the Penmynydd Zone blueschists, were interpreted as individual terranes: the Monian 

Supergroup, the Coedana terrane, and the Aethwy terrane (Penmynydd Zone). They came to this 

conclusion based on the vastly contrasting lithologies and the existence of numerous significant orogen-

parallel faults that separate these three crustal units.  
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A recent preferred view, proposed by Horak, et al., 1996 is that units to the northeast of the Menai Strait 

Fault System and those immediately to the south (the Sarn Complex and Arfon Basin) form one 

coherent ‘Monian Composite Terrane’, albeit dissected by significant orogen-parallel faults. U-Pb age 

data and Nd isotopic data from calc-alkaline intrusive and volcanic rocks revealed similar ages, 

composition and origins of the voluminous magmatism on either side of the MSFZ. In southeast Ireland, 

the Rosslare Complex is believed to represent a continuation of the Monian composite terrane (Figure 

1.4b). It features lithologically similar, old paragneisses and is also bounded to the south east by a zone 

of ductile shear zones and faults, much like the MSFZ in North Wales.  

Recent research has revealed similarities between the Cambrian rocks of Anglesey and north Wales and 

those found in the northern Appalachians, in particular the southwest-northeast oriented Ganderia 

Terrane of Newfoundland (Van Staal, et al., 1998, Valverde- Vaquero, et al., 2006, Waldron, et al., 

2014). The rocks of the northern Appalachians are believed to represent fragments of the continental 

slope apron deposited along the Gondwanan margin. It has been proposed that Ganderia originated 

adjacent to the Amazonia craton on West Gondwana (Figure 1.2c, 1.3; Van Staal, et al., 2012) before 

detaching during the late Cambrian to early Ordovician and accreting onto Laurentia during the Lote 

Ordovician to mid-Silurian.  

The Leinster-Lakesman Terrane in NW England (Figure 1.4b) has also been correlated with the domain 

of Ganderia along with the Monian Composite Terrane (Waldron, et al., 2014). To the south of the 

Monian Composite Terrane, southern Great Britain features a more diverse assemblage comprising the 

Cymru Terrane, the Wrekin Terrane, and the Charnwood Terrane (Figure 1.4b; Schofield, et al., 2016), 

which are interpreted to represent fragments of a single subducting margin (Pharaoh & Evans, 1987; 

Gibbons & Horak, 1990). Together the terranes of southern Great Britain are believed to represent a 

long-lived, largely ensialic arc complex on the transitional margin of West Gondwana. 

1.3 The Menai Strait Fault Zone 

All of the contacts between the major units seen on Anglesey are tectonic, and those in the southeast of 

the island form the Menai Strait Fault Zone (MSFZ), which has several strands and extends across the 

Menai Strait and onto the mainland. The zone strikes NE-SW, roughly parallel to the Menai Strait, and 

is expressed at the surface in three main areas of high strain (Figure 1.4a); the northerly Berw Fault/ 

Shear Zone and the Dinorwic and Aber-Dinlle faults (Reedman, et al., 1984) to the south, all of which 

are sub-vertical or dip steeply. The Lleyn shear zone, which strikes NE-SW along the Lleyn Peninsular, 

is widely viewed as a southwest continuation of the MSFZ (Figure 1.4a). The South Irish Sea 

Lineament, which outcrops offshore to the south-west of the Lleyn Peninsular, trends NE-SW and dips 

35° to the North and is considered by some to be the along-strike extension of the MSFZ (Brewer, et 

al., 1983) although it is not certain which precise onshore structure the lineament corresponds to.  
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Significant strike-slip components within the ductile areas of deformation were originally highlighted 

by Gibbons (1987), who suggested that the rocks of the Monian Terrane to the north were juxtaposed 

with the lower grade, less deformed Welsh Basin by sinistral transpression along the MSFZ. Recent 

work by Pothier, et al., (2015) has proposed that the Menai Strait Fault Zone was the focus of sinistral 

strike-slip movement at c. 480 Ma that accomodated the westwards dispersal of peri-Gondwanan 

terranes (Figure 1.3). They suggest that protracted oblique collision took place at this time between the 

Welsh Basin and the Monian Composite Terrane, as Gibbons originally proposed.  

1.3.1 The Berw Fault/Shear Zone and Penmynydd Zone 

The Berw Fault defines the northern limit of the Penmynydd Zone (or Aethwy Zone, Section 2.1.1.4) 

in southeast Anglesey (Figure 1.4a), which comprises heavily deformed greenschist and blueschist 

facies rocks and juxtaposes it against the Gwna Group (Section 2.1.1.5c). The steep fault features 

evidence of early ductile shearing and recrystallisation, as well as a later brittle overprint. Gibbons 

(1981) proposed that the sheared rocks of the Penmynydd Zone continue onto the Welsh mainland, 

expressed in the Lleyn Shear Zone (LSZ, Section 1.4, 2.2.3.4). In faulted contact to the northwest of 

the Penmynydd Zone is the Gwna melange, a chaotic low grade accretionary complex that belongs to 

the Monian Supergroup (Section 2.1.1.5), as well as much younger Carboniferous basin-fill deposits.  

The Berw Fault/Shear Zone has a long and complex history, involving multiple phases of reactivation 

and inversion. Gibbons (1983) suggested that it began as a deep-seated shear zone in the Cambrian that 

was subsequently uplifted and eroded suffiently to expose its deeper ductile roots after multiple phases 

of reactivation. Gibbons (1981) also suggested that the Lleyn Shear Zone and the Penmynydd Zone 

schists on Anglesey were formed in a contemporaneous shearing event, possibly representing along-

strike segments of the same shear zone. A more detailed description of the history of the Berw 

Fault/Penmynydd Zone is provided in Section 2.1.1.4. 

1.4 The Lleyn Shear Zone 

The Lleyn Shear Zone (LSZ, Section 2.2.5) extends along the Lleyn Peninsular with a similar overall 

geometry to the BSZ (Figure 1.4a). The LSZ is between 50 and 200m thick and comprises steeply 

dipping mylonites, blastomylonites and schists derived from the Gwna Group (Section 2.1.1.5c) to the 

north and the Sarn Complex (Section 2.1.1.3) to the south. The initial shearing that produced the fault 

rocks is interpreted to have occurred in the early Cambrian (Gibbons 1981), although the structure 

shows evidence of multiple phases of reactivation since then. The LSZ has been widely assumed to be 

part of the same surface linear feature as the Berw Fault/Shear zone on Anglesey, after Gibbons (1981) 

documented a mineral assemblage, in the LSZ rocks at Penhryn Nefyn, which is similar to mineral 

assemblages found in parts of the Berw Shear Zone.  
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1.5 Regional tectonic history 

1.5.1 Neoproterozoic 

The Neoproterozoic tectonics of the Monian Composite Terrane can be summarised in a simplified 

multi-stage model (Table 1.1). Amphibolite facies metamorphism of the Coedana Complex (Section 

2.1.1.1) is dated, using a weighted mean of zircon rim analyses, at 666 ± 7 Ma (Strachan, et al., 1996), 

which fits with the idea that widespread accretion occurred along the western margin of Gondwana at 

this time.  

Ensialic calc-alkaline magmatism occurred at ca. 615 Ma, manifested by the calc-alkaline intrusives of 

the Coedana granite, a component of the Coedana Complex on Anglesey, and the Sarn Complex on the 

Lleyn (Schofield, et al., 2016), which show similarities in both age of intrusion and contribution from  
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crustal components. It is likely that these, along with other ensialic magmatic rocks in southern Britain 

at this time, represent part of an arc system or active continental margin formed on the margin of West 

Gondwana and are derived from melting of Paleoproterozoic crust from the West African craton (ca. 

1.8 – 2.2 Ga) or Mesoproterozoic crust from Amazonia (ca. 1.0 – 1.75 Ga; Henderson, et al., 2018). 

The Penmynydd Zone comprises ocean floor basalts that were initially metamorphosed at low grade 

greenschist facies on the seafloor, followed by metamorphism at blueschist facies conditions in a 

subduction zone setting at 560 – 550 Ma (Section 2.1.1.4). This possibly represents a fragment of crust 

related to an episode of subduction-accretion on the north-western margin of Ganderia.  

1.5.2 Phanerozoic  

The timing of deformation of the Monian Supergroup in northern Anglesey correlates with the 

Penobscot Orogeny in Appalachian Ganderia, which occurred at 486-479 Ma. The Penobscot event 

involved the obduction and emplacement of back arc basin ophiolites onto the Gander margin during 

oblique collision. This was related to an episode of advancing subduction zone tectonism that post-

dated the latest Cambrian onset of subduction within Iapetus and was followed  (in Newfoundland) by 

roll-back, renewed extension and development of the Exploits back-arc-system (van Staal, et al., 1998). 

It is suggested that Penobscot and Monian deformation are linked to the same tectonic process of 

oblique collisions along Gondwana’s northern margin and that this is when the Monian terrane was 

juxtaposed with the Welsh Basin to the south, via the MSFZ, closing an intra-Ganderia arc and 

associated oceanic tract in the process (Pothier, et al., 2015). Salinic deformation occurred later when 

Ganderia collided with Laurentia at ca. 430 Ma and is recorded on Anglesey in thrust imbrication and 

folding of Ordovician to Silurian basinal successions, accompanied by reactivation of the Carmel Head 

Thrust (Bates, 1974). The timing of this is not well constrained, however it is considered to be of late 

Silurian age and in a regional context is of similar age to Salinic events recorded elsewhere in the 

Ganderian and Appalachian Orogen (Schofield, et al., 2020). This was followed by the convergence of 

the Rheic Ocean at ca. 400 Ma, however evidence of this is not preserved on Anglesey. North-directed 

subduction south of Britain during the Late Devonian – Early Carboniferous caused back-arc extension. 

In Anglesey this led to the reactivation of parts of the MSFZ as syn-rift, extensional, normal dip-slip 

faults (Needham & Morgan, 1997). 

1.6 Aims 

Gibbons (1981) proposed that the ductile deformed, sheared rocks of the Berw Shear Zone and 

Penmynydd Zone rocks on Anglesey, extend onto the mainland to the southwest and are exposed in the 

Lleyn Shear Zone. The basis for this conclusion was a correlation of a chlorite – epidote – blue-green 

amphibole greenschist assemblage on Anglesey with a similar greenschist assemblage, with blue 

amphibole, exposed at the shore of Penhryn Nefyn on the northern Lleyn Peninsular. Gibbons & 
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McCarroll (1993) also suggested that the LSZ may connect offshore with the Berw Shear Zone 

Complex of Anglesey . Since these initial proposals, there have not been any attempts to describe the 

kinematic and structural evolution of the two shear zones. The principal aims of this thesis are to: 

• Unravel the kinematic, textural, geometric and microstructural evolution of the Lleyn Shear 

Zone and the southwest Berw Shear Zone,  

• Define the main active deformation mechanisms during the evolution of the shear zones and 

• Asses fault linkages between the mainland and Anglesey. 

1.7 Data collection 

1.7.1 Fieldwork methods 

Reconnaissance studies were carried out along the Lleyn Shear Zone and the Berw Fault Zone to 

identify good exposures of key areas for more detailed study. The chosen areas were mapped 

predominantly at 1:10,000 scale. Further studies involved detailed baseline mapping and construction 

of structural logs on a scale of 1:50. Structural logs were used to document fault rock distribution and 

age relationships. A structural log is a 1D traverse through a section of fault zone, oriented ideally at 

high angles to the fault zone boundary, foliation, and normal to the stretching lineation or slickensides. 

Each log consists of a) a geometric log or sketch, focussing on foliation, fractures, and faults, and 

highlighting overprinting relationships; and b) a lithological log recording the distribution of fault rocks.  

Samples of key fault rocks were collected for further microstructural and textural observations. 

1.7.2 Microstructural methods 

Thin sections of a variety of fault rocks from each locality were studied using an optical transmitted 

light microscope. Where possible, fault rock thin sections were oriented perpendicular to the foliation 

and parallel to the slickenside or mineral lineation.  

1.8 Outline of thesis 

Following this introductory chapter, the thesis comprises: 

• Chapter 2 – an introduction to the regional geology of Anglesey, Caernarvonshire, the Welsh 

Basin, and the Lleyn Peninsular, and a summary of previous work on the Berw Fault/Shear 

Zone and the Lleyn Shear Zone.  

• Chapter 3 – describes the kinematic and structural evolution of the Lleyn Shear Zone, based 

on field-based analysis of fault rock distribution, structures and overprinting relationships at 

two localities. 
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• Chapter 4 – describes fault rock microstructures and textures of protolith rocks and fault rocks 

at two localities from the Lleyn Shear Zone in order to provide a clear synthesis of deformation 

mechanisms and microstructural and textural evolution of key fault rocks. 

• Chapter 5 – describes the kinematic and structural evolution of the southwest Berw Shear Zone 

based on field-based analysis of fault rock distribution, structures and overprinting relationships 

from a number of key localities. 

• Chapter 6 – describes fault rock microstructures and textures of key fault rocks at localities 

from the southwest Berw Shear Zone in order to provide a clear synthesis of deformation 

mechanisms and microstructural and textural evolution of key fault rocks.  

• Chapter 7 – provides a synthesis of the kinematic, structural and microstructural evolution of 

the two studied shear zones, the LSZ and BSZ, and discusses whether or not they are likely to 

be direct correlatives.  
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Chapter 2. The geology of Anglesey and the Lleyn Peninsular 

The island of Anglesey lies adjacent to the northwest coast of Wales; together with the mainland Lleyn 

Peninsular, it preserves some of the best, if somewhat isolated, outcrops of Precambrian basement rocks 

in the southern British Isles. The island is separated from the mainland by the Menai Strait, which shares 

the southwest-northeast structural trend seen throughout much of the geology of Anglesey and the Lleyn 

peninsular. 

North Wales and Anglesey is transected by southwest-northeast trending faults, three of which form 

the Menai Strait Fault Zone (MSFZ, Figure 1.4a). Neoproterozoic basement inliers of the Monian 

Composite Terrane (Schofield, et al., 2016) are exposed to the north of the Menai Strait Fault Zone, 

together with overstepping Phanerozoic deposits. Most major contacts on Anglesey are steep orogen - 

parallel faults, such as the MSFZ and the Central Anglesey Shear Zone.  The most northerly strand of 

the MSFZ, the Berw Fault on Anglesey, juxtaposes Carboniferous basin sediments to the north against 

the Proterozoic Berw shear zone to the south. Further south on the mainland are the Dinorwic and Aber-

Dinlle faults.  

2.1 Onshore geology 

2.1.1 Neoproterozoic and early Cambrian inliers 

The rocks of Anglesey and the Lleyn Peninsular include the most extensive outcrop of Precambrian 

basement in the southern British Isles. The inliers are characterised by initial Proterozoic amphibolite-

facies metamorphism, ensialic calc-alkaline igneous intrusives, volcanic extrusives, regional 

metamorphism at greenschist and blueschist facies, and thick Early Cambrian sedimentary successions, 

which were later metamorphosed at greenschist facies. The units are outlined and summarised in this 

account in order of age, from oldest to youngest. 

2.1.1.1 Coedana complex 

The Coedana Complex dominates central Anglesey, forming a prominent ridge that trends southwest-

northeast (Figure 1.4a). It consists of the strongly deformed metasedimentary gneisses of the 

Llandrygarn Gneiss Package, which is unconformably overlain by relatively undeformed 

metasedimentary rocks, including the semi-pelitic micaceous schists and quartzite of the Mynydd 

Bodafon Formation and the metasandstones of the Gwalchmai Formation (Greenly, 1919; Shackleton, 

1969, 1975). The Gneisses are the host rock to the intrusive, calc-alkaline Coedana Granite, which is 

associated with weak contact metamorphism in the metasediments. Using a weighted mean of zircon 

rim analyses, Strachan, et al., 2007 constrained the upper age of the Llandrygarn Gneiss Package at 

666 ±7 Ma, interpreted to represent the age of amphibolite-facies metamorphism that produced the 
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gneisses. Emplacement of the Coedana Granite was constrained to an intrusion age of 613 ± 4 Ma by 

Tucker & Pharaoh, 1991, using U-Pb zircon analyses from a coarse-grained porphyritic variety of the 

Coedana Granite. It is believed to have been intruded in a suprasubduction zone setting, preserving a 

fragment of late Neoproterozoic upper plate assemblage. 

2.1.1.2 Arfon Basin 

The Arfon Group crops out to the south and east of Bangor, as well as at small, isolated locations on 

Anglesey (Figure 1.4a). It constitutes almost 4000m of Precambrian sediments underlying Cambrian 

rocks and is intruded by the Twt Hill Granite. At its base is the 800m thick Padarn Tuff formation, from 

which an homogenous welded ash-flow tuff records a U-Pb zircon depositional age of 614 ± 2 Ma 

(Tucker & Pharaoh, 1991), which compares closely with the age of the Twt Hill Granite at 615.2 ± 1 

Ma (Schofield, et al., 2008). This thick sequence of ash deposits is restricted within an elongate, NE 

trending depression associated with the Menai Strait Fault Zone (Pharaoh & Gibbons, 1994), and is 

juxtaposed with the mid-crustal Sarn Complex. It is reasonable suggest that their juxtaposition occurred 

by crustal extension, indicating that rift-drift tectonism occurred in the Cambrian. Conformably above, 

between the Aber- Dinlle and Dinorwic faults, is the 1600m thick Minffordd Formation, which features 

a variety of epiclastic rocks as well as pyroclastics (Reedman, et al., 1984). Lithologically similar to 

this, but lying above an unconformity is the Bangor formation, which is c. 240m thick. To the south of 

the Aber- Dinlle fault, above the Padarn Tuff Formation, is the Fachwen Formation. It is again similar 

lithologically to the Minffordd and Bangor formations, but in many places basal conglomerates or 

coarse sandstones are in faulted contact with the underlying Padarn Tuffs. Some localities also show a 

major disconformity between the two units.  

2.1.1.3 Sarn Complex 

The igneous rocks of the Sarn Complex extend southwest along the Lleyn Peninsular from Nefyn to 

Aberdaron (Figure 1.4a), and are essentially bimodal in composition, consisting of calc-alkaline granite 

and gabbro along with minor granodiorite and tonalite. It is in sheared contact with the Gwna Group 

melange across the adjacent Lleyn Shear Zone and is overstepped to the southeast by the Ordovician 

sedimentary basin fill deposits of the Ogwen Group (Section 2.1.2.2). Zircon from a gabbro within the 

complex has been dated, using U-Pb isotopic analysis, at 615 ± 2 Ma (Horak, et al., 1996). The Sarn 

Complex is one in a  collection of ensialic magmatic rocks in southern Britain that likely represent part 

of an arc system or active continental margin formed on the West Gondwanan margin, and are derived 

from melting of Paleoproterozoic crust from the West African craton (c. 1.8 – 2.2 Ma) or 

Mesoproterozoic crust from Amazonia (ca. 1.0 – 1.75 Ma) (Schofield et al. 2016).  
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2.1.1.4 The Penmynydd Zone of Metamorphism 

Also referred to as the Aethwy zone (Gibbons & Horak, 1990), the Penmynydd Zone (Figure 1.4a) 

comprises metabasic actinolite greenschist, quartz – mica – feldspar schist, and amphibole blueschist, 

folded into a broad NNE-SSW-trending antiformal structure (Kawai, et al., 2006). The metabasic 

blueschists exhibit a strong MORB signature and are therefore believed to be of ocean floor origin. 

Gibbons & Gyopari (1986), because of textural relationships seen in outcrop, proposed that the 

blueschist assemblage developed from the actinolite greenschist. The quartz-mica schists are believed 

to have developed from an ocean floor sedimentary protolith and to have undergone a similar 

metamorphic P/T path to the blueschist. Horak & Gibbons (1986) further established that the 

greenschist forms the protolith to the blueschist via thin section analysis of zoned amphiboles, whilst 

Dallmeyer and Gibbons (1987) used 40Ar/39Ar dating of phengite and amphibole concentrates from four 

Penmynydd Zone schist samples to obtain absolute ages that are consistent with this hypothesis. They 

found that the initial, actinolite-rich, static greenschist facies metamorphism occurred at ca. 590- 580 

Ma and the second, barroisite- crossite- rich, blueschist phase at 560 – 550 Ma (Dallmeyer & Gibbons, 

1987). These ages contrast with new K-Ar analyses of phengite, interpreted as cooling ages from 

blueschist facies metamorphism (575 ± 11 Ma and 578 ± 11 Ma, Asanuma, et al., 2017). The 

Penmynydd Zone is interpreted to represent a lower plate assemblage of subducted ocean floor 

sediments and mafic igneous rocks with a protolith age of ca. 590 Ma (Dallmeyer & Gibbons, 1987). 

The unit is bounded to the north by the Berw Fault and Shear Zone (Section 2.2.3.3) and the original 

sheared contact is with the Gwna Group, although it is mostly obscured by overlying Carboniferous 

basin fill deposits (Section 2.1.2.4). To the southeast, the unit is directly overlain by Carboniferous 

rocks, but it is part of the MSFZ and is likely to be juxtaposed at depth with rocks of the Neoproterozoic 

succession of mainland North Wales, for example the Sarn Complex and Arfon Basin (Schofield, et al., 

2016). 

2.1.1.4a Pen-y-Parc Formation 

The Penmynydd Zone is structurally overlain by the newly named Pen-y-Parc Formation (Figure 1.4a; 

Schofield, et al., 2020). The schistose semipelites and psammites feature lenticular units of green, 

amphibole-bearing, metabasite, and are strongly deformed, featuring regional northwest-verging D2 

folds. The Pen-y-Parc Formation was originally included in the Gwna Group of Greenly (1919), 

synonymous with mega-breccia facies observed elsewhere on Anglesey and the Lleyn Peninsular. 

However, Schofield, et al. could not substantiate the presence of mega-breccia facies and propose that 

it was emplaced above the Penmynydd Zone during northwest-directed shearing. The age is not closely 

constrained, although Collins & Buchan (2004) report a maximum deposition age of 566 ± 11 Ma based 

on the youngest concordant detrital zircon from a sample with a single significant peak at approximately 
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610 Ma, which is consistent with the unit being younger than the structurally underlying Penmynydd 

Zone. 

2.1.1.5 The Monian Supergroup 

The Monian Supergroup, or Greenly’s Bedded Succession, occupies most of North West Anglesey 

(Figure 1.4a). It was originally believed to be of Neoproterozoic age (Greenly, 1919, Shackleton, 1969), 

but Asanuma et al. (2017) reported a maximum Early Cambrian age based on youngest concordant 

detrital zircon analyses of 569 ± 18 Ma and 522 ± 16 Ma from the lower South Stack Group. 

Additionally, the presence of Skolithos in the Holyhead Formation, also indicates that the sedimentary 

package is Palaeozoic in age (McIlroy & Horak, 2006). The sedimentary and volcanic package ranges 

from 5.4-7.5km in thickness and consists stratigraphically of three groups, from oldest to youngest 

(Gibbons & Ball, 1991, Phillips, 1991a, Phillips, 1991b): 

• South Stack Group 

• New Harbour Group 

• Gwna Group 

The supergroup ranges in metamorphic grade from anchizonal to lower greenschist facies (Phillips, 

1991b). The Monian Supergroup succession has been interpreted to represent sediments deposited on 

the peri-Gondwanan continental slope apron, deposited during the rift-drift phase of the Iapetus Ocean 

development. Based on its petrology and geochemical characteristics, it may record the dissection and 

unroofing of an arc complex in response to major transcurrent fault movements (Phillips, 1991a).  

2.1.1.5a The South Stack Group 

The South Stack Group (Figure 1.4a), c. 1000m thick with an unknown base, consists mainly of 

metasandstones, some of which are quartz rich, and pelites, metamorphosed at greenschist facies. It is 

subdivided into three formations- the South Stack Formation, the Holyhead Formation, and the 

Rhoscolyn Formation (Greenly, 1919). The lowest, South Stack Formation, contains metasandstones 

and pelites. Conformably above, the Holyhead Formation features thick interbedded metasandstones 

and pelites as well as quartzite units, such as the 150-200m Holyhead Quartzite. Lying above the 

Holyhead Formation is the Rhoscolyn Formation, which has pelites at the base, below quartz rich 

metasandstones and quartzites. The South Stack Group was deposited in a sand-rich turbidite outer fan 

environment (Phillips, 1991a) and their petrology indicates that the sediments have a continental 

provenance. 
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2.1.1.5b The New Harbour Group 

The base of the New Harbour Group (Figure 1.4a) is recognised as a tectonised sedimentary contact 

between the mainly pelitic rocks above and the psammitic of the South Stack Group below. In south 

Anglesey, the New Harbour Group is deformed and comprises 2000-3000m of highly foliated and 

folded chlorite-mica schists, with disrupted horizons of metabasaltic lavas and tuffs, serpentinite and 

metagabbros. In north Anglesey, however, the group can more easily be subdivided into recognisable 

formations due to less intense deformation. Three formations are recognised: the lowest, pelitic, 

Bodelwyn Formation, the middle, psammitic, Lynas Formation, and the upper Skerries Formation. The 

latter is divided into the pelitic Church Bay Tuffs and the psammitic Skerries Grits. The top of the New 

Harbour Group on Anglesey, towards the overlying Gwna Melange, is tectonically disrupted. The New 

Harbour Group is also interpreted as representing a turbidite fan system (Phillips, 1991a), similarly to 

the South Stack Group. It has been proposed that, in contrast with the continental provenance of the 

South Stack Group, the petrology of the New Harbour Group records the progressive unroofing of an 

andesitic island arc complex (Phillips, 1991a).  

2.1.1.5c The Gwna Group 

The Gwna Group crops out both in north and south Anglesey as well as along the south west Lleyn 

Peninsular, adjacent to the Lleyn Shear Zone (Figure 1.4a). The 3000m thick unit was the first 

‘melange’ to be recognised and described in an ancient geological setting by Greenly (1919). In most 

places it characteristically lacks an internal coherent stratigraphy due to its disrupted nature. The unit 

consists of blocks, ranging in size from centimetres to kilometres, of contrasting lithologies. This 

includes metasedimentary continental platform lithologies such as limestones and quartzites, along with 

metavolcanic rocks (Phillips 1991, Gibbons & Ball 1991) such as lavas and volcaniclastics. Overall the 

Gwna Group is interpreted as a highly tectonised olistostrome deposited on the peri-Gondwanan 

continental slope. 

2.1.2 Palaeozoic geology 

The Palaeozoic rocks of Anglesey and the Lleyn Peninsular are summarised in Figure 2.1. They are 

outlined and summarised in the following section in order of age, from oldest to youngest. 

2.1.2.1 Cambrian 

The Llanberis Slates Formation (Figure 2.1) belongs to the Harlech Grits Group. Its lower contact is 

with a felsic tuff of the Bangor Formation, or a conformable contact with the Fachwen Formation 

sandstones. The formation is relatively narrow and laterally extensive in outcrop and reaches up to 

1000m in thickness. The lithology typically consists of purple and blue-grey silty mudstones and  
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subordinate coarse-grained turbiditic sandstones (Crimes, 1970) that accumulated in a broad marine 

basin which deepened towards the southeast (Howells, et al., 1985). It contains famous slates mines 

such as Penhryn and Dinorwic and consists of several slate beds that are mined, with interstitial sandy 

beds or indifferent slate between. The Bronllwyd Grit Formation comprises thick beds of coarse-

grained grey-green massive sandstone with minor mudstone beds which are commonly manganiferous 

(Howells, et al., 1985). The base is defined by coarse conglomeratic sandstone overlying and locally 

cutting down into silty mudstones. The formation represents turbiditic incursions of shallow-water sand 

into a depositional environment of deep-water mud. The Marchlyn Formation features grey mudstone 

with fine sandstone and in places laterally restricted beds of coarser sandstone and ironstone. Above 

the base are pale grey siltstones with thin ripple-marked sandstone beds, and towards the top the 

formation features grits and grey siltstones (Howells, et al., 1985). The succession represents a change 

from active basinal deposition to more stable, shallower-water conditions. 

2.1.2.2 Ordovician 

The Ordovician in Anglesey and the Lleyn Peninsular consists of the Arenig-Caradoc rocks of the 

Ogwen Group (Figure 2.1; Rushton & Howells, 1998). The Ogwen Group is made up of mainly fine 

grained marine sedimentary sequence, comprising mudstones and siltstones as well as basal sandstones 

and other lithologies such as tuffs and oolitic limestones (Rushton & Howells, 1998). The lower contact 

is an unconformity lying above the Cambrian Mawddach Group and Rhobell Volcanic Group of the 

Harlech region, to the south of the Lleyn Peninsular and Bangor region (Allen & Jackson, 1985). The 

Ordovician sediments envelop the older, lower Ordovician Ashgill volcanics, which interleave between 

the Ogwen Group and contain tuffs and tuffites. (Fortey & Harper, 2000). The Ogwen Group succession 

in Lleyn and Anglesey represents a marine transgressive sequence that followed a eustatic regression 

and possible local uplift during the Late Tremadoc (Howells, 2007).  

2.1.2.3 Devonian 

The Devonian Old Red Sandstone crops out to the north of the Carboniferous Limestone Supergroup, 

from Traeth Dulas to Traeth Lligwy, and extends inland to Llangefni (Figure 2.1). The group reaches 

over 500m in thickness and unconformably overlies the Ogwen Group and parts of the Monian 

Supergroup to the West. The Devonian rocks are unconformably overlain by the Carboniferous 

Limestone Supergroup to the east. Four formations are recognised within the Old Red Sandstone group, 

in order of oldest to youngest (Allen, 1965): 

1. The Bodafon Beds are a coarse basal section of the old red sandstone, up to 45m thick and consisting 

of pebbly sandstones and coarse conglomerates. Minor lenses of siltstone also feature locally. The 

Bodafon Beds are interpreted as largely of alluvial fan origin. 
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2. The Traeth Bach beds are dominated by red concretionary siltstones, which grade up towards 

massive concretionary limestones and dolomites. Allen (1965) interpreted the calcaerous facies 

within the Traeth Bach Beds to signify a playa-lake environment, which cyclically dried, and the 

sandstones and conglomerates to represent intermittent streams which fed the playa. Thin 

sandstones and conglomerates also occur locally within the Traeth Bach Beds; these, Allen 

suggested, were likely to have been deposited in a relatively persistent lake environment established 

in an area formerly occupied by streams. 

3. The Porth y Mor formation is around 350m thick and comprises a mixture of siltstones and 

calcareous rocks, as well as fine red – purple sandstones with thin conglomerates. The formation, 

called the Cyclical Facies by Allen, (1965) is likely to represent a floodplain developed under steady 

subsidence and a warm climate of seasonal rainfall. 

4. The Traeth Lligwy beds feature conglomerates and coarse sand. 

Taken together, the Old Red Sandstone in Anglesey represents deposition in a warm, semi-arid 

continental environment, with sediment supply from the northwest (Woodcock & Strachan, 2012), and 

is an example of an Avalonian basin developed close to the Iapetus suture. 

2.1.2.4 Carboniferous 

The Carboniferous Limestone Supergroup occupies a significant portion of eastern and southern 

Anglesey (Figure 2.1). The basal 75m of the Carboniferous consists of red alluvial breccias of the 

Lligwy Sandstone Formation in central and eastern Anglesey and the Menai Straits Formation in 

southern Anglesey. Lying conformably above these ‘Basement Beds’ (Waters, et al., 2009) is the Clwyd 

Limestone Group, up to 900m in thickness, which features the Loggerheads Limestone Formation, 

Cefyn Mawr Limestone Formation, and the Red Wharf Limestone Formation. In some places, this group 

lies unconformably above Devonian rocks, and it records the initiation and growth of a marine carbonate 

platform along the northern flank of the Wales-Brabant Massif. 

Above the Carboniferous Limestones is the Millstone Grit, which outcrops in a narrow sliver trending 

southwest-northeast, to the north of the Berw Fault. Thick Quaternary alluvium conceals most of the 

outcrop. The Millstone Grit is in conformable upper contact to the south with the Carboniferous Coal 

Measures, which were also deposited in a southwest-northeast orientated basin that underlies most of 

the Malltraeth Marsh to the north of the Berw Fault (Figure 2.1). The Red Measures are exposed at the 

very south of Anglesey, and immediately south of the Menai Strait, where they feature red marls and 

thin pebbly sandstones.  
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2.2 Structural geology 

The geological structure of North Wales is inherited mainly from two collisional events: the Caledonian 

and Variscan orogenies. The southwest-northeast axis of the Welsh Basin, which runs through central 

Wales, is of Caledonian origin; all Caledonian structures in Wales and southeast Ireland are 

approximately parallel with this alignment (Figure 2.2). The Variscan front impinges on the south side 

of the basin. The southeast margin of the Welsh Basin is defined by the Welsh Borderlands Fault System 

(WBFS), and the northwest margin is defined by the Menai Strait Fault Zone (MSFZ).  

2.2.1 Caledonian structure 

The Caledonian orogeny involved the closure of the Iapetus Ocean and resulting collision of Laurentia, 

Avalonia and the associated microcontinents (Section 1.1). The MSFZ and the WBFS are believed to 

have controlled the development and geometry of the Welsh Basin during the late Precambrian 

onwards, and other lineaments (e.g. Bala Trawsfynydd, Beddgelert, Llangranog, Central Wales and 

Tywi) exerted controls on sedimentation and volcanism within the basin (e.g. Fitches & Campbell, 

1987; Woodcock, 1984, 1990; Craig, 1987; Smith, 1987; Gibbons, 1987; Woodcock & Gibbons, 1988). 

The climax of the Caledonian orogeny, in the late Silurian, produced numerous SW-NE trending, strike-

slip structures, which reflect the oblique nature of the collision (Cooper, et al., 2000).  

Throughout the Welsh Basin most rocks display at least one generation of cleavage. There is one 

particular penetrative, widespread cleavage, which has a variable orientation. Where this cleavage is 

well developed and parallel to bedding within mudstones it gives rise to the Welsh slate industry. This 

regional slate belt is seen throughout Wales and the English Lake District. It is related to Acadian 

deformation that occurred during the Devonian, and is accompanied by strong folding (Figure 2.2; 

Woodcock, 2012). Southwest-northeast trending faults that were active during the Acadian deformation 

typically show a sinistral displacement.  

The rocks of North Wales feature an irregular fold pattern, with fold orientations controlled by pre-

existing structures and the competency of surrounding rocks. There are narrow zones of intense 

heterogenous deformation and widespread areas of relatively homogenous, less intense, but consisten 

deformation (Howells & Smith, 1997). The major structures, such as the north-south Harlech Dome 

and NE-SW Snowdonia synclinorium, feature other major periclinal folds. In Snowdon large folds are 

upright or steep and asymmetrical, verging southeast. Their strike varies due to influence from the 

MSFZ and Precambrian rocks (Cooper, et al., 2000)  

In addition to end-Caledonian and Acadian deformation, there is evidence in the Welsh Basin of folding 

in the Early Tremadoc (Allen & Jackson, 1985). Elsewhere in North Wales the presence of the Arenig 
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unconformity indicates either regional uplift and deformation or local fault-related deformation, 

possibly within fault blocks (Cooper, et al., 2000). 

The metamorphic grade of rocks of the Welsh Basin ranges from late diagenetic to low greenschist 

(maximum biotite grade, >300°C, >2.5kbar). Metamorphic grade generally increases towards the centre 

and into older rocks, but is also locally high in high strain, strongly cleaved zones. 

To the north of the MSFZ, the Precambrian and lower Palaeozoic rocks of Anglesey are intensely folded 

and locally overthrust with slaty cleavage and axes parallel to Precambrian trends (Bates, 1974). In the 

Monian Supergroup, SE-verging asymmetrical folds are accompanied by reverse faults and are post-

dated by dyke intrusions and low angle, north-dipping thrusting, for example the Carmel Head Thrust 

(Figure 1.3).  
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2.2.2 Variscan Structure 

The southern margin of the Welsh Basin is affected by the northern boundary of major Variscan 

deformation (Hancock, et al., 1981; Duff & Smith, 1992), the precise position of which is disputed. The 

boundary runs in an easterly direction through southwest Pembrokeshire, across the Gower and through 

south Glamorgon. To the north, deformation is relatively simple (folds and faults) whereas to the south 

there is high strain overfolding and thrusting.  

 

The Lower Parlaeozoic rocks of the Welsh Basin were affected by the Variscan in the form of 

reactivation of pre-existing faults and fractures. For example, movement on faults such as the Bala fault, 

Vale of Clwyd fault, and the MSFZ, could be related to Variscan events, which may also have 

accentuated regional Caledonian structures such as the Harlech Dome (Cooper, et al., 2000). 

2.2.3 The Menai Strait Fault Zone 

2.2.3.1 Onshore 

An introduction to the Menai Strait Fault Zone (MSFZ) is provided in Section 1.3 and the MSFZ is also 

shown in Figure 2.3. The most northerly strand of the MSFZ, The Berw Shear Zone (Section 1.3.1), 

which separates the Penmynydd Zone of Metamorphism from the Gwna Group (Figure 1.4a), preserves 

early phases of ductile deformation in mylonitic rocks, with a number of phases of Phanerozoic brittle 

overprinting. The shear zone has subsequently been uplifted and eroded to expose the ductile rocks at 

the present land surface. The Aber-Dinlle and Dinorwic faults on the mainland, contrastingly, only 

show brittle deformation in the form of cataclasites and damage zones (Gibbons, 1987).  

2.2.3.2 Offshore 

Precambrian and lower Palaeozoic rocks subcrop on the Holy Island Shelf (Figure 2.3; Jackson, et al., 

1995), which straddles the Holyhead Deep, an area of seafloor to the northwest of Anglesey that reaches 

90m in depth and is topographically divided into two parts. To the west, lower Palaeozoic rocks form a 

smooth seabed, and to the east a rugged seabed consists mostly of Precambrian rocks. Tertiary dykes, 

known from magnetic anomalies, trend NW-SE (Jackson, et al., 1995; Al-Shaikh, 1970; Wright, et al., 

1971; Kirton & Donato, 1985) 

The Caernarfon Bay basin is located to the north of the Lleyn Peninsular (Figure 2.3). It consists of two, 

northeast trending, stepped half-grabens, the Malltraeth and Menai Strait sub-basins (Figure 2.3), which 

originated in the Carboniferous, both tilt to the southeast and feature hanging wall synclines adjacent 

to their controlling faults. The half-grabens are separated by a northeast-trending ridge which extends 

onshore Anglesey as the Penmynydd ridge (Figure 2.3). The Malltraeth sub-basin is bounded by a splay 
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of the Berw Fault and consists of Carboniferous rocks resting unconformably on Early Cambrian rocks 

(Jackson, et al., 1995; Dobson, et al., 1973). To the south, the Menai Strait sub-basin is bounded by the 

Dinorwic Fault, and passes northeastwards into the Menai Strait Syncline, in which Westphalian rocks 

rest unconformably upon Dinantian rocks (Jackson, et al., 1995). 

2.2.3.3 The Berw Fault/Shear Zone and Penmynydd Zone 

The most northerly of the three high strain zones that straddle the Menai Strait is the Berw Fault (Figure 

2.4), which is adjacent and parallel to the Berw Shear Zone (BSZ), on Anglesey; the Berw Fault/Shear 

Zone are introduced in Section 1.3.1. The Berw Fault dips steeply towards the northwest and crops out 

from Newborough in the south west, extending to the north east, establishing a prominent slope between 

the Carboniferous basin fill in the Malltraeth Marsh (Sections 2.1.2.4, 2.2.3.2) to the north and 

Neoproterozoic Penmynydd Zone (Section 2.1.1.4) to the south. Immediately to the north of the Berw 

Shear Zone, at its southwest end, is the Gwna Group Melange, although it is poorly exposed. The Berw 

Shear Zone has a complex deformation history involving activation as a basement shear zone and 

subsequent reactivation, inversion and uplift. 

2.2.3.3a Previous studies & deformation history 

The deformation history of the Penmynydd Zone rocks has seen much attention by authors. The Berw 

Fault and its damage zone is poorly exposed and the literature regarding this is lacking. Greenly (1920) 

first suggested a structural discordance between the rocks of the Penmynydd Zone and the Gwna Group. 

He proposed an origin for the Penmynydd schists of selective metamorphism below great thicknesses 

of recumbent folds, an idea that was replaced by Shackleton (1969), who suggested that a rapid prograde 

transition from low grade metasediments to high grade gneisses and anatectic granite defined the 

boundary. However, based on field evidence indicating faulting, as well as mylonitic textures and 

retrogressive processes, this was rejected by Barber & Max, (1979).  

Gibbons & Gyopari (1986) established, based on textural relationships in the field, that the actinolitic 

greenschists form the protolith to the glaucophanic blueschists in the Penmynydd Zone. Horak & 

Gibbons (1986) further documented this by studying amphiboles from the blueschists, which display a 

change in composition from calcic to sodic amphibole. Dallmeyer & Gibbons (1987), using U-Pb dating 

of phengite and amphibole from four samples within the Penmynydd Zone, established the ages of these 

two phases of metamorphism; ca. 590 – 580 Ma for greenschist metamorphism and ca. 560 – 550 Ma 

for blueschist metamorphism. 

Gibbons (1983) came to the conclusion that the rocks of the Berw Shear Zone and Penmynydd Zone 

began as a deep-seated sinistral shear zone in the Cambrian that was subsequently uplifted and eroded 

suffiently to expose the ductile parts of the shear zone after multiple phases of reactivation. Gibbons  
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(1981) proposed that the Lleyn Shear Zone and the Penmynydd Zone schists on Anglesey were formed 

in a contemporaneous shearing event, possibly representing along-strike segments of the same shear 

zone.  

During the early-mid Carboniferous, the Berw Fault was reactivated as a normal fault under extension 

(Musson, et al., 2001), with a northwest downthrow, that created accommodation space for the 

Carboniferous deposits to the northwest. Offshore seismic data show a half graben located to the NW 

of the Berw Fault containing Dinantian, Namurian and Westphalian sediments (Jackson & Mulholland, 

1993). The younger Permo-Triassic sequences also thicken to the northwest across the Berw Fault, 

indicating further normal reactivation (Needham & Morgan, 1997). Relative young sinistral slip 

movements of 1.5km are suggested by Cenozoic dykes that are offset across the Berw Fault (Bevins, et 

al., 1996). 

2.2.3.4 The Lleyn Shear Zone 

The Lleyn Shear Zone (LSZ) refers to a zone of rocks, extending from Penhryn Nefyn to Aberdaron 

along the Lleyn Peninsular (Figure 2.2), that are intensely deformed as a result of a complex history of 

early ductile movement and multiple later strike-slip reactivations. It comprises fine grained, siliceous 

schists and phyllitic rocks which exhibit a steeply dipping foliation. Trending roughly NE-SW, the LSZ 

extends along the south west tip of the Lleyn Peninsular and juxtaposes the Gwna Group Melange to 

the north from the Sarn Complex intrusives to the south. Generally, the shear zone comprises deformed 

and recrystallised wall rock protoliths to the north and south, which either grade towards, or are in later 

faulted contact with, a core zone of greenschists, the thickness of which varies from c. 8-100m. Previous 

studies at two localities, Penhryn Nefyn and Trwyn Bychestyn, are summarised in Chapter 3. 

2.2.3.5 Magnetic data  

Magnetic anomaly data outlines a high amplitude positive center below the Snowdon Massif in North 

Wales (Figure 2.5a; Beamish & White, 2011). Magnetic high values elsewhere in North Wales and 

Anglesey display a NE-SW orientation, reflecting the orientation of the MSFZ. Beamish & White 

(2011) discussed the significance of the trend of the main anomaly edge SSW and parallel to the coast, 

extending from Anglesey along the Lleyn Peninsular (Figure 2.5a), as it suggests a continuity of the 

MSFZ along this extent. Highlighted in the HiRES magnetic data is a prominent regional basement 

magnetic high immediately to the southeast of the Berw Fault on Anglesey (Figure 2.5b), which extends 

offshore to the northeast and southwest. Beamish & White emphasised that this anomaly is closely 

associated with the Berw Fault, confirming it as a steep lithological boundary, as well as suggesting 

that the depth to the upper surface of the body is greatest towards the southwest. It appears from the 
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magnetic data that the MSFZ is significantly wider than the part exposed as the LSZ on the Lleyn 

Peninsular. 

2.2.3.6 Seismic Data 

Offshore seismic reflection data show a prominent northwest-dipping upper crustal thrust in the Irish 

Sea, which is assumed to correspond to the surface outcrop of the LSZ (Figure 2.6; Chadwick, et al., 

1996). Several earthquake epicentres, located in the Irish Sea, are interpreted to have originated from 

within the hangingwall-block of the north-westerly dipping LSZ thrust as seen in the seismic reflection 

data. There is also major seismicity recorded in the area surrounding the Lleyn Peninsular, featuring 

both historical and recent large events. It is likely that all of the seismicity related to the LSZ originates 

from within its footwall-block or hangingwall-block, rather than being associated with a process of 

simple thrust reactivation (Chadwick, et al., 1996). Seismicity is also recorded to the northeast of the 

Lleyn Peninsular, in proximity to the Menai Straight, and Chadwick, et al (1996) interpolate the upper 

crustal structure associated with the LSZ through the Menai Strait, implying continuity between the 

LSZ and MSFZ.  
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Chapter 3 The Lleyn Shear Zone: locality descriptions and structure 

Introduction 

The aim of this chapter is to describe the kinematic and structural evolution of the Lleyn Shear Zone. 

In the following sections, fault rock distributions and field relationships at the two best exposed 

localities will be described: Penhryn Nefyn, on the north coast of the Lleyn Peninsular, and Trwyn 

Bychestyn, at the southwest tip (Figure 3.1). The exposure at Penhryn Nefyn is the BGS type section, 

and at Trwyn Bychestyn, the BGS reference section, for the Lleyn Shear Zone Complex; Penhryn Nefyn 

was originally designated the stratotype for the Lleyn Shear Zone and the exposure at Trwyn Bychestyn 

was later designated as a hypostratotype, in order to extend knowledge of the shear zone at its furthest 

southwestern extent. Fault rock microstructures and textures are described in Chapter 4.  

3.1. Penhryn Nefyn  

Penhryn Nefyn forms a N-S oriented headland on the north coast of the Lleyn Peninsular, 1km west of 

Nefyn (Figure 3.1). Much of the shoreline here is covered by recent fluvioglacial sediments (Figure 

3.2). The headland lies at the far NE end of the exposed Lleyn Shear Zone (LSZ) on the Lleyn 

Peninsular, providing a section through the deformed rocks of the shear zone, which juxtaposes the 

Gwna Group (Section 2.1.1.5c) to the north with the Sarn Complex (Section 2.1.1.3) to the south (Figure 

3.2). The core LSZ schists are exposed on the eastern side of the Penhryn Nefyn headland as a c. 8m 

wide, steeply northwest dipping core zone of predominantly quartz – mica – epidote schist, interleaved 

with anastomosing mylonites and cataclasites. The entire deformed sequence, including the Gwna 

Melange and Sarn Complex rocks, is approximately 50m thick. At Penhryn Nefyn, the Gwna Group 

consists mostly of lavas and volcanic breccias, while the Sarn Complex features a tonalitic rock which 

is cut by pegmatite veins and a basaltic dyke. Rocks to the north and south become increasingly sheared 

and recrystallized in proximity to the shear zone and they feature more than one phase of brittle 

overprinting. Late brittle faulting may be responsible for removing much of the sequence of Gwna 

Melange mylonites which is seen at Trwyn Bychestyn (Section 3.2). The shear zone boundaries dip 

steeply and strike approximately SW-NE (Figure 3.2). The fault rocks have recognisable protoliths.  

3.1.1 Previous studies 

Previous studies at Penhryn Nefyn have led to contrasting interpretations of the field relationships on 

the shoreline. Some authors have suggested that the exposure features younger Gwna metasedimentary 

rocks to the north, in faulted contact with older gneisses of the Sarn Complex to the south (e.g. Barber 

& Max, 1979). Others conclude that The Sarn Complex at Nefyn does not have a metamorphic texture 

and is a tonalite, (Gibbons 1983, Shackleton 1956) sheared and faulted against the Gwna volcanics to  
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the northwest. According to Gibbons (2000), the Sarn Complex here comprises tonalite with felsic 

dykes and there is no suggestion of gneiss in the most recent work. 

There is also disagreement regarding whether the Gwna Group rocks are involved in the early shear 

zone deformation or whether they are in later faulted contact and therefore preserve deformation fabrics 

that predate the shear zone. The interpretation of most authors is that the basic volcanics of the Gwna 

Group are mylonitised and recrystallized (Shackleton, 1956, Gibbons, 1983), but Barber & Max 

interpreted the entire deformed sequence as sheared Sarn Complex without including the Gwna rocks 

as a product of the shearing. Shackleton (1956) proposed that the tonalitic rock is in fact younger and 

intrudes the schists to the north.  

The Lleyn Shear Zone has been linked to the Berw Shear Zone on Anglesey, which is believed to share 

similarities in its geometric and kinematic characteristics (Section 2.2.3.3). Both show a record of initial 

ductile sinistral deformation as adjacent units are sheared and recrystallized towards the core shear 

zone. Gibbons (1981) identified glaucophanic amphibole at Penhryn Nefyn, leading to the suggestion 

that this exposure represents an extension of the Penmynydd Zone, comprising blueschist, on Anglesey. 

More detailed study of the kinematics and geometries is needed to evaluate the theory that the LSZ is 

so closely linked to the BSZ. 

3.1.2 Protolith lithologies 

3.1.2.1 Sarn Complex 

Tonalite belonging to the Sarn Complex is exposed at Penhryn Nefyn to the south-east of the LSZ. The 

tonalite dominates the southern foreshore on the eastern side of the headland (Figure 3.2). The medium 

– coarse grained felsic igneous rock is light grey in colour and has an inequigranular, granoblastic 

texture. The mineralogy comprises quartz, feldspar, and biotite, which is commonly altered to chlorite. 

Throughout most of the exposed tonalite, other than at the very south of the exposure where the rock is 

relatively undeformed, there is a weak mylonitic foliation, defined by elongate chlorite and mica, which 

dips moderately-steeply northwest (Figure 3.3a).  

The rock is affected by significant hydrothermal mineralisation predating shear zone-related 

deformation, expressed in pegmatite veins, which comprise approximately 5-10% of the outcrop and 

strike NE-SW. One particular massive granite pegmatite vein (GR 229625, 341150) forms eye-catching 

lenticular pods (Figure 3.4) up to 60cm in width, striking northeast and dipping moderately northwest, 

which are interpreted as boudins that formed during shortening, related to transpression focussed along 

the LSZ. The pegmatite contrasts in colour with the surrounding foliated mylonite and often weathers 

proud. Located approximately 30m southeast from the core shear zone, the pegmatite is dominated by 

intense fracturing, most of which are steep and trend approximately NW-SE (Figure 3.4). A later,  
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recrystallized, light grey basaltic dyke also intrudes the Sarn Complex, trending roughly NW-SE 

(Figure 3.5) and crosscutting the pegmatite. The dyke ranges between 30-50cm in width and is offset 

dextrally along its length by NE-SW faults. It does not show evidence of mylonitisation but incorporates 

mylonitic xenoliths and therefore postdates the D1 deformation affecting the LSZ. 

A widely spaced, anastomosing disjunctive cleavage, which is defined by the common alignment of 

micas, dips moderately-steeply to the SSE (Figure 3.3b) and is present throughout the Sarn Complex 

tonalite and deformed rocks as well as the core shear zone. The cleavage cuts structures including the 

D1 foliation, D2 folding and the basaltic dyke which is affected by D3 faulting; it is therefore interpreted 

to postdate these locally-observed deformation phases (see Section 3.1.3 for D terms explanation) and 

may be related to a D4 deformation. 

3.1.2.2 Gwna Group 

The westerly and northerly facing sections of the headland comprise low grade metabasic and 

metavolcanic rocks of the Gwna Group. Dark green-grey, fine grained metabasic lavas rich in chlorite 

predominate.  Mineralogically they comprise chlorite, epidote, fine grained quartz and feldspar. Primary 

volcanic features such as deformed, jaspery pillows and volcanic breccias are still visible in places (GR 

229485, 341095). At the far west of the section, towards the low water mark (GR 229475, 341070), the 

Gwna Group features green volcanics with a breccia texture. The chlorite-rich matrix here, which gives 

the rock its green colour, hosts angular clasts of vesicular lava and red jasper up to 5cm in diameter. 

3.1.3 Fault rocks of the LSZ 

At least 4 phases of local deformation are recognised, here termed D1-D4; this terminology is used for 

convenience and the events defined here are not all necessarily of regional significance. In this study, 

the fault rocks associated with the LSZ at Nefyn can be subdivided into three lithological zones. The 

highest temperature deformation, and most thorough recrystallisation, occurs in a ‘core’ zone, 8m thick 

(Figure 3.2), which comprises quartz – muscovite – chlorite schists. This zone sits prominently on the 

foreshore and appears to pinch out towards the southwest, where there is no exposure. To the south of 

this core shear zone are D1 mylonites and cataclasites derived from the Sarn Complex, and to the North 

are Gwna Group rocks that are similarly deformed by D1 mylonitisation. The width of the entire 

deformed sequence is approximately 50m. Figure 3.6 illustrates some of the characteristics and 

relationships of fault rocks on either side of the core LSZ shear zone at Penhryn Nefyn.  Generally, both 

units are subject to increasing D1 deformation and recrystallization towards the central core shear zone.  
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3.1.3.1 South of the core shear zone 

The Sarn Complex igneous rocks gradually become overprinted by D1 mylonitisation and cataclasis 

with increasing proximity to the shear zone. At the south of the section, the tonalite is most highly 

deformed in slivers and lenses trending SW-NE, which contain mylonite that weathers to a yellow 

colour. Within roughly 40m of the shear zone, the primary igneous textures of the Sarn Complex tonalite 

become unrecognisable as the rocks become more extensively mylonitised. A mylonitic, moderately 

NW-dipping D1 foliation also becomes more pervasive moving northwards (Figure 3.3a). The SSE-

dipping cleavage described earlier (Section 3.1.2.1), within the Sarn Complex tonalite, is also seen 

within the mylonitised Sarn Complex rocks. Zones of steeply dipping shear band cleavage, exposed 

throughout the Sarn Complex (Figure 3.7), also strike NE-SW and indicate a possible phase of 

deformation post-dating D1 (locally a D3 event – see below) with a dextral shear sense. 

3.1.3.1a Sarn Complex mylonites 

Mylonitic rocks derived from the granoblastic tonalite are exposed along the southern coastal section. 

The light grey – green mylonite comprises a medium grained quartz – mica – feldspar – chlorite and 

minor calcite matrix with elongate clasts, which reach 30cm in length, consisting of fractured protolith 

rich in quartz and feldspar (Figure 3.8). The mylonite features a D1 foliation, defined by flattened 

aggregates of mica, quartz and chlorite, which dips moderately towards the NW, and a D1 mineral 

stretching lineation defined by elongate quartz, which plunges shallowly to moderately towards the NE. 

Rotated clasts (Figure 3.9) and en-echelon tensile quartz veins (Figure 3.10), when viewed 

approximately perpendicular to the foliation and parallel to the mineral lineation, consistently indicate 

a sinistral shear sense likely associated with the D1 deformation. 
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3.1.3.1b Sarn Complex cataclasites 

Towards the centre of the shear zone, orange iron-stained cataclasites become common. NW-SE 

oriented narrow, anastomosing (<1cm width) cataclasites are cut by wider ones (up to 7cm in width) 

that lie sub-parallel to the NE-SW shear zone and foliation orientation (Figure 3.3c, Figure 3.6). 

Evidence for the age or sense of shear related to these cataclasites is not clear.  

3.1.3.2 North of the core shear zone 

A schematic representation of the distribution of fault rocks immediately to the north of the core shear 

zone is illustrated in Figure 3.11. Basic mylonitic greenschists (Gibbons, 1980; see below), derived 

from the Gwna Group, are exposed to the north of the schists of the core shear zone. The D1 mylonitic 

foliation dips moderately-shallowly to the northwest, and rapidly steepens southwards towards the core 

shear zone (Figure 3.2). The contact between the schistose quartz – mica – feldspar – chlorite core shear 

zone and the mylonites is sharp but appears to have been preserved as an early ductile (D1) boundary 

that is not reactivated by later brittle faulting. Moving north, away from the schists, basic D1 mylonites 

grade towards less deformed, finer grained D1 protomylonites and protolith over a distance of 8-15m, 

varying along strike. A 1.5-2m wide lens of quartz – mica – feldspar – chlorite schist, similar to that 

seen within the core shear zone (Section 3.1.3.3), is exposed approximately 8m to the north of the core 

shear zone, within the mylonitic greenschists. The schistose foliation in the lens dips moderately to the 

northwest. It pinches out to the NE and is the focus of local D4 brittle reactivation along the LSZ which 

has produced fault breccia (Section 3.1.3.2b; Figure 3.11). Late D4 NW-SE striking, steeply dipping 

faults (Figure 3.3c) often display a dextral offset and are interpreted as subsidiary antithetic Reidel 

fractures indicating a D4 phase involving sinistral strike-slip along the LSZ. 

3.1.3.2a Gwna Melange mylonites  

North of the core shear zone are dark green basic proto – ultramylonites, or basic greenschists, derived 

from the Gwna Group. They comprise a mineral assemblage of epidote – chlorite – feldspar – quartz 

and amphibole. The foliation, which dips moderately to the northwest, is defined by fine layers of light-

coloured feldspar and quartz. The D1 mylonites are interleaved with smaller (up to 2m in width) lenses 

and slivers of schist, which are sometimes associated with later fault breccias (see below). 

3.1.3.2b Fault breccia 

8m north of the schists, at GR 229625, 341140, there is a 50cm – 1m thick, steeply southeast dipping 

(Figure 3.12a) fault breccia with sub-horizontal slickensides, indicating strike-slip displacement. The 

fault breccia narrows to the northeast. It comprises a fine-grained calcite matrix with intensely fractured 

quartz – feldspar – mica mylonite clasts and crosscutting, coarse-grained calcite veins, suggesting late 

phases of carbonate hydrothermal mineralization during reactivation. Offset veins at the margin provide 

evidence of a sinistral displacement (Figure 3.12b), and the deformation during which the fault breccia 
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developed is interpreted as a local D4 phase, representing a late, left lateral frictional overprinting that 

was focussed along the same orientation as the D1 deformation that produced the ductile shear zone 

rocks. 

3.1.3.3 Core shear zone 

The c. 8m thick shear zone forms a prominent ridge extending northeast and consists of quartz – mica 

– feldspar – chlorite schists which are similar to those exposed at Trwyn Bychestyn in SW Lleyn 

(Section 3.2.3.1) and in The Penmynydd Zone of southeast Anglesey (Section 5.3); all feature quartz 

and mica-rich lithologies, the D1 foliations at all of these locations dips steeply to the northwest, 

sinistral shear during D1 is observed, and there are also isoclinal F1 folds parallel to the foliation. 

The D1 schistose foliation here dips steeply towards the northwest (Figure 3.3a). A quartz mineral 

extension lineation, which developed in response to D1 sinistral transpression, plunges shallowly (~20°) 

towards the NE, sub-parallel to the plunge of F1 and F2 fold hinges, which are only seen in the core 

shear zone (see below). In the field, quartz sigma clasts and sinistrally verging folds suggest an initial 

D1 sinistral sense of shear.  
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NE plunging, isoclinal F1 folds, with NW-dipping axial planes, are associated with the initial D1 ductile 

sinistral transpression. These are refolded by minor, locally developed SE verging open-tight F2 folds 

with steeply SE-dipping axial planes (Figures 3.13, 3.3d), which are highly localized and are therefore 

unlikely to be regionally significant and are interpreted to have formed in relation to local top-to-the-

SE backthrusting along the LSZ. Folding is commonly disharmonic.  

Narrow (<10cm in width) zones of S-C cleavage, parallel to the NW-SE shear zone boundaries, cut the 

foliation and both fold phases and are interpreted to have developed during a later overprinting D3 

phase of dextral deformation localised within the LSZ. Dextral antithetic subsidiary faults, developed 

during D4 sinistral shear, are perpendicular to the shear zone margins and are equivalent to those seen 

in the mylonites to the north of the core shear zone (Section 3.1.3.2a). The spaced, SSE-dipping, 

disjunctive cleavage which is observed in the Sarn Complex tonalite and mylonites (Sections 3.1.2.1 

and 3.1.3.1, respectively) is also present in the core shear zone, defined by aligned micas. 

3.1.4 Kinematic summary and discussion  

The kinematic evolution of the LSZ at Penhryn Nefyn is summarised in Table 3.1. 

 

Kinematic Regime Fault rocks / structures / fabrics 

4. Sinistral brittle strike slip/ 

transpression reactivation 

along SW-NE shear plane D4 

(youngest) 

• Zones of cataclasite and fault breccia – sinistral 

• Sinistral en echelon tensile veins 

• Dextral R’ type subsidiary shear fractures 

• Possibly SSE-dipping spaced cleavage 

3. Dextral strike – slip along 

SW-NE shear plane D3 

 

• S, C cleavage fabrics in high strain zones of Sarn Complex 

and core shear zone 

• Folded basaltic dyke (syn-D3) intruding Sarn Complex 

2. Backthrusting? during 

regional NW-directed shear 

D2 

• SE dipping, SE verging asymmetrical folds developed in the 

core shear zone 

1. Sinistral transpression 

along SW-NE shear plane D1 

(oldest) 

• Sinistral quartz sigma clasts in schists of core LSZ 

• Isoclinal folding 

Table 3.1 - Summary table showing kinematic events recorded at Penhryn Nefyn 
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The earliest deformation affecting the rocks at Penhryn Nefyn was ductile sinistral transpression, 

juxtaposing the Gwna Melange with the Sarn Complex along the LSZ. This D1 episode led to 

recrystallisation and the development of the schistose foliation in the core shear zone (Section 3.1.3.3) 

and the mylonitic foliation in the adjacent fault rocks, and is associated with subsequent isoclinal folding 

(F1), as well as sinistral shear criteria in the schists.  

Southeast verging asymmetrical F2 folds, observed in the schists (Section 3.1.3.3), are not widely 

developed so are unlikely to be in themselves representative of a regional deformation phase. They 

verge in the opposite direction to that of regionally developed F2 folds (NW verging, seen at Trwyn 

Bychestyn and the Berw Shear Zone, Sections 3.2.3 and 5.4, respectively), and therefore could have 

developed due to local backthrusting, associated with an interpreted, NW directed, regional D2 shearing 

deformation event, direct evidence of which is not preserved at Penhryn Nefyn. 

Shear band cleavages, within the Sarn Complex rocks in particular (Section 3.1.2.1), indicate a later 

(D3) episode of dextral shear associated with deformation in a more brittle manner and lower 

temperature than previous sinistral shearing.  

Steep dextral discrete faults, orientated sub-perpendicular to the shear zone boundary, are abundant in 

the Gwna mylonites (Section 3.1.3.2a) and also feature in the central schist zone. They are interpreted 

as subsidiary, antithetic Reidel shears that occur during simple shear (Hancock, 1985), and indicate a 

late phase of sinistral shear along the SW-NE striking main shear plane. Sinistral reactivation of the 

shear zone is also indicated by the SW-NE striking iron-stained fault breccias with sinistral 

displacement, and associated en-echelon tensile quartz veins. The SSE-dipping cleavage shares the SW-

NE trend and overprints the D1, D2 and D3 structures, so therefore may be related to the D4 phase. 

These structures all point towards a D4 deformation involving sinistral strike slip, or transpression, 

reactivation focussed along the LSZ and occurring at lower temperatures, in the frictional regime. The 

structures may, however, relate to multiple separate reactivation events during the later history of the 

shear zone. 

The D1 and D2 structures seen at Penhryn Nefyn are likely related to deformation structures believed 

to have developed at a similar time in the Monian Supergroup, on Anglesey. Both likely developed 

during sinistral transpression in the Ordovician (486-479 Ma), at which time the entire MSFZ is likely 

to have accommodated sinistral strike slip on the peri-Gondwanan continental margin (Section 1.5.2). 

The cleavage at Penhryn Nefyn, seen throughout the Sarn Complex tonalite and mylonite and the core 

shear zone, has an Acadian trend (NE-SW; see Section 2.2.1). It is possible that this, therefore, relates 

to the Acadian cleavage also seen throughout the Welsh Basin and the Lake District. This NE-SW-

trending cleavage at Nefyn is tentatively suggested to be associated with the D4 deformation, involving 

sinistral NE-SW strike-slip, and resulting in the development of the fault breccias (Section 3.1.3.2b). 

This D4 sinistral deformation event therefore may be related to Acadian deformation, which is 
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consistent with the proposal that sinistral transpression occurred in Wales and the Lake District at this 

time (Woodcock, 2012). However, without fault rock dating, the precise timing of the deformation is 

unclear. 

3.2 Trwyn Bychestyn 

The Lleyn shear zone extends along the Lleyn Peninsular to its south-western limit at the headland of 

Trwyn Bychestyn, 3km south west of Aberdaron (Figure 3.1). A sequence of rocks representing the 

gradual transition from Gwna Group to Lleyn Shear zone is exposed along a c. 600m long, northwest-

southeast oriented, rocky coastal section (Figure 3.14). The core LSZ quartz-mica schists, which are 

lithologically similar to those at Penhryn Nefyn, are exposed near Parwyd in the southeast, where the 

Parwyd Thrust emplaces them directly above steeply dipping Ordovician sediments (Section 2.1.2.2). 

The original south-eastern contact of the LSZ here, however, before the structural juxtaposition with 

the Ordovician sediments, was with the Sarn Complex gneisses to the southeast (Gibbons 1983). The 

Gwna Group melange (Section 2.1.1.5c) to the north comprises a chaotic mixture of low grade 

metavolcanic and metasediments and displays a gradual increase in recrystallisation and deformation 

intensity towards the schists at the southeast of the headland. At least 3 phases of local deformation are 

recognised, here termed D1-D4; this terminology is used for convenience and the events defined here 

are not all necessarily of regional significance 

The transition towards the schists in the southeast is steady, and in weakly deformed Gwna Melange 

metasediments in the northwest (Section 3.2.2.1), there is often a clear mylonitic foliation that dips 

steeply to the northwest. Approximately 400m southeast from the Pared Thrust (Figure 3.14), the 

dominant lithology becomes partially recrystallised, mylonitic Gwna Group rocks, or Gwna 

Greenschists (Section 3.2.2.2), which feature a greatly increased mica and chlorite content, and amongst 

which lenses and pods of lower grade Gwna metasediments are still preserved. A further 130m southeast 

from here, another lithological transition is observed, whereby quartz – mica – chlorite – feldspar schist 

becomes the dominant lithology, comprising the thoroughly recrystallised and intensely deformed core 

LSZ. The steep north-westerly dipping mylonitic S1 foliation of the Gwna Group metasediments grades 

directly into the schistose foliation in the southeast. The quartz – mica schists of the core shear zone are 

thrust over the Ordovician sediments to the east via the WSW-dipping Parwyd Thrust. 

3.2.1 Previous studies 

Shackleton (1956) interprepreted the sequence of rocks at Aberdaron, in the context of the Lleyn Shear 

Zone as a whole, to display a prograde metamorphic transition from low grade greenschist facies Gwna 

Group, through schists, to the the gneiss of the Sarn Complex. He argued that the schists and gneisses 

are a product of increasing grades of metamorphism of the Gwna Group, and therefore implied that the 

Gwna facies rocks are the oldest group and the Sarn Complex Gneisses are the youngest unit in the 

sequence. Baker (1969) rejected this idea, citing retrogressive features in the gneiss in proximity to the  
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lower grade Lleyn schists to infer that the gneisses are older. He came to the conclusion that the Lleyn 

Shear Zone and associated rocks represent convergent metamorphism along a tectonic contact. Gibbons 

(1983) further supported this theory, suggesting that the gneisses are deformed and mylonited against 

the Gwna Group via the Lleyn Shear Zone. 

3.2.2 Protolith lithologies and structure: the Gwna Group 

3.2.2.1 Gwna Melange metasediments and metavolcanics 

Towards the far north of the studied coastal section, at Pared Llechymenyn (GR 214720, 324640), the 

cliff base is dominated by the moderately northwest-dipping Pared thrust, which strikes approximately 

southwest-northeast (Figure 3.14). Above the thrust the Gwna Group features a chaotic, tectonised 

mixture of siliceous metasediments, including quartzite, limestone, sandstone, and large masses of 

pillow lavas, all set in a red-green pelitic matrix. This matrix displays a strong slaty cleavage, which 

dips moderately to the NW, and envelops olistostromes, up to 10m in diameter, consisting of massive, 

homogenous white quartzite and brown limestone. The lithology at GR 214700, 324650, immediately 

above the Pared Thrust, is a fractured and altered, dark green, spilitic lava. The rock features coarse 

quartz and <1mm crystals of plagioclase, biotite and chlorite, which gives it its green colour. The spilitic 

lava is massive and shows no evidence of the development of a foliation. 

Immediately below the Pared Thrust, on a floor outcrop at GR 214720, 324630, are metabasic lavas 

similar to those described above the Pared Thrust.  There is a weak, north-westerly dipping S1 foliation 

defined by flattened quartz, which is non-pervasive here, and the spilitic lavas are intensely fractured. 

Travelling 200m southeast the rocks take on a light lustrous sheen as there is a gradual growth of new 

fine-grained mica, chlorite, and quartz, in increasingly foliated and folded mylonitic lenses of red-green 

slates, brown limestones, red sandstones, and purple lavas.  

Exposed at GR 214895, 324545 there is a dark red metasandstone belonging to the Gwna Group that 

consists of 1-5mm width layers of very fine, equigranular quartz, as well as chlorite-rich layers, with 

minor fine-grained feldspar (<1mm in diameter). In some places a mylonitic S1 foliation can be 

identified, defined by the orientation of chlorite and elongate quartz, dipping steeply to the northwest. 

Locally developed, centimetre to metre-scale F1 folds are isoclinal, with axial planes parallel to the 

foliation, and are overprinted by locally developed, open, F2 folds with moderately NW dipping axial 

planes. F1 fold vergence is unclear, whilst the F2 folds verge southeast. 

Prominently exposed on the headland at GR 214950, 324395 is the Great Quartzite, a 15m wide clast 

of sheared white quartzite amongst the Gwna Melange. Adjacent to the quartzite, the Gwna Melange 

metasediment has an effectively bimodal composition, comprising mostly recrystallised quartz, along 

with muscovite mica and minor chlorite. The rocks feature an isoclinal F1 fold phase, with foliation-

parallel axial planes, and subsequent, rounded, tight F2 and open F3 fold phases superimposed (Figure  
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3.15, Figure 3.16a). F2 folds here show amplitudes up to 50cm, they verge SE, and their hinges plunge 

towards the southwest. F3 folds show an inconsistent NW vergence and their hinges plunge towards 

the south. Much of the folding observed in outcrop displays chaotic and disharmonic geometries. Within 

a dark red-brown metasandstone at GR 214925, 324435, sets of steep, en-echelon quartz tensile veins 

(Figure 3.17), orientated towards 073°, overprint the D1 mylonitic foliation and D2 folds, therefore 

postdating these structures and suggesting a later phase of dextral shearing (local D3).  

3.2.2.2 Gwna Greenschist (partially recrystallised) 

In the partially recrystallized Gwna Melange rock adjacent to the schists of the core shear zone, at GR 

215045, 324255, the immediate noticeable distinction in the lithology relative to the Gwna Melange 

metasediments is a significantly higher proportion of new mica, sometimes composing over half of the 

rock mass, and giving the rock a noticeable lustre compared to the northwest. The rock is light grey-

green in colour and comprises a medium-grained assemblage of quartz – mica – feldspar and chlorite. 

A well-developed mineral stretching lineation in quartz plunges steeply to the northwest (Figure 3.16b). 

Exposed 60m further northeast, at GR 215100, 324290, is a similar, fine grained quartz – mica – chlorite 

– epidote schist. The added presence of chlorite and epidote to the mineral assemblage suggests that 

metamorphism occurred at greenschist facies conditions.  

Recrystallised quartz often forms lenticular aggregates up to 2cm in width. Isoclinal F1 folds are parallel 

to the steep foliation and are refolded by moderately northwest dipping, open – tight, F2 folds, which 

plunge towards the north-northeast (Figure 3.16a), creating a disharmonic geometry (Figure 3.15). F3 

folds, with SE dipping axial planes, are not widely developed in the partially recrystallised greenschists. 

In places there are locally developed, SW-verging, F4 folds, with amplitudes up to 20cm and shallowly 

ENE dipping axial planes. These F4 folds become increasingly common towards the southeast. At GR 

214990, 324320 a pegmatite dyke, up to 3m in width, intrudes the Gwna Greenschists, trending SSW-

NNE and thinning to the NNE. 

3.2.3 Fault rocks of the LSZ 

3.2.3.1 Quartz – mica – chlorite – feldspar schist (core shear zone) 

Exposed at the southeast end of the headland are light grey-green schists of the core Lleyn Shear Zone, 

featuring a lithology of quartz – chlorite – mica and feldspar. Quartz forms ribbons and lenses up to 

5cm in thickness and with aspect ratios between 3:1 and 15:1. At GR 215230, 324300, chlorite 

comprises over 60% of the rock, giving it a distinct green colour. The rock is strongly deformed and 

thoroughly recrystallized, with coarse muscovite mica also forming flat, elongate aggregates. The S1 

foliation is defined by the orientation of both new mica and flattened quartz grains and aggregates.  

The abundant steep, isoclinal F1 folds here are refolded by F2 folds with shallowly NW dipping axial 

planes and north north-easterly plunging hinges, and north-westerly verging F3 folds, with south south- 
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easterly plunging hinges and SE dipping axial planes (Figure 3.16a). The widely developed F3 folds 

are interpreted to represent a D2 phase involving top to the northwest shear. The F4 folds, with 

shallowly northeast-dipping axial planes, observed in the partially recrystallised greenschists, become 

more common within the schists of the core shear zone towards the southeast. Asymmetrical quartz 

ribbons and sigmoids, as well as feldspar porphyroclasts, indicate an early, ductile sinistral shear sense 

associated with the D1 deformation involving dynamic recrystallisation. 

Within the light-coloured, quartz-dominated, schists are green-yellow lenses of greenschist, rich in 

chlorite and yellow weathered epidote. They reach up to 60cm in width and 2m in length and display a 

mylonitic texture. At GR 215220, 324270 a horizontal section through a mylonitic greenschist lens, 

with boundaries striking 020°, displays S-C cleavage fabrics indicating dextral shear (Figure 3.16c). 

The cleavage overprints the earlier D1 foliation and fabrics, and is not folded, and therefore it is likely 

that these structures developed during a local D3 dextral deformation phase that occurred after the initial 

D1 sinistral transpression and D2 northwest-directed shearing phases.  

3.2.4 Structure 

The structural geometries seen at Trwyn Bychestyn are summarised in Figure 3.16. At Pared 

Llechymenyn, the cliff base is dominated by the Pared thrust, which strikes approximately SW-NE, and 

dips moderately towards the northwest. It comprises a c. 3m wide zone of sheared Gwna Melange 

metasandstones and slates.  

A pervasive S1 foliation, defined by the alignment of new, elongate or flattened crystals, dips steeply 

to the NW and SE, locally passing through the vertical to change dip direction (Figure 3.16b) except 

around minor fold hinges. S1 is cut by a penetrative S2 spaced cleavage in some places, which dips 

moderately towards the northwest, and is approximately parallel to F2 axial planes (Figure 3.16a). 

Perpendicular to S1 is a widely spaced and relatively non-penetrative S3 cleavage, which is only locally 

developed, and dips towards the northeast (Figure 3.16b). A mineral stretching lineation, defined by 

quartz and feldspar grains, plunges steeply to the north-northeast in places, sub-parallel to the dip vector 

of the foliation, as well as shallowly towards the northeast around folds (Figure 3.16b). 

A schematic 3D summary of the folding displayed at Trwyn Bychestyn is provided in Figure 3.18. F1 

folding is isoclinal and parallel to the foliation throughout the headland section. Open-tight, SE verging, 

F2 folds are also seen throughout most of the exposure, with moderately-steeply northwest-dipping 

axial planes (Figure 3.16a). Folding varies in both style and geometry along the section; towards the 

northwest, F2 fold hinges are angular and folds have a uniform geometry (Figure 3.19). Towards the 

southeast, however, F2 folds display rounded hinges and a NW verging F3 fold phase, with moderately 

south-easterly dipping axial planes (Figure 3.16a), develops, with their F3 fold hinges plunging towards 

the south or south-southeast. The fold interference leads to chaotic, non-cylindrical and disharmonic  



 53 
  



 54 

geometries (Figure 3.20). At GR 215010, 324315, asymmetrical minor F4 folds with shallow axial 

planes locally take on an ENE dip and verge to the north-northwest (Figure 3.16a). These minor folds 

increase in number towards the Parwyd Thrust at the southeast, which possibly accommodated dextral 

oblique, approximately top-to-the-east-displacement, during the D3 dextral shear deformation phase. 

Fold plunge also varies throughout the section. In the northwest, F2 folds plunge to the southeast (Figure 

3.18). Travelling southeast, F2 fold hinges rotate to a south-westerly plunge at approximately GR 

214950, 324450, and then a north-easterly plunge within the schists of the core LSZ (Figure 3.18).  

3.2.5 Kinematic summary and discussion 

The kinematic evolution of the LSZ at Trwyn Bychestyn is summarised in Table 3.2. 

Kinematic Regime Fault rocks / structures / fabrics 

3. Dextral c. NW-SE shear D3 

(youngest) 
• En echelon quartz tensile veins  

• S-C cleavage fabrics 

• Minor F4 folds associated with movement on the 

Parwyd Thrust 

2. NW-directed reverse shear D2 • NW-verging, open-tight F3 folds, with SE-dipping 

axial planes 

1. Sinistral NW-SE transpression 

D1 (oldest) 
• S1 foliation development  

• F1 isoclinal fold development 

• Sinistral quartz sigma clasts in core shear zone 

• F2 folds? 

Table 3.2 - Summary table showing kinematic events recorded in the LSZ at Trwyn Bychestyn 

The headland section displays a continuous increase in both strain and the grade of deformation imposed 

by the LSZ. The earliest kinematic event along the LSZ here was sinistral transpression between the 

Gwna Melange and Sarn Complex gneiss, which was accompanied by thorough dynamic 

recrystallisation. This D1 deformation is recorded by the S1 foliation and isoclinal F1 fold development, 

as well as sinistral asymmetric porphyroclasts in the mica schists. The SE-verging, open-tight F2 folds 

with NW-dipping axial planes, and the associated axial planar S2 cleavage, possibly developed in 

response to the same D1 sinistral transpression, or alternatively they could be the result of a separate, 

later deformation phase. The NW-verging local F3 folds, with SE-dipping axial planes, preserve 

evidence of a D2 deformation phase involving northwest-directed reverse shear.  

A D3 phase of NE-SW dextral shearing, overprinting D1 and D2 deformation, is recorded in small 

zones of S-C cleavage (Section 3.2.3.1), as well as en-echelon quartz tensile veins (Section 3.2.2.1),  



 55 
  



 56 

orientated sub-perpendicular to the S1 foliation. SW-verging minor F4 folds are also locally developed 

in the partially recrystallised Gwna greenschists and the core shear zone. These minor folds are likely 

related to dextral oblique displacement along the WSW-dipping Parwyd Thrust, possibly during D3 

dextral shear along the LSZ, as they are developed only in proximity to the fault. This possibly 

represents continued strike-slip deformation in the viscous-brittle transition during uplift and 

exhumation of the shear zone. There is little evidence at Trwyn Bychestyn of the D4 deformation phase, 

involving sinistral strike-slip, which is recorded in the LSZ at Penhryn Nefyn. 

The D1 sinistral shear and the D2 NW-directed shear at Trwyn Bychestyn likely relate to sinistral 

transpressional deformation along the Lleyn Shear Zone, and MSFZ as a whole, in the Ordovician. 

Structures related to this event are also recorded at Penhryn Nefyn and in the Berw Shear 

Zone/Penmynydd Zone on Anglesey. The Monian Supergroup features NW-verging D1 folds, similar 

to the NW-verging local F3 folds preserved at Trwyn Bychestyn in the Gwna Melange and the core 

shear zone.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 57 

Chapter 4. Fault rock textures and microstructures: LSZ 

The aim of this chapter is to provide a description of key fault rock microstructures and textures from 

the two localities along the LSZ: Penhryn Nefyn (Section 3.1) and Trwyn Bychestyn (Section 3.2). Due 

to a shortage of samples, photomicrographs for the Gwna Group mylonites at Penhryn Nefyn are absent. 

Field observations were not made of the Sarn Complex at Trwyn Bychestyn. However, Gibbons (1980) 

described the gneiss under thin section and their description is utilised to understand some effects of 

the mylonitisation of these rocks. Thin sections from some Gwna Group protolith rocks at Trwyn 

Bychestyn (GR 214700, 324650) were obtained and studied, however due to the impact of COVID19, 

photomicrographs could not be produced. 

The LSZ comprises a 50m to >200m wide zone of deformed rocks including schists, mylonites and 

cataclasites developed during multiple deformation phases. The earliest deformation involved sinistral 

transpression and led to the development of mylonites and schists found in the core of the shear zone. 

Secondary fault rocks such as cataclasites are thought to relate to later strike-slip and dip-slip 

movements and are focussed in or near zones of weaker phyllosilicate-bearing schists/mylonites. 

In the following sections, the textures and microstructures of protolith and fault rock assemblages 

formed within the LSZ will be described in order of their age, from oldest to youngest, deduced from 

field relationships described in Chapter 3. 

4.1 Protoliths 

4.1.1 Sarn Complex 

4.1.1.1 Penhryn Nefyn 

Tonalite belonging to the Sarn Complex (Section 2.1.1.3) is exposed to the southeast of the core shear 

zone. The tonalite is medium – coarse grained, has a granoblastic texture and comprises 60% 

plagioclase, 20% biotite, 15% quartz, and 5% chlorite. Euhedral-subhedral plagioclase phenocrysts (5-

10mm in diameter) and euhedral biotite (1-2mm in diameter) are accompanied by interstitial anhedral 

quartz (<1mm in diameter) (Figure 4.1 A-D). Iron oxides fill early crack-seal fractures and there are 

multiple phases of carbonate-rich and silica-rich hydrothermal mineralisation (Figure 4.1A). 

The tonalite exhibits increasing evidence of deformation towards the core shear zone at its north-

western contact. Towards the north, quartz increasingly displays evidence of minor low temperature 

plastic deformation, or dislocation glide, becoming flattened and showing sweeping undulose extinction 

(Figure 4.1B, 4.1C). Feldspar progressively displays more abundant healed microfractures, while 

chlorite also increases in abundance, featuring particularly in highly strained zones. The rock has been 

subject to significant hydrothermal alteration, which is manifested in the alteration of biotite and the 

intense sericitization of feldspar, with parallel chains of similarly optically oriented sericite grains 
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(Figures 4.1A, 4.1B). Calcite forms veins and fills voids, and fully replaces some plagioclase. There is 

evidence of cataclasis where new chlorite is concentrated along brittle high strain zones. 

Within the sheared tonalite, trending NW-SE, is a c. 30-50cm wide dyke with a basaltic composition. 

The dyke has a hemicrystalline, hyalopilitic texture with a sericitized feldspar groundmass embedded 

in glass (Figure 4.2A), and locally incorporates xenoliths of mylonitised and fractured Sarn Complex 

plutonic rock (Figure 4.2B), indicating that it post-dates mylonitisation.  

Deformation affecting the Sarn Complex tonalite occurred by mechanisms including brittle fracturing, 

cataclastic flow and minor intracrystalline deformation in quartz. This indicates deformation 

temperatures of approximately 300°C (Passchier & Trouw, 2005). 

4.1.1.2 Trwyn Bychestyn 

At Trwyn Bychestyn, the Sarn Complex is largely obscured and is not in direct contact with the schists 

of the LSZ due to a steep fault juxtaposing it with Arenig sediments. Therefore, the direct product of 

the LSZ shearing which affected the Sarn Complex, and the associated deformation conditions, is not 

clear here. However, the rocks do display some evidence of deformation related to the Lleyn Shear 

Zone. The Sarn Complex rocks, exposed on the next headland towards to the southeast, comprise gneiss 

described as ‘mylonitised garnet – amphibolite gneiss’ by Greenly (1919). Bands of mafic and felsic 

material are recognised; the mineralogy comprises garnet, hornblende, pyroxene, plagioclase, 

orthoclase, quartz and iron ore. Gibbons (1980) refers here to a cataclastic ESE-dipping foliation, 

parallel to the gneissose banding, and there is strong evidence suggesting metamorphic retrogression 

such as chloritization of mafic minerals as well as quartz growth and plagioclase sericitization. Circular 

areas dominated by chlorite could well represent retrogressed garnets, although unretrogressed garnets 

have not been identified (Gibbons, et al., 1993).  

4.1.2 Gwna Group 

4.1.2.1 Penhryn Nefyn 

Spilitic lavas of the Gwna Group are exposed on the Nefyn coastline, to the northwest of the LSZ. The 

most common protolith lithology is a dark green lava with a variolitic texture, that features needle-

shaped albite crystals hosted in a fine-grained basic groundmass consisting of chlorite, epidote and 

calcite. Quartz-alkali feldspar veins cut the lavas (Gibbons 1980).  

Towards the LSZ, the Gwna Group rocks become altered and recrystallised to form the ‘Gwna 

Greenschists’ (Greenly 1919). The greenschists are recrystallised lavas with a composition consisting 

of epidote – chlorite – albite – quartz – actinolite. In thin section, epidote forms porphyroclasts and the 

foliation is defined by layers of green chlorite and epidote, alternating with lighter layers consisting of 

albite, quartz and actinolite. Some evidence of ductile deformation is present in flattened and boudinage 
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quartz, which also increasingly shows undulose extinction towards the LSZ (Gibbons 1980), indicating 

that intracrystalline deformation was an active deformation mechanism. In the absence of 

photomicrographic evidence the deformation conditions in the Gwna Group at Penhryn Nefyn are 

unclear. 

4.1.2.2 Trwyn Bychestyn 

The outcrop at Trwyn Bychestyn provides approximately 400m exposure of Gwna Melange 

metasediments and metavolcanics (Section 3.2.2.1), which feature a D1 mylonitic foliation, but are less 

intensely deformed, and less extensively recrystallised, than the Gwna Greenschists to the southeast 

(Section 3.2.2.2). They are exposed towards the northwest end of the coastal section, below the Pared 

Thrust.  

Much of the Gwna Group at Trwyn Bychestyn is represented by spilitic lavas. At GR 214700, 324650 

the rock comprises coarse quartz, feldspar, and biotite, most of which is replaced and pseudomorphed 

by chlorite. Calcite fills veins and voids and replaces original plagioclase. The calcite displays undulose 

extinction and narrow, Type-1 calcite twinning (Burkhard, 1993). There is rare evidence of ductile 

deformation and recrystallization in flattened quartz, some of which exhibits folding, pinch and swell 

structures, and winged, asymmetrical form. Thorough brittle deformation has especially affected the 

stronger phases such as feldspar, leaving the rock intensely fractured. There is a protocataclastic – 

cataclastic texture in some places, with a recrystallized chlorite matrix and clasts of quartz and 

plagioclase. Pressure solution seams and discrete microfractures oblique to the cataclastic foliation are 

common. Deformation affecting these rocks occurred by low temperature mechanisms such as brittle 

fracturing, cataclastic flow, pressure solution and minor intracrystalline deformation in quartz. This 

indicates deformation temperatures of approximately 300°C (Passchier & Trouw, 2005). 

In the quartz-rich psammites at GR 214950, 324400, the rock consists of 80% quartz, 10% feldspar and 

10% mica. The mylonitic rocks are relatively compositionally homogenous, composed of fine (50µm – 

1mm in diameter), recrystallised and flattened quartz and fine-grained sericitic mica, which together 

define a foliation (Figures 4.3A-D).  

Quartz has undergone significant grain size reduction during dynamic recrystallisation, excluding large 

original grains in tabular bodies, which cut oblique to the foliation, which are interpreted as representing 

original quartz veins (Figures 4.3A, 4.3B). The large original quartz grains display patchy and sweeping 

undulose extinction as well as deformation banding. Recrystallised quartz grains range between 10-

30µm in diameter and display a wide range of aspect ratios, from 1:1 to 10:1. Interlobate grain 

boundaries are common (Figure 4.3C) and smaller crystals often form at grain boundaries, indicating 

that bulging accommodated dynamic recrystallisation. Rare feldspar porphyroclasts, up to 100µm in 

diameter, feature sweeping undulose extinction, deforming by minor dislocation glide.  
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Deformation is almost entirely continuous and ductile at millimetre scale. Limited evidence of brittle 

deformation includes iron-rich fluid filled fractures. There is rounded disharmonic folding (Figure 

4.3D), relating to the isoclinal, foliation-parallel F1, and open-tight F2 fold phases that are also observed 

in the field (Section 3.2.4).  

Asymmetric sigma porphyroclasts indicate a sinistral sense of shear (Figure 4.3C) during D1 

deformation and recrystallisation. The coarse-grained quartz veins are displaced sinistrally along 

sericitic mica-rich folia (Figure 4.3A, B). 

4.1.2.2a Metamorphic conditions and operative deformation mechanisms 

Due to the quartz and mica-rich nature of the rocks and to the absence of hydrous mineral phases 

indicative of metamorphic grade, it is almost impossible to assign a metamorphic facies range to these 

mylonites. The quartz-rich metasediments feature a strongly bimodal quartz grain size distribution, and 

deformed by dislocation glide, involving intracrystalline deformation, as well as extensive low 

temperature dynamic recrystallisation in quartz, carried out solely by bulging. There is very limited 

evidence of higher temperature recrystallisation processes and substantial recovery taking place, 

indicated by the lack of deformation bands or a clear quartz subgrains. It is therefore postulated that the 

peak deformation temperature in these Gwna Melange metasediments, during the D1 deformation, was 

between 300-400° (Passchier & Trouw, 2005).  

4.2 LSZ Fault rock assemblages 

4.2.1 Mylonitic rocks 

The section at Trwyn Bychestyn provides the most continuous and comprehensive exposure of the 

Gwna Melange mylonites, in which to study the gradual increase in grade of the LSZ deformation 

towards the core shear zone. At Penhryn Nefyn later brittle faulting (Section 3.1.3.2b) is possibly 

responsible for removing much of the sequence of Gwna Melange mylonites. For this reason, the Gwna 

Melange mylonites are studied in detail at the Trwyn Bychestyn locality as an alternative to Penhryn 

Nefyn. 

4.2.1.1 Gwna Greenschist (partially recrystallised) 

At GR 215040, 324260, within the partially recrystallised Gwna Greenschists (Section 3.2.2.2) adjacent 

to the core shear zone, the rock is coarser grained and features a greatly increased proportion of 

muscovite mica (up to 50% of the rock mass), which forms interconnected bands that comprise almost 

exclusively mica. Feldspar porphyroclasts (0.5-3mm in diameter) make up 20-30% of the rock and 

quartz is more thoroughly dynamically recrystallised than in the Gwna Melange metasediments. There 

is also minor chlorite and blue-green actinolite (Figures 4.4A, 4.4B).  
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Rigid feldspar porphyroclasts, which reach up to 1cm in diameter, display tapered and bent deformation 

twinning, kinking and microfractures, which are often healed by quartz (Figure 4.4A). They are 

wrapped by interconnected aggregates of elongate mica, and display mantles consisting of fine-grained, 

recrystallised feldspar and quartz. Rare, fine, circular new grains have formed locally within feldspar 

porphyroclasts (Figure 4.4B), indicating that minor feldspar recrystallisation was accommodated by 

bulging.  

Polycrystalline, discontinuous ribbons contain flattened, elongate quartz grains with aspect ratios 

between 5:1 and 10:1 and long axes that define foliations that are occasionally oblique to the 

macroscopic foliation, indicating syn-kinematic sinistral shear. Quartz features deformation banding 

and subgrain boundaries, which are parallel to the long axes of the quartz ribbons and laterally develop 

into new grains, which suggests that the process of subgrain rotation partly accommodated dynamic 

recrystallisation. New, small circular grains display interlobate grain boundaries, indicating that bulging 

also played a role.  

Iron-rich fractures, oblique to foliation, compartmentalise and displace the mica-rich aggregates and 

also enclose large, individual feldspar porphyroclasts (Figure 4.4C).  

Large, original quartz grains, which are mantled by fine elongate grains with interlobate boundaries, 

display sweeping undulose extinction and deformation lamellae (Figure 4.4D), providing evidence for 

intracrystalline deformation. Sinistral shear criteria, such as extensional shear bands, can be identified 

(Figure 4.4B).  

4.2.1.1a Metamorphic conditions and operative deformation mechanisms 

The added presence of actinolite together with the mineral assemblage of quartz, feldspar and muscovite 

mica suggests that these rocks underwent peak metamorphism at greenschist facies conditions, hence 

their distinction as greenschists.  

Feldspar deforms predominantly by internal brittle fracturing, which is assisted by minor dislocation 

glide and intracrystalline deformation. Patchy undulose extinction and microfractures and rare evidence 

of low temperature bulging recrystallisation are displayed in feldspar. Quartz shows evidence of crystal-

plastic deformation, with a combination of minor dislocation glide and dislocation creep. There is 

evidence for substantial recovery and dynamic recrystallisation occurred by a combination of bulging 

and higher temperature subgrain rotation. Quartz aggregates wrap around the rigid feldspar 

porphyroclasts and grow in strain shadows. These fabrics are interpreted to have developed in response 

to sinistral transpression during the D1 deformation that produced the foliation and isoclinal folding 

observed in the field. Based on the deformation mechanisms observed within quartz and feldspar a syn-

kinematic deformation medium grade temperature of between 400-500°C is assumed here (Passchier 

& Trouw, 2005).  
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In the Gwna Melange metasediments to the northwest, quartz deformed mostly by low-temperature 

plasticity, and dynamic recrystallisation of quartz is accommodated largely by bulging. In contrast, 

within the partially recrystallised rocks adjacent to the shear zone, the higher temperature subgrain 

rotation process and crystal-plastic deformation by dislocation creep are important. There more 

evidence of recovery in quartz, such as deformation bands and a subgrain, in the Gwna Greenschist.  

4.2.2 Core shear zone schists 

4.2.2.1 Penhryn Nefyn schists 

Quartzo-feldspathic mylonitic schists, which are likely to be derived from the Sarn Complex tonalite, 

feature in lenses and slivers in the core shear zone at Penhryn Nefyn (section 3.1.3.3). They consist of 

40-50% quartz, 30-40% mica, 15-20% feldspar and <10% chlorite. Feldspar porphyroclasts are 

wrapped by ribbons of recrystallised quartz grains with high aspect ratios (up to 10:1) and anastomosing 

layers of fine-grained sericite, white mica and chlorite. Muscovite mica and sericite often isolate 

individual polycrystalline aggregates, or clasts, of quartz and feldspar, developing mylonitic fabrics 

(Figure 4.5A, B). The feldspar porphyroclasts display arrays of microfractures, healed by quartz, as 

well as sweeping undulose extinction and deformation twinning.  

Original quartz grains feature sweeping undulose extinction. In polycrystalline quartz ribbons grains 

show clear deformation banding and subgrain boundaries, which develop into the boundaries of highly 

elongate new grains (Figure 4.5C).  Quartz and feldspar also show fine interlobate grain boundaries in 

many areas. 

In thin section, the schists exhibit evidence of an initial sinistral shear sense during ductile deformation, 

implied by oblique foliations within quartz ribbons and asymmetrical quartz grains and aggregates. The 

ductile deformation, recrystallisation and sinistral asymmetry observed in thin section represents the 

D1 sinistral transpression deformation that led the development of the foliation and F1 folds observed 

in the field. 

There is also evidence implying an overprinting deformation with a dextral shear sense. The schists 

exhibit both C-type (Figure 4.5D) and C’-type (Figure 4.5E) extensional shear bands and antithetic 

domino-type fractured feldspar porphyroclasts (Figure 4.5C). This dextral deformation overprints the 

earlier D1 deformation, which involved recovery and dynamic recrystallisation, and led to the 

development of the foliation, asymmetric fabrics and folds seen in the field. The dextral phase observed 

in thin section is interpreted as representing the same deformation as the D3 dextral deformation 

observed in outcrop, which is expressed as S-C cleavages in the deformed Sarn Complex rocks and 

within core shear zone (Section 3.1.3.3). These overprinting fabrics and structures are largely localised 

within, but not entirely restricted to, the weaker phyllosilicate-rich schists of the core shear zone.
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4.2.2.1a Metamorphic conditions and operative deformation mechanisms 

The schists at Penhryn Nefyn display an apparently stable mineral assemblage of quartz, plagioclase 

feldspar, muscovite mica, sericite, chlorite and actinolite. The relative abundance of hydrous minerals 

such as chlorite, actinolite and sericite, compared to the unaltered tonalite, suggests that they developed 

during localised metamorphism during mylonitisation. This mineral assemblage, with chlorite and 

actinolite, is consistent with metamorphism at mid-greenschist facies conditions. 

The mylonitic schists comprise ‘rigid’ feldspars which are wrapped by a network of polycrystalline 

quartz ribbons and bands of fine-grained sericite and muscovite mica. Feldspar has relatively low aspect 

ratios (<4:1) and does not show significant evidence of internal straining. Quartz and mica, in contrast, 

have aspect ratios that reach up to 10:1 and, unlike feldspar, are heavily strained, forming an 

interconnected weak layer (IWL) microstructure that developed during D1 deformation. The 

rheological behaviour of the entire rock appears to be controlled by this IWL. 

Feldspar displays evidence of internal brittle deformation, in healed microfractures, and intracrystalline 

deformation, in sweeping undulose extinction and deformation twinning. Antithetic dextral ‘domino-

type’ fracturing occurs. According to Pryer (1993), antithetic fracturing in feldspar develops at low-

medium greenschist temperatures, which would suggest that the dextral deformation, during the D3 

phase observed in field structures, occurred in this temperature range (approximately 400-450°C).  

Large, original quartz grains show evidence of intracrystalline deformation in sweeping undulose 

extinction. Flattened ribbons of new quartz display evidence for substantial recovery in deformation 

banding and a subgrain and dynamic recrystallization occurred by subgrain rotation, which led to the 

development of oblique foliations that indicate sinistral shear. The lower temperature process of bulging 

also played a minor role in accommodating dynamic recrystallisation during the ductile deformation. 

At peak P-T conditions, during D1 sinistral transpression, quartz deformation in the core shear zone 

occurred by dislocation glide and creep, involving recovery and dynamic recrystallization. Feldspar 

deformed by minor dislocation glide and twinning as well as brittle fracturing. Muscovite 

accommodated strain by pressure solution and commonly forms fish structures (Passchier & Trouw, 

2005).  

The deformation mechanisms observed in the quartz are consistent with a syn-kinematic D1 

deformation temperature of between approximately 400-500°C. The absence of evidence for crystal-

plastic deformation of feldspar suggests that the deformation temperature did not exceed 500°C as this 

is generally regarded as the point at which significant crystal plasticity begins to occur in feldspar 

(Passchier & Trouw, 1996). The temperature of approximately 400-450°C during D3 dextral 

deformation, inferred by antithetic feldspar fracturing, would suggest that the deformation occurred 

before significant uplift and exhumation of the shear zone occurred.  
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4.2.2.2 Trwyn Bychestyn schists 

Schists of the core Lleyn Shear Zone are exposed at the southeast corner of the Trwyn Bychestyn 

headland (Section 3.2.3.1). The lithology is a quartz – feldspar – mica – chlorite schist with minor, 

euhedral-subhedral diamond- shaped sphene (titanite) and hematite. Rigid feldspar porphyroclasts are 

wrapped by elongate ribbons of flattened, dynamically recrystallised quartz and anastomosing mica 

aggregates, which together form an interconnected weak layer separating and isolating the stronger 

feldspar. 

Feldspar grains range between 0.1mm and 3mm in diameter, and deform by intense internal brittle 

fracturing, commonly displaying healed microfractures (Figure 4.6A). They also show sweeping 

undulose extinction and deformation twinning at high stress crystal boundaries (Figure 4.6B). Core and 

mantle structures are sometimes developed by minor bulging recrystallisation at the edges of feldspar 

grains, with sharp mantle-core boundaries. 

They are wrapped by elongate ribbons of quartz with aspect ratios exceeding 20:1, which contain 

individual grains with aspect ratios between 3:1 and 15:1 (Figure 4.6A, Figure 4.6C). Quartz is flattened 

and displays evidence of low-temperature plastic deformation in larger, original grains, which feature 

deformation lamellae and sweeping undulose extinction. The quartz displays deformation banding and 

a well-developed subgrain, with the boundaries of strongly elongate subgrains parallel to the long axes 

of the quartz ribbons. Subgrains pass laterally into new, recrystallised grains (Figure 4.6D), indicating 

that subgrain rotation played a role in dynamic recrystallisation.  

Muscovite mica also anastomoses around plagioclase porphyroclasts as well as polycrystalline ribbons, 

and forms sets of mica fish and shear bands, which indicate a sinistral shear sense. Mica grains display 

folding and kinking microstructures. Overprinting brittle fractures, parallel to the foliation, localise 

within mica-rich bands and adjacent to feldspar (Figure 4.6A).  

The microstructures and fabrics observed within the schists suggest a sinistral sense of shear during the 

ductile D1 deformation. This includes, for example, asymmetric polycrystalline ribbons and sigmoids, 

such as that seen in Figure 4.6A, extensional shear band cleavages and sigma clasts such as that seen in 

Figure 4.6B, as well as oblique foliations in quartz ribbons, and mica fish structures. In contrast to the 

schists of the core shear zone at Penhryn Nefyn, those at Trwyn Bychestyn do not clearly display in 

thin section significant evidence of the D3, dextral shearing, deformation phase recorded in the field. 

4.2.2.2a Metamorphic conditions and operative deformation mechanisms 

In the core LSZ feldspar deformed by intense brittle fracturing, intracrystalline deformation, and minor 

dislocation creep. Quartz forms aggregates surrounding fractured feldspar, with elongate ribbon shapes 

produced by advanced recovery and subgrain rotation. Muscovite mica also bounds and envelops 

feldspar porphyroclasts. Quartz and muscovite both have relatively high aspect ratios and define an  
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inter-connected weak layer (IWL), which developed in response to the D1 sinistral transpression, and 

the rheological behaviour of which determines the rheological behaviour of the entire rock during 

deformation (Handy 1990).  

During the D1 deformation, quartz deformed by a combination of dislocation glide and dislocation 

creep, involving substantial recovery and dynamic recrystallisation. Dynamic recrystallisation occurred 

by a combination of low temperature bulging and higher temperature subgrain rotation. The 

deformation styles of quartz and muscovite place a lower limit on the temperature of deformation of 

250-300°C. The rigid feldspar suggests that the temperature did not reach higher than 500°C, the onset 

of feldspar crystal plasticity. Deformation is therefore assumed to have occurred at a peak temperature 

of approximately 450°C and a depth of ~13-15km (assuming a geothermal gradient of 30°C/km).  

The temperature and intensity of deformation focussed within the LSZ increases towards the southeast 

at Trwyn Bychestyn. Quartz deformation mechanisms are primarily dislocation glide and 

intracrystalline towards the northwest, with solely low temperature recrystallisation. The extent of 

syntectonic dislocation creep in quartz increases travelling southeast as recovery and dynamic 

recrystallisation, particularly by subgrain rotation, become more important. Feldspar deformation also 

illustrates the gradient in temperature and intensity of deformation, as it changes from mainly brittle 

and minor intracrystalline mechanisms to more substantial intracrystalline deformation accompanied 

by minor bulging recrystallisation. An increase in fluid content towards the core shear zone during D1 

could also be responsible for the increasing grade of deformation. 

4.2.3 Brittle fault rocks 

4.2.3.1 Penrhyn Nefyn fault breccia 

E-W striking, steep fault breccias, feature at Penhryn Nefyn (Section 3.1.3.2b) and are localised within, 

and likely derived from, the quartz – mica – feldspar schists described in section 4.2.2.1. They are 

associated with a D4 sinistral deformation. Clasts, which comprise approximately 60 vol-% of the rock, 

range from 0.1mm-5cm in diameter, are angular – sub-angular and comprise either polycrystalline 

aggregates of feldspar and dynamically recrystallized, flattened quartz grains (Figures 4.7A, 4.7B), or 

single feldspar porphyroclasts (Figure 4.7C).  

Within brecciated clasts, textures and microstructures are pre-breccia and are likely related to the D1 

deformation in the LSZ. Quartz grains range between 10-100µm in diameter and display aspect ratios 

up to 10:1. They feature deformation banding and a well-developed subgrain texture, which develops 

into new recrystallised grains (Figures 4.7D, 4.7E), indicating subgrain rotation. Small spherical grains 

also nucleate at grain boundaries, indicating that bulging also accommodated recrystallisation. The 

flattened quartz grains’ long axes are aligned to define a foliation along with fine-grained, sericitic mica.  
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The textures observed within the clasts are similar to those in the schists of the core shear zone and are 

therefore likely derived from them. 

Feldspar porphyroclasts (up to 500µm in diameter), also derived from the schists of the core shear zone, 

exhibit intragranular microfractures which are healed by quartz and, in later crosscutting fractures, 

calcite. It is likely that the quartz-filled fractures developed before the breccia, during the D1 

deformation, and the younger calcite-filled fractures developed during the overprinting, sinistral, brittle 

deformation that produced the fault breccia. Feldspar grains have aspect ratios between 1:1 and 5:1 and 

display tapered and bent deformation twins (Figure 4.7C, 4.7F) and sweeping undulose extinction.  

The breccia matrix is composed of 80% fine-grained (<50µm in diameter) subhedral-anhedral calcite, 

along with 20% muscovite mica (Figures 4.7A, 4.7D), which form bands that are often sub-parallel to 

the mylonitic foliation observed within clasts. Calcite also forms larger euhedral-subhedral grains, up 

to 450µm in diameter, as it precipitates from solution, filling veins, voids and fractures that are often 

perpendicular to the fine-grained calcite bands and the foliation within clasts. These larger calcite grains 

within veins show evidence for intracrystalline deformation, such as undulose extinction (Figure 4.7A). 

Type I and type II calcite twins (Burkhard, 1993) are seen observed, indicating temperatures between 

150-200°C and 200-300°C, respectively.  

4.2.3.1a Metamorphic conditions and operative deformation mechanisms 

The dominant deformation mechanisms during development of the fault breccias was cataclastic 

disaggregation and flow, in and between clasts of pre-existing mylonitic material. Deformation 

twinning in calcite suggests that deformation temperature after precipitation of the calcite did not exceed 

300°C. Both quartz and feldspar deform brittlely by cataclasis, indicating deformation temperatures of 

below 250°C and 300°C respectively, and depths of 8.5-10km (assuming a geothermal gradient of 

30°C/km).  

4.3 Summary 

• Primary, D1, sinistral transpression led to the development of mylonites, blastomylonites and 

greenschists along the LSZ. 

• Core shear zone schists deformed primarily by intracrystalline deformation, dislocation glide 

and dislocation creep deformation mechanisms, and reach peak deformation temperatures of 

approximately 400-500°C. 

• Penhryn Nefyn displays a rapid increase in mylonitisation and deformation intensity  from the 

Sarn Complex tonalite towards the core shear zone schists. There is also microstructural 

evidence here for a phase of dextral deformation at lower greenschist-facies temperature 

(approximately 400-450°C). 
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• D2 shearing led to the development of overprinting fold phases observed under thin section in 

the Gwna Melange rocks 

• D3 dextral deformation occurred at approximately 400-450°C and is recorded in the core shear 

zone schists at Penhryn Nefyn where dextral extensional shear band cleavage and dextral 

domino-fractured porphyroclasts are developed. It is not clearly observed in the core shear zone 

at Trwyn Bychestyn. 

• Trwyn Bychestyn displays a section across the deformed Gwna Group rocks, in which there is 

a gradual rise in deformation intensity over a distance of approximately 500m towards the core 

shear zone as a result of increasing temperature and/or fluid content,.  

• Fault breccias at Nefyn indicate that exhumation of the shear zone heralded a transition from 

viscous creep to D4 brittle and dissolution-precipitation deformation mechanisms.   
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Chapter 5 The Southwest Berw Shear Zone and Penmynydd Zone, 

Anglesey: locality descriptions and structure 

Introduction  

The aim of this chapter is to describe the kinematic and structural evolution of the southwest Berw 

Shear Zone on Anglesey. In the following sections, fault rock distributions and field relationships will 

be described. Fault rock microstructures and textures are described in Chapter 6. 

Five localities, all within the Penmynydd Zone (Section 2.1.1.4) and towards the southwest end of the 

Berw Fault (Section 2.2.3.3) on Anglesey, were studied (Figure 5.1a). The lithologies include quartz – 

mica schist, greenschist and blueschist of the Penmynydd Zone, as well as minor Gwna Melange 

greenschist. To the southeast the Pen-y-Parc Formation is thrust above the Penmynydd Zone. The Pen-

y-Parc Formation comprises schistose semipelites and psammites with lenticular units of green, 

amphibole-bearing, metabasite (Section 2.1.1.4a). The nature of the exposure along the Berw Fault is 

such that most of the localities feature isolated, discontinuous outcrops of one of these lithologies, and 

contact relationships are mostly obscured. It is therefore often not possible to identify overprinting and 

age relationships in the field. However, textural relationships at an exposure that was temporarily 

revealed during construction work, near Llanfairpwllgwyngyll, clearly indicate that the greenschist 

forms a protolith to the blueschist (Gibbons & Gyopari, 1986). Horak & Gibbons (1986) also used thin 

section analysis, focusing on changes in the amphibole composition, to determine that the blueschist 

assemblage overprinted the greenschist assemblage. Additionally, Dallmeyer & Gibbons (1987) used 
40Ar/39Ar to date the greenschist, quartz-mica schist and blueschist lithologies. They confirmed 

metamorphic ages of 590.1 ± 25.7 to 576.7 ± 11.7  Ma for a greenschist assemblage, 586.3 ± 0.9 to 

582.7 ± 0.9 Ma for quartz-mica schist, and c. 560 to 550 Ma for blueschist. The sequence of localities 

in this chapter (Figure 5.1) are dealt with, loosely, in order of oldest to youngest lithology. Up to 4 

phases of local deformation are recognised at each locality, here termed D1-D4; this terminology is 

used for convenience and the events defined here are not all necessarily of regional significance. Fault 

rock microstructures and textures, which reveal more about the overprinting relationships between the 

lithologies, are described in Chapter 6.  

5.1 Glan Morfa 

A small hill at Glan Morfa provides exposure of Penmynydd Zone greenschist within 150m of the Berw 

Fault (Figure 5.1b).  

The majority of the outcrop consists of a fine grained, alternating light grey/green – yellowy brown, 

actinolite – quartz – epidote – chlorite – feldspar – greenschist. There is also a small, isolated block of 

low grade metabasic rock in later faulted contact with the greenschist, as well as a 3m-wide exposure 
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of quartz – chlorite – feldspar schist. The contact between the greenschist and the quartz – chlorite – 

feldspar schist is diffused over a distance of approximately 3m.  

The greenschist features an actinolite matrix with fractured epidote porphyroclasts, quartz-dominated 

layers that are typically 1-5mm in width, and epidote aggregates that are <10mm in width. Fabrics are 

dominantly planar throughout the outcrop. The widespread schistose D1 foliation, defined by flattened 

quartz and elongate actinolite and chlorite, dips steeply to the northwest and a rare mineral stretching 

lineation in quartz plunges moderately to steeply north-northeast (Figure 5.2a). Minor F1 folding is 

isoclinal and sub-parallel to the foliation, with fold hinges plunging moderately northeast (Figure 5.2b). 

Epidote porphyroclasts are well developed, suggesting that the rock has been metamorphosed to 

greenschist facies. Larger epidote grains, up to 1cm in diameter, show evidence of replacement by 

quartz (Figure 5.3). The d-type asymmetry of epidote porphyroclasts (Figure 5.3) indicates early 

sinistral shear. Dextrally verging, local D2, kink band folds have steeply east-dipping axial planes, 

oblique to D1 foliation, and their hinges plunge moderately to the south (Figure 5.2b). They are 

associated with a weak, widely spaced crenulation cleavage, (Figure 5.2c, Figure 5.4), suggesting 

dextral overprinting during a later, lower temperature deformation. There are rare sinistrally displaced, 

steep, N-S trending fractures orientated perpendicular to foliation, which are interpreted to be antithetic 

to the D2 dextral shear. Quartz veins, also perpendicular to foliation, are displaced dextrally (Figure 

5.5), likely during the D2 dextral deformation.  

Below and to the west of the greenschist, there is a 3m x 3m block of low grade metabasic rock which 

is likely to be derived from the Gwna Group to the north and is likely in faulted contact with the 

greenschist, although the contact is poorly exposed.  

Towards the northwest of the outcrop, there is a 3m-wide exposure of a light grey-green coloured quartz 

– chlorite – feldspar lithology similar to that seen at Glyn-teg, Bryniau, Tai Hirion and throughout the 

Penmynydd Zone. The rock is coarser grained than the greenschist and epidote is absent. Chlorite 

composes 40% of the rock mass, along with 50% quartz and 10% feldspar. The contact between this 

quartz – chlorite schist and the greenschist is not exposed. The schistose foliation is parallel to the 

foliation in the greenschist and F1 folds are isoclinal and parallel to foliation. The asymmetry of quartz 

aggregates, up to 3cm in width, indicates a sinistral shear sense. 

5.1.1 Kinematic summary and discussion 

The earliest deformation affecting the greenschist at Glan Morfa was D1 sinistral transpression, with 

extreme shortening that led to the development of the foliation and isoclinal folding, as well as sinistral 

shear sense indicators such as asymmetric porphyroclasts. Epidote porphyroclasts show evidence of 

intragranular brittle deformation and grain size reduction. Later transpressional deformation, in the 

frictional-viscous transition, led to the development of local D2 dextrally verging kink band folds and  



 77 

 

 



  

 

 



 79 

 

a weak crenulation cleavage. Sinistral, antithetic, subsidiary shear fractures also suggest a possible 

phase of overall dextral transpression.  

The frictional deformation processes, such as the discrete faulting between the greenschists and the 

Gwna metabasic rocks, and fracturing are attributed to later, post-D2 brittle deformation occurring on 

or near the Berw Fault. Displacements on the faults are not clear, however. 

5.2 Newborough 

The most south-westerly of the Anglesey localities provides limited exposure in a 1km2 area of fields 

immediately to the east of the Newborough Forest. The rocks lie within the Penmynydd Zone of 

Metamorphism, immediately to the southeast of the Gwna Group, which is poorly exposed within the 

Newborough Forest. A range of lithologies are present: to the northwest there is an epidote – quartz – 

chlorite – actinolite – greenschist, and to the south there is a glaucophanic amphibole – epidote 

blueschist, which contains small lenses of green-blue amphibole blueschists. Further southeast there is 

an exposure of quartz – mica schist (Figure 5.1c).  

Based on field relationships, the greenschist and blueschist lithologies appear closely associated with 

each other; where blueschist predominates, greenschist forms pods or elongate slivers within it, ranging 

in size from 10cm to 30cm, which is consistent with the blueschist overprinting the greenschist.  

5.2.1 Greenschist 

Exposed in the field to the north of the road (Figure 5.1c) is a green/brown, medium-grained greenschist, 

comprising strongly altered, green-brown epidote, quartz, chlorite and actinolite. Porphyroclastic 

epidote lies within a matrix of chlorite and actinolite, and quartz forms bands and lenticular aggregates 

5-20mm in width.  

The D1 foliation dips steeply NW or SW (Figure 5.6a), except around minor folds, and the mineral 

stretching lineation plunges shallowly towards the NE. F1 folds are isoclinal, their axial planes dip 

steeply north, and their hinges plunge shallowly to the east. Linear D1 fabrics, such as F1 sheath folds 

and asymmetric, discontinuous lenses of quartz, are common. F1 folds are overprinted by an open-tight, 

westerly-verging F2 fold phase with moderately easterly dipping axial planes (Figure 5.6b), likely 

associated with a D2 deformation phase. Their plunge and plunge azimuth are unclear. A weak, sub-

vertical crenulation cleavage trends NNW-SSE and is associated with dextrally-verging F3 kink band 

folds with steeply west-dipping axial planes, which plunge shallowly to the north (Figure 5.6c). These 

structures are likely related to a NE-SW dextral D3 deformation. Conjugate en-echelon quartz shear 

veins, oriented roughly E-W and oblique to foliation, within the greenschist indicate a phase of sinistral 

shear (Figure 5.7). This is likely related to a D4 deformation involving approximately NE-SW sinistral 

shear. Foliation is rotated sinistrally 90° in the same outcrop (Figure 5.1c), which could also be 

attributed to the sinistral D4 deformation. 
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5.2.2 Blueschist 

Immediately to the southeast of the road, the outcrop features glaucophane amphibole-rich blueschist 

with 10-30cm long pods of altered greenschist (Figure 5.8). The blueschist lithology comprises quartz, 

blue amphibole, epidote, actinolite and chlorite.  

D1 Fabrics are dominantly planar and the foliation, defined by flattened, elongate quartz and amphibole, 

dips steeply southeast (Figure 5.6d). Isoclinal F1 folding parallel to the foliation is sub-vertical and 

easily identified by quartz bands. F1 fold hinges plunge moderately to the east (Figure 5.9, Figure 5.6e). 

F2 folds as seen in the greenschist are not developed in the blueschist at this locality. s-type quartz 

sigmoids indicate early, ductile sinistral shear during D1 transpression (Figure 5.10). Poorly developed, 

anastomosing, C’ type extensional shear band cleavage (Platt & Vissiers, 1980) (extensional 

crenulation) can be identified in some outcrops, trending north-south and dipping steeply west (Figure 

5.6f, Figure 5.11). This cleavage overprints the foliation and therefore may relate to the later, locally 

D4 sinistral deformation. 200m northeast of the blueschist is light grey-green quartz – mica – chlorite 

schist (Figure 5.1c), a  typical lithology seen throughout the Penmynydd Zone. The contact is not 

exposed, however. 

5.2.3 Gneiss 

Small, elongate lenses (up to 50cm in length) of strongly mylonitised quartzo-feldspathic migmatitic 

gneiss occur amongst the blueschists at Newborough. Mineral phases are segregated to form alternating 

bands of light pink feldspar, grey-green quartz, and green chlorite, representing the D1 foliation. 

Centimetre-scale kink band folds, with shallowly NW-dipping axial planes, are observed (Figure 5.12) 

and the gneissose foliation dips steeply to the north. The gneiss is distinct from the blueschist and may 

be an exotic fragment, originating from another terrane, that was interleaved during mylonitisation 

along the Berw Shear Zone (Dallmeyer & Gibbons, 1987).  

5.2.4 Kinematic summary and discussion 

The earliest deformation affecting the rocks at Newborough was D1 ductile sinistral transpression, 

which led to the development of the schistose foliation, and extreme shortening, inferred by the isoclinal 

F1 fold phase. Asymmetric quartz sigmoids indicate sinistral shear during this initial deformation phase. 

The  F2 fold phase with E-dipping axial planes, locally preserved in the greenschist, suggests a phase 

of approximately east-directed compression. Dextrally verging F3 kink band folds and a crenulation 

cleavage indicate a later dextral transpressional overprinting in the viscous-frictional transition. This 

probably occurred during later uplift and exhumation of the shear zone. 
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5.3 Quartz – mica schist localities 

In the following sections, localities at which a quartz – mica – feldspar schist lithology is dominant are 

discussed. These include Tai Hirion, Glyn-teg and Bryniau. At Bryniau the schist lithology is in faulted 

contact with low grade greenschist to the north. 

5.3.1 Tai Hirion  

Quartz – mica schist of the Penmynydd Zone is exposed in the fields of Tai Hirion, the furthest of all 

the studied localities from the Berw Fault at 800m (Figure 5.1a). The rock is relatively lithologically 

and structurally homogenous and unaffected by brittle deformation. The lithology is a quartz – mica – 

feldspar – chlorite schist, in which quartz is dominant and forms ribbon or lense-shaped aggregates 

between 1cm and 10cm in thickness.  

The schistose D1 foliation, defined by the preferential alignment of mica and elongate quartz ribbons, 

dips steeply northeast, and the D1 mineral extension lineation in quartz plunges shallowly to the 

northeast (Figure 5.13a). A tight – isoclinal F1 fold phase is superimposed by northwest verging, open 

– tight, secondary F2 folds. Fold hinges of both F1 and F2 folds plunge northeast, sub-parallel to the 
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lineation (Figure 5.13b, Figure 5.1d). The deformation fabrics alternate between strongly linear in the 

southwest, with elongate quartz and F1 sheath folds (Figure 5.14), and strongly planar in the northeast, 

where foliation is more dominant and extensive. Evidence for sinistral shear is ubiquitous in outcrop, 

particularly in sinistrally verging folds (Figure 5.15). A sub-vertical, NW-SE striking, widely spaced 

D3 cleavage (Figure 5.13c) cuts the D1 foliation and both the F1 and F2 fold phases and is therefore 

relatively young. 

5.3.2 Glyn-teg 

The fields at Glyn-teg feature a small outcrop of quartz – mica – chlorite schist (Figure 5.1e), which is 

similar to the lithology at Tai Hirion. Quartz forms thick lenticular or ribbon-shaped aggregates, up to 

6cm in width, between layers of fine-grained biotite, muscovite and feldspar. Quartz aggregates are 

often asymmetrical when viewed on a surface parallel to the lineation and perpendicular to the foliation 

and indicate a sinistral shear sense. 

The D1 foliation at Glyn-teg dips steeply to the north-northwest (Figure 5.16a) except around minor 

folds. Both the mineral extension lineation and folds plunge moderately to the northeast (Figure 5.16a, 

Figure 5.16b). There is sufficient evidence in outcrop, in asymmetric polycrystalline quartz aggregates 

and porphyroclasts, to infer an initial sinistral shear sense during D1 recrystallization and deformation. 

Isoclinal F1 folding, parallel to the foliation, is superimposed by a secondary, northwest verging F2 

fold phase, creating a disharmonic fold geometry in outcrop (Figure 5.17). The F2 folds are likely 

related to D2 top to the northwest shearing. Overprinting the foliation and fold phases is a widely 

spaced, weakly developed, disjunctive cleavage that dips steeply southwest (Figure 5.16d). It is 

interpreted to represent a local D3 phase. 

Several cross-cutting generations of shear hydraulic fractures, which are filled with iron-rich secondary 

minerals, are present and individually reach up to 3cm in width. They cut the D1 foliation and F1 folds 

and the F2 folds, as well as the spaced cleavage. They are filled by quartz, pink feldspar and fine-

grained mica (Figure 5.18) with long-axes orientation parallel to the fracture. This is indicative of fault 

valve behaviour (Sibson 1990), a fluid transport mechanism that occurs in the middle-upper crust, 

which indicates a constant input of fluids and a regional permeability barrier maintaining high pore 

fluid pressures within the fault zone (Watts, 2001). These fractures are associated with steeply 

southeast-dipping sinistral reverse faults (Figure 5.16c, 5.19). The shear fractures and sinistral reverse 

faults likely represent a local D4 phase involving sinistral strike-slip/transpression. 

5.3.3 Bryniau 

The fields at Bryniau lie within 100m of the faulted contact between the Penmynydd Zone schists and 

the Gwna Group schists (Figure 5.1f), which are in contact with Carboniferous sedimentary rocks 

(Section 2.1.2.4) to the north.  
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5.3.3.1 Quartz – mica Schist  

Bryniau features outcrops of the Penmynydd Zone quartz – mica schist, at the top of a prominent SW-

NE trending slope that essentially denotes the surface expression of the Berw Fault (Figure 5.1f). The 

lithology of the schist comprises quartz, feldspar, mica, and chlorite. The rock is greener in colour than 

the schists at Tai Hirion and Glyn-teg, reflecting a higher chlorite content, which comprises up to 50% 

of the rock. 

The D1 foliation trends north-south at Bryniau and dips steeply to the east and west, passing through 

the vertical  (Figure 5.20a). Towards the northeast of the outcrop, the mineral stretching lineation is 

well developed and plunges moderately towards the north (Figure 5.20a). Isoclinal F1 folds are sub-

parallel to foliation and their hinges plunge shallowly to the north-northeast or moderately to the south 

(Figure 5.20b). Sigma quartz porphyroclasts indicate sinistral shear sense during D1. Antithetic 

subsidiary shear fractures dip moderately to steeply to the southwest or northeast, oblique to the 

foliation (Figure 5.20c). They commonly display dextral offsets and are likely D1 structures. Open – 

tight F2 folds are locally developed, with NW-dipping axial planes, verging southeast and plunging 

north-northeast or south-southwest, much like the plunge of the F1 folds (Figure 5.20b). They are 

probably associated with a D2 phase. At the southwest of the outcrop, the schist closer resembles a S-

tectonite, with continuous foliation and a distinct absence of a clear lineation or shear sense indicators.  

5.3.3.2 Gwna greenschist 

In faulted contact to the northwest of the schist are isolated blocks, 5-10m in width, consisting of dark 

green/brown fine-grained schist dominated by chlorite and mica, with fine bands of quartz up to 1cm 

in width. The rock is interpreted as a block of Gwna Melange greenschist incorporated during 

movement along the Berw Fault. The discrete faults that juxtapose the Gwna greenschist with the 

Penmynydd schists trend N-S, are sub-vertical, and show dip-slip displacements (Figure 5.20d), with 

slickensides indicating downthrow to the northwest. 

5.3.4 Kinematic summary and discussion 

The earliest deformation affecting the quartz-mica schists, as seen throughout the Penmynydd Zone 

rocks, is D1 sinistral transpression with extreme shortening, leading to the formation of the schistose 

foliation and isoclinal F1 folding. Sinistral shear criteria are displayed throughout the quartz-mica 

schists, for example asymmetric quartz sigmoids and feldspar porphyroclasts.  

Northwest verging F2 folds with SE dipping axial planes, preserved at Tai Hirion and Glyn-teg, indicate 

a possible second phase of deformation involving top to the northwest non-coaxial deformation. 

Contrastingly, at Bryniau, there are SE-verging F2 folds with NW-dipping axial planes preserved 

(Figure 5.20b), as opposed to SE-dipping F2 folds. They may have developed as a result of local 

backthrusting during the D2 NW directed shearing. Alternatively, they could be related to antithetic  
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conjugate structures with an opposite sense of shear to the regional top-to-the-northwest shear recorded 

in F2 folds elsewhere along the BSZ.  

The high angle discrete faults at Bryniau, with abundant dip-slip slickenlines, indicate a D4 phase of 

dip-slip displacement along the Berw Fault, with downthrow to the northwest. At Bryniau structures 

including the foliation, F1 and F2 folds, shear fractures, and N-S dip-slip faults are rotated anti-

clockwise relative to the trend of equivalent structures elsewhere along the Berw Shear Zone (Figures 

5.1, 5.20). This could be explained by a D5 kinematic event along the Berw Fault, involving sinistral 

strike-slip along the fault, in which kilometre-scale blocks were rotated by movement along synthetic 

faults oblique to the main trend of the BSZ (Section 7.2.1, Davis, et al., 2000).  

There is evidence to suggest that fluid mobility was localised adjacent to the Berw Fault during the later 

phases of reactivation. Glyn-teg in particular, as well as Bryniau, are both in close proximity to the 

Berw Fault and feature shear hydraulic fractures, whereas they are lacking at Tai Hirion, which is not 

in close proximity to the Berw Fault.  

5.4 Summary 

The following table summarises the kinematic history of the BSZ for sections 5.1 to 5.3. 

Kinematic Regime Location 

5. Sinistral strike-slip • Bryniau 

4. Dip-slip, NW-side down? (youngest) D4 • Bryniau 

3. Dextral strike-slip D3 • Glan Morfa 

• Newborough 

2. NW-directed reverse/thrusting D2 • Newborough 

• Tai Hirion 

• Glyn-teg 

1. Sinistral transpression (oldest) D1 • Glan Morfa 

• Newborough 

• Tai Hirion 

• Glyn-teg 

• Bryniau 

Table 5.2 - Summary table showing the kinematic events recognised within the BSZ and at which 

localities they were recognised. 

 



 91 

 

 

Chapter 6 Fault rock textures and microstructures: the southwest Berw 

Shear Zone 

Introduction 

The aim of this chapter is to provide a description of key fault rock microstructures and textures from 

the localities along the southwest Berw Shear Zone described in Chapter 5. Gibbons & Gyopari 

established, by studying textural field relationships, that the greenschist assemblage in the Penmynydd 

Zone forms a protolith to the blueschist. This was confirmed by Horak & Gibbons (1986), who used 

thin section analysis of amphiboles from samples within the Penmynydd Zone to determine that the 

blueschist assemblage overprinted the greenschist assemblage. Furthermore, Dallmeyer & Gibbons 

(1987) used 40Ar/39Ar dating of amphibole and phengite to establish absolute ages of the metamorphic 

assemblages that further confirmed the previous suggestion of a greenschist protolith to the blueschist. 

This field, thin section and fault rock dating, combined with overprinting relationships described in 

Chapter 5, will be used to formulate here the textural and microstructural evolution exhibited by fault 

rocks along the southwest Berw Shear Zone.  

In the following sections, textures and microstructures of rocks within the Penmynydd Zone, adjacent 

to the Berw Shear Zone, will be described in order of their age, from oldest to youngest, based upon 

previous dating and field relationships described in Chapter 5.  

6.1 Protoliths 

6.1.1 Greenschist  

Greenschist facies rocks are exposed in isolated pods along the northern Penmynydd Zone. The original 

protolith is unclear, although the overall mineral assemblage suggests that the greenschist likely 

developed from ocean floor-related basic rocks (Dallmeyer & Gibbons, 1987). 

6.1.1.1 Glan Morfa greenschist 

Penmynydd Zone greenschist is exposed at Glan Morfa (Section 5.1). The greenschist is composed of 

approximately 10% epidote porphyroclasts, an actinolite and fine-grained epidote (40% and 20% of 

rock mass, respectively) matrix, 20% quartz and 10% chlorite. Porphyroclastic, subhedral epidote (100-

350µm in diameter) is wrapped by quartz aggregates and a groundmass of fine-grained chlorite and 

actinolite, which define a mylonitic foliation. Iron-rich microfractures, with dextral offsets, occur 

oblique to the foliation (Figure 6.1A), as well as at higher angles to the foliation (Figure 6.1B, Figure 

6.1C, Figure 6.1D). Pressure solution seams also occur throughout the greenschist, parallel to the 

foliation. 
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Quartz mostly appears in laterally restricted aggregates up to 3mm in width, as well as in epidote 

porphyroclast strain shadows, where it can form elongate, winged strain shadows with aspect ratios of 

up to 10:1. Within these strain shadows, quartz grains are often highly flattened and elongate, with long-

axes sub-parallel to the macroscopic foliation. They range between 100 and 200µm in length and have 

individual aspect ratios up to 8:1 (Figure 6.1C, Figure 6.1E). There is commonly patchy undulose 

extinction, deformation banding and a rare subgrain development. Small, circular new grains nucleate 

at grains boundaries. 

Anhedral-subhedral, sub-angular epidote grains (10-150µm in diameter) display Fe-depleted rims 

(Figure 6.1F, Gibbons & Gyopari, 1986) and are cut by intragranular fractures filled by quartz and 

chlorite (Figure 6.1B). Epidote grains have relatively low aspect ratios, reaching up to 4:1.  

Flat, tabular/acicular actinolite, which is pleochroic blue-green, reaches 200µm in length and grows 

preferentially around and within quartz aggregates (Figure 6.1A). The actinolite amphibole is, in some 

places, altered to a blue sodic amphibole (Figure 6.1G, Gibbons & Gyopari, 1986).  

There is evidence for early sinistral shear based on the local preservation of s-type mantled epidote 

porphyroclasts (Figure 6.1B), asymmetrical quartz aggregates (Figure 6.1G), and sinistrally-verging 

kink folds (Figure 6.1A). This sinistral shear sense, contemporary with ductile deformation and 

recrystallisation, observed in thin section is likely associated with the D1 sinistral transpressional 

deformation recorded in the field that also produced isoclinal F1 folds. There is evidence for an influx 

of ferruginous and hydrous fluid in iron-filled microfractures. Antithetic dextral fractures, filled by 

quartz and iron oxide (approximately 70-80° to foliation, Figure 6.1B, 6.1C, 6.1D), are thought to have 

formed during D1 sinistral strike-slip deformation. Synthetic dextral fractures, filled by iron oxide and 

oriented approximately 20° to the foliation (Figures 6.1 A, 6.1E), cut the antithetic dextral fractures and 

therefore likely formed during a later phase involving dextral strike-slip.  

6.1.1.2 Newborough greenschist 

Greenschist belonging to the Penmynydd Zone is also exposed in a small outcrop at Newborough 

(Section 5.2). The medium to coarse-grained rock features an epidote – chlorite – actinolite groundmass 

and quartz-rich bands up to 5mm in thickness. Anhedral, porphyroclastic epidote comprises 

approximately 50% of the rock and is wrapped by elongate, platy chlorite and actinolite in equal 

abundance (Figure 6.2A). Actinolite reaches 200µm in length, whereas chlorite crystals are up to 

520µm in length and are elongate-acicular. 

Quartz grains display a clear bimodal grain size distribution. Larger grains, up to 200µm in length, are 

often flattened, with aspect ratios reaching 7:1, and have long axes sub-parallel to the macroscopic 

foliation. They display deformation lamellae and sweeping or patchy undulose extinction, as well as 

rare deformation banding and subgrain development (Figure 6.2B). Quartz shows a range of evidence 
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for dynamic recrystallisation. New, spherical, small grains (approximately 10-20µm in diameter) occur 

between larger grains and along interlobate grain boundaries, indicating bulging recrystallisation. 

Subgrains boundaries occasionally pass laterally into new grain boundaries, additionally indicating 

subgrain rotation recrystallisation (Figure 6.2B).  

Epidote grains are up to 500µm along their long axes and display simple growth twinning. They are 

intensely fractured, and are partially replaced by actinolite, plagioclase and quartz (Figure 6.2C, Figure 

6.2A). Healed microfractures in epidote porphyroclasts contain quartz.  

6.1.3 Operative deformation mechanisms / metamorphic conditions 

The Penmynydd Zone greenschist features ‘rigid’ epidote porphyroclasts that sit within a fine-grained 

mylonitic matrix of elongate chlorite and actinolite and are sometimes wrapped by flattened quartz 

aggregates. The ‘clast-matrix’ mylonitic texture likely developed in response to D1 ductile 

transpression as seen in the field. Quartz is universally flattened and stretched, and shows evidence of 

deformation mainly by low temperature crystal-plasticity, with minor dislocation climb. It commonly 

displays patchy undulose extinction and small, circular grains that nucleate at grain boundaries indicate 

that dynamic recrystallisation occurred by the low temperature bulging process. Deformation banding 

and a rare subgrain development suggests that there has been some recovery in quartz. 

Epidote displays signs of extensive brittle fracturing. Epidote grains have undergone significant 

cataclastic grain-size reduction and have been partly cataclastically incorporated into the matrix. 

Abundant pressure solution seams parallel to foliation, particularly seen in the Glan Morfa greenschist, 

suggest that dissolution-precipitation was also an important deformation mechanism.  The deformation 

mechanisms indicate syntectonic temperatures during ductile D1 deformation of approximately 300-

400°C and depths between 10km and 13km (assuming an average geothermal gradient of 30°/km). 

The greenschist comprises a mineral assemblage of quartz, epidote, chlorite and actinolite, which places 

it within the greenschist metamorphic facies range. This corresponds with the suggested D1 temperature 

range based on the active deformation mechanisms. 

In terms of overprinting structures, the greenschist features synthetic, dextral, brittle fractures, which 

are particularly common at Glan Morfa. These possibly reflect deformation during the D3 dextral strike-

slip/transpression event – which is recorded in the field by F3 kink band folds and crenulation cleavage 

at Glan Morfa and at Newborough (Sections 5.1, 5.2). 

6.2 Quartz-mica schist  

6.2.1 Tai Hirion 

Penmynydd Zone quartz – mica – feldspar schist is exposed in the fields at Tai Hirion (section 5.3.1). 

The lithology consists of approximately 50% quartz, 25% feldspar, 20% mica and 5% chlorite. 
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Interconnected mica folia wrap subhedral plagioclase porphyroclasts and quartz – feldspar aggregates. 

Quartz grains (20-250µm in diameter) are flattened, with long-axes sub-parallel to the foliation, and 

show aspect ratios up to 5:1. They display patchy and sweeping undulose extinction, deformation 

lamellae and deformation banding (Figure 6.3A, Figure 6.3B, Figure 6.3C). There is a clear bimodal 

grain size distribution, indicating that dynamic recrystallisation was a significant deformation 

mechanism during the D1 ductile deformation. Small, new grains are the same size (approximately 20-

50µm in diameter) as the subgrains found within large, old quartz grains, and subgrain boundaries often 

pass laterally into grain boundaries. This would suggest that subgrain rotation was partly responsible 

for recrystallisation. Grains often bulge into adjacent grains and small crystals are present at grain 

boundaries, and interlobate grains boundaries are also relatively common (Figure 6.3B), indicating that 

bulging was also important as a recrystallisation process.  

Feldspar grains, up to 1mm in diameter, display growth and deformation twinning (Figure 6.3A) as well 

as undulose extinction. Many feldspar porphyroclasts also have a high density of fine, micaceous or 

sericitic mineral inclusions (Figure 6.3C). Adjacent feldspar grains sometimes show interlobate 

boundaries (Figure 6.3B). 

Mica aggregates contain elongate, platy grains up to 300µm in length, which are often folded and 

display deformation kinking and undulose extinction. Isolated mica grains display fine sericitized grain 

boundaries(<10µm in width, Figure 6.3D). S-C fabrics consisting of mica, as well as individual mica 

fish, are indicative of sinistral shear (Figure 6.3D). The fabrics described developed in response to 

deformation associated with the D1 sinistral transpression event that is recorded in the field. 

Calcite grains, up to 200µm in diameter, display a variety of twinning. Present are Type II (Burkhard, 

1993) twins up to 20µm in width, twins within twins (Figure 6.3E), as well as Type III bent twins with 

slightly serrated edges (Type IV twins, Figure 6.3F). This is indicative of twin boundary migration 

recrystallisation and temperatures up to 300°C (Passchier & Trouw, 2005).   

6.2.2 Glyn-teg 

Glyn-teg features outcrop of quartz – mica – feldspar schist that is very similar lithologically to that 

seen at Tai Hirion. The rock is dominated by quartz (50%), along with 30% mica, 15% feldspar and 5% 

chlorite.  

Quartz often comprises inequigranular, lenticular layers between mica and feldspar aggregates (Figure 

6.4A). Quartz grains range between 15-300µm in diameter and exhibit deformation lamellae as well as 

sweeping undulose extinction (Figure 6.4B, Figure 6.4C). They are ductilely-deformed, often 

displaying pinch and swell geometries, indicating that low temperature, plastic intracrystalline 

deformation was an important deformation mechanism during the D1 sinistral ductile deformation.  
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Deformation bands, subgrain boundaries and a bimodal grain size distribution in quartz suggest that 

recovery and dynamic recrystallisation, during dislocation creep, were also important here. Old grains 

display aspect ratios up to 7:1 and subgrains have lower aspect ratios of up to 4:1. Subgrain boundaries 

within larger old grains pass laterally into new grain boundaries (Figure 6.4A). Interlobate grain 

boundaries within quartz bands indicate that bulging was the main process of dynamic recrystallisation 

(Figure 6.4A).  

Mica aggregates contain grains that are up to 150µm in length with an elongate-acicular shape. The 

mica grains are folded and exhibit deformation kinking and undulose extinction. They are also often 

thoroughly altered (Figures 6.4A, 6.4B). 
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6.2.3 Bryniau 

The lithology at Bryniau is a quartzo-feldspathic schist, which features narrow anastomosing zones of 

D1 mylonitic texture. The rock is composed of approximately 40% quartz, 40% feldspar, and 20% mica. 

Feldspar porphyroclasts are wrapped by polycrystalline, inequigranular flattened quartz-feldspar 

aggregates and fine-grained (<30µm in diameter) white mica.  

There are narrow zones, between 1mm and 2cm thick, of mylonitic fabric consisting of ultra-fine-

grained quartz and mica, which define a mylonitic foliation, (<10µm in diameter) surrounding feldspar 

porphyroclasts up to 400µm in diameter (Figure 6.5A). The boundaries with the porphyroclasts are 

relatively well-pronounced. These zones displaying a mylonitic fabric are often associated with 

anastomosing iron-rich microfractures, which form oblique to the foliation.  

Quartz grains (20-150µm in diameter) are highly elongate and commonly lenticular, with aspect ratios 

reaching up to 8:1, and long axes parallel to the macroscopic foliation. Sweeping undulose extinction 

and a patchy subgrain is ubiquitous in the flattened, old quartz grains, and deformation lamellae are 

also present. Subgrain boundaries often pass laterally into new grain boundaries. Interlobate grain 

boundaries also occur (Figure 6.5B). 

Feldspar grains, between 100 and 500µm in diameter, generally have lower aspect ratios (up to 4:1) 

than quartz and feature both simple and tapered deformation twinning. They are often poikiloblastic, 

with fine mineral inclusions of mica up to 50µm in length. Grains often display undulose extinction and 

there are commonly interlobate grain boundaries between feldspar and surrounding quartz grains 

(Figure 6.5C). Feldspar recrystallisation is carried out by bulging, with small circular grains developing 

at grain boundaries. Porphyroclasts feature healed microcracks filled by mica and quartz (Figure 6.5D). 

Sections cut parallel to the lineation and normal to foliation display evidence suggesting a sinistral shear 

sense during dislocation glide and creep. Some indicators include asymmetrical quartz and feldspar 

grains (Figure 6.5E) and mica fish oblique to the macroscopic foliation (Figure 6.5F). This suggests 

that the microfrabrics developed in response to ductile sinistral transpression, which likely represents 

the D1 event represented in the field by the foliation development, isoclinal folding and asymmetrical 

sinistral shear indicators. From the thin sections made during the present study, there is little 

microstructural evidence in the quartz-mica schists of overprinting during later deformation phases. 

6.2.4 Operative deformation mechanisms/ metamorphic conditions 

The quartz – feldspar – mica schist seen at the localities in this study contains aggregates of mica and 

of recrystallised quartz and feldspar, which in some places are wrapping relatively ‘rigid’ feldspar 

porphyroclasts. Feldspar grains generally have lower aspect ratios than quartz, which is often flattened, 

with long axes parallel to the macroscopic foliation.  
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Feldspar displays evidence for brittle deformation, dislocation glide in the form of intracrystalline 

deformation, and minor dislocation glide, with recrystallisation occurring at grain boundaries. 

Porphyroclasts often display healed intragranular microfractures. They also display undulose 

extinction, which may be due to very small-scale brittle fractures (Tullis and Yund, 1987), tapered and 

bent deformation twins, and very limited subgrain development. Mantle and core structures with 

interlobate boundaries are common; mantles consist of fine-grained recrystallised feldspar and quartz. 

Bulging recrystallisation also occurs where small new feldspar grains nucleate at grain boundaries.  

Quartz grains show evidence of deformation carried out by a combination of low-temperature 

dislocation glide and crystal-plastic dislocation creep. Throughout the quartz – feldspar – mica schists 

there is a bimodal quartz grain size distribution, indicating that dynamic recrystallisation of quartz was 

an important deformation process.  Larger grains exhibit sweeping undulose extinction as well as 

deformation banding and subgrain boundaries, with subgrains that develop into new grains, indicating 

recovery was an important process. Grain boundaries are interlobate and old grains are flattened and 

elongate. The evidence suggests that subgrain rotation crystallisation was the main mechanism of quartz 

recrystallisation within the schists. Small new grains that nucleate at grain boundaries suggest that 

bulging recrystallisation was also partly responsible.  

Based on the active deformation mechanisms in quartz and feldspar it is suggested that ductile D1 

deformation occurred at medium temperatures, between 450°C and 600°C (Passchier & Trouw, 2005). 

This deformation caused the development of the mineral assemblage and the foliation, as well as 

asymmetrical fabrics. Twinning in calcite grains at Tai Hirion indicates later fluid mobility in the quartz-

mica schists, with lower temperatures of approximately 250°C-300°C.  

6.3 Blueschist 

6.3.1 Newborough  

Penmynydd Zone amphibole blueschist is exposed south of the road at Newborough (Section 5.2.2). 

There are two distinct blueschist lithologies present: (1) a barroisitic amphibole – quartz – epidote – 

chlorite schist; and (2) a quartz – epidote – glaucophanic amphibole – chlorite – actinolite schist. The 

barroisitic amphibole blueschist probably represents part of the transition between the Penmynydd Zone 

greenschist, described by Gibbons & Gyopari (1986), and the typical glaucophane blueschist (Horak & 

Gibbons 1986).  

At GR 241470 364850, amphibole comprises approximately 40% of the rock, along with 30% quartz, 

20% epidote and 10% chlorite. The amphibole is green-blue, indicating a relatively calcic, barroisitic 

composition. Epidote porphyroclasts reach 500µm in diameter and are thoroughly fractured and 

retrogressed to chlorite (Figure 6.6A, Figure 6.6B). Healed microfractures in epidote porphyroclasts 

contain quartz, which also possibly partially pseudomorphs and replaces epidote (Figure 6.6C).  
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Quartz displays chessboard-style subgrains (Figure 6.6C) and irregular grain boundaries. Grains show 

a range of aspect ratios, from 4:1 to 20:1 (Figure 6.6C, Figure 6.6B). 

The lithology at GR 241500 365830 comprises approximately 35% quartz, 30% epidote, 20% 

amphibole 10% chlorite and 5% actinolite, as well as iron oxide. The rock features quartz-rich layers 

and epidote-rich layers, each up to 3mm in width. Subhedral-anhedral epidote grains, up to 200µm in 

diameter, have tabular habits, with aspect ratios up to 5:1, and are pseudohexagonal in cross section 

(Figure 6.7A). Elongate chlorite, actinolite and quartz wrap around epidote grains and make up an 

interconnected weak layer defining a schistose foliation.  
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Amphibole crystals are euhedral-subhedral, elongate (aspect ratios reaching 20:1), and tabular or 

prismatic in most cases. They range in size from 20µm to 400µm and are often fractured along well 

developed {110} cleavage planes parallel to the macroscopic foliation. Zoning can sometimes be 

identified in the amphibole; a calcic green – blue amphibole (barroisite), anhedral core, is surrounded 

by a euhedral sodic blue amphibole rim (Horak & Gibbons, 1986) (Figure 6.7B).  

Quartz aggregates have aspect ratios ranging between 10:1 and 50:1 and exhibit a variety of 

microstructures. The ribbon-shaped aggregates comprise quartz with a wide-ranging grain size 

distribution, between approximately 10µm and 500µm in diameter, indicating that dynamic 

recrystallisation took place. Larger quartz grains (up to 500µm  in diameter) have relatively high aspect 

ratios (up to 7:1) and display strong sweeping undulose extinction and well-developed equigranular 

subgrains roughly 150µm in diameter. New grains have lower aspect ratios of no greater than 4:1 and 

feature interlobate grain boundaries (Figure 6.7C). The grain size of subgrains is generally similar to 

the recrystallised, lobate quartz grains. Pinning microstructures occur at grain boundaries (Figure 6.7C), 

indicating that grain boundary migration was a mechanism of dynamic recrystallisation.  

A sinistral shear sense can be identified by C’ type extensional shear band cleavage (Figures 6.7D, 

6.7E), as well as asymmetric altered garnet porphyroclasts, which now only contain iron oxide, and 

their strain shadows (Figure 6.7E). It is postulated that this sinistral shear was contemporary with the 

recrystallisation and foliation development in the blueschist, and therefore reflects the D1 sinistral 

transpression deformation seen in the field. It is likely that the D1 deformation affecting the blueschists 

and quartz-mica schists is a continuation of the sinistral transpression that affected the older greenschist 

protolith during its development. 

S-C fabrics in the blueschist, defined by elongate mica and amphibole, provide limited textural evidence 

for a phase of dextral shearing (Figure 6.7F), overprinting the earlier sinistral phase. This possibly 

reflects the same deformation phase that produced the dextrally verging F3 kink band folds and 

associated crenulation cleavage seen in the field at Newborough (Section 5.2.4). 

6.3.2 Operative deformation mechanisms / metamorphic conditions 

The blueschist at Newborough contains ‘rigid’ epidote and/or glaucophane porphyroclasts which are 

wrapped by polycrystalline ribbons of quartz and chlorite. The epidote grains have low aspect ratios 

(<5:1) and are relatively undeformed internally, although they contain fractures perpendicular to their 

long axes. Amphibole, another strong phase, is also relatively undeformed internally and is commonly 

fractured along cleavage planes.  

In contrast, quartz grains within polycrystalline aggregates display relatively high aspect ratios (up to 

7:1) and are strongly internally strained and ductilely deformed. They show abundant evidence for 

dislocation glide as well as crystal-plastic dislocation creep with recovery and dynamic recrystallisation. 
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Old grains are flattened and display sweeping undulose extinction, leading to the assumption that the 

process of subgrain rotation partly accommodated recrystallisation. Pinning microstructures, 

chessboard-style subgrains and interlobate grain boundaries within smaller grains indicate that grain 

boundary migration was also responsible for dynamic recrystallisation. A combination of these two 

processes of dynamic recrystallisation in quartz aggregates indicates medium-high grade syn-kinematic 

deformation temperatures between 400-600ºC (Passchier & Trouw, 2005). 

The mineral assemblage of quartz, epidote, glaucophane and chlorite is interpreted to have developed 

in the blueschist facies range, above the lower stability limit of glaucophane (approximately 7kbar). It 

is interpreted that the deformation temperature did not exceed approximately 500°C as this is the upper 

stability limit of glaucophane. Fracturing and partial replacement of glaucophane suggests that it was 

unstable, possibly during the D1 deformation, although this is poorly constrained and highly uncertain. 

Retrogression within the greenschist metamorphic facies likely occurred during later uplift and 

exhumation of the Penmynydd Zone.  

6.4 Summary 

• Primary, ductile sinistral transpression led to the development of the D1 deformation fabrics in 

the mylonitic greenschists, quartz-mica schists and blueschists, of the Penmynydd Zone. 

Fracturing and replacement of glaucophane indicates that it was unstable, possibly during the 

D1 deformation, although the precise timing of this is uncertain. 

• Greenschists deformed primarily by dislocation glide, involving intracrystalline deformation, 

and dislocation creep, involving low temperature (300-400°C) dynamic recrystallisation, and 

pressure-solution deformation mechanisms. Quartz – mica schists deformed by a combination 

of dislocation glide and creep – including medium-high temperature  (450-600°C) dynamic 

recrystallisation – and dissolution-precipitation deformation mechanisms. Blueschists 

deformed primarily by dislocation creep, involving medium-high temperature (c. 450-600°C) 

quartz dynamic recrystallisation. The deformation temperatures indicate that the greenschists 

deformed at lesser depths than the quartz-mica schists and the blueschists. 

• Evidence indicating a later phase of dextral strike-slip overprinting is recorded in microfabrics 

developed in the greenschists and blueschists. This likely relates to the D3 deformation during 

which the F3 kink band folds and crenulation cleavage seen in the field developed. 
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7 Discussion and Conclusions 

7.1 The Lleyn Shear Zone 

7.1.1 Kinematic evolution and fault rock sequence 

The aim of this section is to summarise the kinematic evolution of the LSZ based upon field 

relationships (Chapter 3) and microstructural and textural studies (Chapter 4). The kinematic history 

and structural evolution of the LSZ is summarised in Figures 7.1 and 7.2.  

The LSZ comprises a 50m-500m zone of intense mylonitic deformation with extensive hydrothermal 

alteration of the wall rocks. The earliest recognised fault rocks in the Lleyn Shear Zone are D1, 

mylonites and schists that developed during sinistral transpression between the Gwna Melange and Sarn 

Complex rocks (Figure 7.2). The schists of the LSZ at Penhryn Nefyn and Trwyn Bychestyn display 

similar microstructures, fabrics and overprinting relationships (Sections 4.2.2.1, 4.2.2.2), and therefore 

both are interpreted to represent the same structure. The D1 deformation occurred at mid-upper 

greenschist facies temperatures of up to 500°C. Along with sinistral shear criteria related to this 

deformation, there are isoclinal, centimetre to metre-scale F1 folds, with axial planes that are parallel 

to the mylonitic and schistose foliation.  

At Trwyn Bychestyn, an open-tight, southeast-verging, F2 fold phase with moderately northwest-

dipping axial planes (Section 3.2.4) is only locally developed and possibly represents continued 

transpression during the D1 deformation. A superimposed northwest verging F3 fold phase recorded 

there (Section 3.2.4), with southeast dipping axial planes, is thought to be related to a regionally 

recognized D2 deformation phase involving non-coaxial, northwest directed reverse shear (Figure 7.2). 

At Penhryn Nefyn, locally developed southeast-verging F2 folds in the core shear zone, with steeply 

southeast-dipping axial planes (Section 3.1.3.3), could represent continued transpression during D1 

deformation, or alternatively, could be related to backthrusting in a south-easterly direction during the 

D2 top-to-the-northwest shearing, and the development of the F3 folds seen at Trwyn Bychestyn. 

Similarly, it is possible that the northwest-dipping Pared and Parwyd thrusts at Trwyn Bychestyn 

developed as a result of backthrusting during the D2 deformation. 

A non-coaxial, dextral strike-slip, D3 deformation (Figure 7.2), is most clearly recorded at Penhryn 

Nefyn. It overprints the earlier D1-related shearing, with a sub-parallel shear orientation, and is not 

folded so must postdate the D2 deformation. At Penhryn Nefyn it is mainly observed within the core 

shear zone and manifests as anastomosing northeast-southwest slivers of S-C fabrics in outcrop 

(Sections 3.1.2.1, 3.1.3.3). Additionally, the northwest trending basaltic dyke at Nefyn incorporates 

xenoliths of similar composition and texture to the mylonitised Sarn Complex and is offset in a dextral 

sense (Sections 3.1.2.1, 4.1.1.1), suggesting that it intruded after the initial ductile D1-D2 deformation 

phases but before or during the D3 event. The local developments of fractured feldspar and extensional  
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shear band cleavage microstructures in the core shear zone at Penhryn Nefyn also support the 

interpretation of a dextral D3 deformation phase. At Trwyn Bychestyn, en echelon tensile shear veins 

(Section 3.2.2.1) and dextral S-C mylonitic fabrics (Section 3.2.3.1) suggest a dextral shear sense 

related to the same D3 deformation, overprinting the earlier D1 sinistral shear fabrics and D2 folds. The 

dextral deformation could possibly have caused reactivation along the north-westerly-dipping Pared 

and Parwyd thrusts as dextral oblique thrust displacement, with top to the northeast. Therefore, the 

southwest-verging F4 folds at Trwyn Bychestyn, that are believed to be associated with the Parwyd 

Thrust, could have also developed during the D3 dextral deformation.  

The outcrop at Nefyn is the best location to see clearly the effects of the later frictional deformation 

history within the Lleyn Shear Zone. The sharp ductile boundary between the mylonites and the main 

body of schist is well preserved (Section 3.1.3.2), but overprinting brittle deformation is ubiquitous 

within the core shear zone, representing a D4 brittle, sinistral strike-slip deformation. Sub-perpendicular 

to the SW-NE trend of the shear zone is a set of discrete, steep R’ type Riedel shear fractures with 

dextral offsets, implying an overall sinistral shear sense (Sections 3.1.3.2, 3.1.3.3). These are crosscut 

by anastomosing SW-NE orientated slivers of fluid-rich fault breccia (Sections 3.1.3.2b, 4.2.3.1), which 

dissect the schists. The brittle deformation producing the fault breccias occurred at a temperature range 

of 150-300°C (Section 4.2.3.1a) and a crustal depth of c. 5-10 km (assuming a geothermal gradient of 

30°C per km).  

The LSZ fault rocks exposed along the Penhryn Nefyn shoreline are concentrated in a relatively narrow 

zone of no more than 50m. At Aberdaron, however, the deformed zone is significantly wider and the 

intensity of deformation grades over a distance of approximately 600m. Brittle fault rocks, such as the 

fault breccia at Penhryn Nefyn, are either not well developed at Trwyn Bychestyn, or they are not well 

exposed on the headland. The outcrop there records a gradual increase in recrystallization, shearing and 

fold phases (Sections 3.2.3, 3.2.4) related to the early, ductile history of the LSZ, as well as evidence 

for later deformation phases in dextral shear indicators and thrust faults. 

7.1.3 Textural and microstructural evolution 

The aim of this section is to summarise the textural and microstructural evolution exhibited by fault 

rocks along the LSZ as a basis for the discussion of possible fault zone linkage. 

The mylonites at Nefyn are derived from Sarn Complex tonalite, and those at Trwyn Bychestyn are 

derived from Sarn Complex gneiss. The tonalite at Nefyn comprises feldspar, quartz and mica, with a 

granoblastic texture of coarse interlocking feldspars isolating ‘pockets’ of chlorite and mica. It displays 

a typical load bearing framework (LBF) fabric, in which the rheological behaviour of the rock is 

controlled by the strong mineral phase, and the rock therefore deforms by dominantly frictional 

mechanisms (Handy, 1990). A transition takes place towards the shear zone, as some feldspar is 

chemically broken down to fine grained feldspar, sericite, and mica (Section 4.1.1.1). Dynamically 
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recrystallized quartz and mica have high aspect ratios, which leads to aggregates forming an 

interconnected weak layer (IWL) in the rock, surrounding strong feldspar porphyroclasts. The 

rheological behaviour of this weak layer controls the rheological behaviour of the whole rock.  

At Nefyn, fluid plays a significant role in the breakdown of the feldspar in the LBF, indicating that 

reaction softening is a catalyst in the formation of the IWL and the early microstructural evolution of 

the fault rocks. The weak layer was also induced by crystal-plastic deformation and smearing out of 

quartz.  

At Trwyn Bychestyn, the same IWL fabric within the schists can be identified. The gneissose protolith 

is strongly retrogressed, with chlorite and epidote replacing mafic phases, and sericite replacing feldspar 

(Gibbons, 1980). Gibbons also cited a ‘cataclastic foliation’ overprinting the earlier gneissose foliation. 

Although the contact with the Sarn Complex gneiss is not exposed, it can be assumed, based on the 

similarity in microstructures and fabrics in the schists, and the evidence displayed in the gneisses to the 

southeast, that a similar process of textural evolution occurred there with the granitic and gneissic rocks. 

In the schists of the core shear zone, like at Nefyn, feldspar forms rigid porphyroclasts wrapped by 

elongate aggregates of weaker quartz and mica. 

Quartz and mica display evidence for widespread dynamic recrystallization, indicating syn-tectonic 

temperatures of over 300°C. The style of recrystallization in quartz and the advanced recovery suggests 

a low-medium grade temperature of approximately 400-500°C during recrystallization. The brittle 

fracturing of feldspar and absence of evidence for crystal plasticity suggests that temperature did not 

exceed 500°C as this is the onset of feldspar crystal plastic deformation. Mylonites within the LSZ 

therefore likely formed at a depth of ~13-15km (assuming a geothermal gradient of 30°C/km; Section 

4.2.2.1a).  

The D3 dextral shearing event, recorded in the core shear zone at Penhryn Nefyn, occurred under 

deformation temperatures of approximately 400-450°C (Section 4.2.2.1a). This indicates a marginally 

lower deformation temperature than during the D1 deformation. The D2 deformation is not clearly 

observed under thin section and therefore the deformation conditions during D2 are difficult to 

determine. However, given the similarity in deformation conditions between the D1 and D3, it is 

reasonable to assume that D2 deformation also occurred under similar conditions. 

Frictional, brittle reactivation of the LSZ during the D4 event led to the development of fluid-rich fault 

breccias and cataclasites, which are localised within the core shear zone in mica-rich schists and 

mylonites and are parallel to the foliation. Carbonate-rich fluid dominates the breccia matrix, with 

angular, rigid clasts of quartz-rich mylonite. The dominant deformation mechanisms are interpreted to 

be brittle fracturing, cataclastic flow (mechanical disaggregation and grain-size reduction) grain 

boundary sliding and dissolution-precipitation. The abundance of veining suggests that fluid-weakening 

was a significant factor leading to the reactivation of the LSZ. Calcite deformation twinning points 
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towards a syn-tectonic deformation temperature of ~150-300°C, indicating a crustal depth of ~5-10km 

(assuming a geothermal gradient of 30°c/km).  

7.2 The Penmynydd Zone and south west Berw Shear Zone 

7.2.1 Kinematic evolution and fault rock sequence 

The aim of this section is to summarise the kinematic evolution of the BSZ based upon field 

relationships and geometries (Chapter 5) and microstructural and textural studies (Chapter 6). The 

kinematic history of the BSZ is summarised in Figures 7.1 and 7.3. 

The Berw Shear Zone comprises mylonitic greenschists, blueschists and quartz-mica schists (Chapter 

5). The actinolite greenschist facies assemblage in the Penmynydd Zone is believed to represent static, 

pre-tectonic, seafloor burial metamorphism, and is the protolith to the blueschists (Section 2.1.1.4).  

The earliest fault rocks throughout the Penmynydd Zone, and along the BSZ, are D1 schists and 

mylonites, which developed in response to sinistral transpression along the SW-NE, steep BSZ. The S1 

foliation developed during the ductile D1 deformation, as well as asymmetrical shear fabrics and 

sigmoids, and the foliation was tightly folded to form centimetre to metre-scale isoclinal F1 folds 

(Figure 7.3).  

Northwest verging F2 folds with southeast-dipping axial planes, observed at Newborough (Section 5.2), 

Tai Hirion (Section 5.3.1) and Glyn-teg (Section 5.3.2), provide evidence suggesting a regional D2 

phase affecting the Penmynydd Zone, involving northwest directed (top-to-the-northwest) non-coaxial 

deformation (Figure 7.3). Southeast verging F2 folding seen at Bryniau (Section 5.3.3.1) could have 

developed in response to local backthrusting, with an opposite sense of shear to that suggested by the 

regional northwest verging folds, during the D2 northwest directed shearing. The Pen-y-parc Formation, 

which comprises schistose semipelites and psammites and lenticular units of green, amphibole-bearing, 

metabasite (Section 2.1.1.4a), was likely emplaced above the Penmynydd Zone during this D2 north-

directed shearing (Schofield, et al., 2020). The unit also features northwest-verging D2 folds. 

Preserved particularly at localities along the BSZ, there is evidence of a D3 deformation phase, 

involving dextral strike slip (Figure 7.3), which is seen overprinting the earlier sinistral microstructures 

and fabrics. It is observed, for example, in the greenschists at Glan Morfa (Section 5.1) and Newborough 

(Section 5.2), which exhibit a dextrally-verging set of kink folds, as well as sinistrally displaced, 

antithetic R’-type Riedel shear fractures orthogonal to the foliation, and synthetic dextral 

microfractures, at Glan Morfa (Section 6.1.1.1). Together these provide an indication of an overall 

dextral sense of shear with a SW-NE oriented shear plane during D3.
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Steep NE-SW striking discrete faults with dip-slip displacements indicate extensional kinematics 

(Figure 7.3) along the Berw Fault and juxtapose low grade Gwna Melange metasediments with 

Penmynydd Zone rocks at Bryniau (Section 5.3.3). The normal faults are probably related to extensional 

tectonics in the Carboniferous, when the Berw Fault was likely to have been reactivated under 

extension, leading to the development of a half-graben to the northwest (Section 2.2.3.3a, Jackson & 

Mulholland, 1993; Musson, et al., 2001). Alternatively, this extension could have occurred later, during 

the Permo-Triassic; Needham & Morgan (1997) point out that Permo-Triassic strata thicken to the 

northwest across the Berw Fault, also indicating further normal fault displacement. 

The D1 foliation at Bryniau strikes N-S (Section 5.3.3.1), which represents an anti-clockwise rotation 

relative to the SW-NE foliation trend displayed throughout much of the rest of the Berw Shear Zone 

and Penmynydd Zone. It is possible that D4 sinistral strike-slip, affecting the BSZ later in its history, 

led to isolated, rigid kilometre-scale ‘blocks’ rotating by displacement along sinistral, synthetic strike-

slip faults at low angles to the Berw Fault (Figure 7.3, Davis, et al., 2000).  

The Berw Fault/Shear Zone and Penmynydd Zone show a trend whereby initial deformation, during 

D1 and D2 phases, is reflected in the rocks of the entire Penmynydd Zone. Dextral strike-slip D3 

deformation in the current study is only recorded in the greenschists, exposed towards the northern 

boundary of the Penmynydd Zone, which are finer-grained than the quartz-mica schists and blueschists 

of the central Penmynydd Zone. The grain-size reduction affecting the mylonitic greenschists during 

D1 deformation possibly promoted the onset of grain-size sensitive, fluid-assisted DMT (Imber, et al., 

1997, 2001; Imber, 1998; Stewart, et al., 2000; Holdsworth, et al., 2001), causing reactivation to occur 

preferentially along the BSZ and the Berw Fault. 

7.2.3 Textural and microstructural evolution 

The aim of this section is to summarise the textural and microstructural evolution exhibited by fault 

rocks along the BSZ as a basis for the discussion of possible fault zone linkage. 

This first phase of fault-related deformation along the BSZ is consistent with sinistral shear during D1 

transpression, and evidence for this is present in all of the mineral assemblages. The Penmynydd Zone 

greenschist assemblage that developed during static seafloor metamorphism (Section 2.1.1.4) is 

overprinted, showing mylonitic textures, as observed at Glan Morfa and Newborough (Sections 5.1, 

5.2.1, 6.1.1.1, 6.1.1.2). The blueschist (Sections 5.2.2, 6.3) and quartz-mica schist (Sections 5.3, 6.2) 

assemblages show mylonitic and schistose fabrics that developed under higher syn-kinematic 

temperatures than the greenschists (Sections 6.1.3, 6.2.4, 6.3.2).  

In the actinolite greenschist assemblage, porphyroclastic, rigid epidote sits within a fine-grained matrix 

of actinolite and chlorite and there is a mylonitic clast-matrix texture (Section 6.1.1). Epidote has 

undergone significant cataclastic grain-size reduction and is sometimes wrapped by aggregates of fine-
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grained, recrystallised quartz, which often grows in epidote strain shadows. Quartz composes less than 

20% of the rock and therefore the rheological behaviour of the mylonite is controlled by the rheological 

behaviour of the more abundant strong phase, epidote (Handy, 1990). The deformation mechanisms 

observed in the greenschists are dominantly frictional, with crystal-plastic deformation processes 

affecting quartz. 

The blueschists, exposed at Newborough, also display strong phases; in this case epidote, which is 

coarser grained than at Glan Morfa, and glaucophane-rich amphibole. These are wrapped by an 

interconnected layer, comprising the weak phases of quartz and chlorite (Section 6.3), which, by crystal-

plastic flattening and dynamic recrystallisation, stretch to form an interconnected weak layer and isolate 

the porphyroclastic strong phase. ‘Weak’ quartz comprises approximately 30-40% of the rock, and it 

therefore controlled the rheological behaviour of the blueschists during the D1 sinistral transpressional 

deformation, meaning that they deformed in a viscous manner (Handy, 1990).  

Quartz forms between 40-60% of the mineralogy of the quartz-mica schists; it often comprises 

inequigranular, lenticular layers together with muscovite mica. These act as weak phases that isolate 

‘rigid’, strong, feldspar porphyroclasts. The rheology of the schists during sinistral shear related to the 

D1 deformation was strongly controlled by this interconnected weak layer, which developed by fabric 

softening in the form of crystal-plastic deformation and recrystallisation of quartz. 

7.3 Timings and regional implications 

The Penmynydd Zone is believed to represent a lower plate assemblage of seafloor sedimentary and 

mafic igneous rocks that were metamorphosed, initially at greenschist facies at ca. 590-580 Ma, and 

then at blueschist facies conditions at ca. 560-550 Ma. Schofield, et al. (2020) cited the similar ages and 

affinities of Monian units of contrasting crustal level that are juxtaposed against each other, such as the 

mid-crustal plutonic assemblages of the Sarn Complex and Coedana Granite and the supracrustal 

Padarn Tuff and Fachwen Formation, to infer a scenario involving crustal hyperextension during the 

rift-drift phase of Iapetus development. They suggested that this is the mechanism by which the 

blueschists were exhumed at ca. 550 Ma. The initial deformation recorded along the Penmynydd Zone 

and Lleyn Shear Zone is sinistral transpression, which is not consistent with the extensional kinematics 

required to sustain crustal hyperextension. It is therefore suggested that the D1 phase, involving sinistral 

transpression in the Penmynydd Zone and Lleyn Shear Zone, postdates the blueschist exhumation and 

that there was tectonic quiescence along the exposed Penymynydd Zone during exhumation.  

Gibbons (1987) suggested that sinistral shear occurred along the MSFZ during Monian deformation 

and Pothier et al. (2015) related this sinistral transpression to the Penobscot orogeny (Section 1.5.2) 

seen in much of the Northern Appalachians, which occurred at ca. 480 Ma. The kinematics of the 

Penobscot deformation are complex and poorly constrained. However, as Gibbons suggested, it is 

possible that the Penobscot event is responsible for the sinistral strike-slip transpression recorded in 
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both the BSZ and the LSZ. This would indicate that the  D1 deformation occurred as a separate event 

much later than the regional magmatism at approximately 615 Ma, preserved in the Sarn Complex and 

Coedana Granite, as well as the regional greenschist and blueschist facies metamorphism between 590-

550 Ma. This would be consistent with the interpretation that the glaucophane in the Penmynydd 

blueschists was unstable during D1 deformation. The sinistral transpression led to the development of 

mylonites and schists along the BSZ and the LSZ (Figure 7.1). Schofield et al. (2020) envisaged that 

the Penobscot event comprises a combination of tectonism associated with an advancing subduction 

zone along the leading edge of the peri-Gondwanan continental margin and duplexing of along-strike 

segments, as the Ganderian succession of Anglesey lies adjacent to the Megumian succession preserved 

in the Harlech Dome of North Wales and shelf succession of the Midland Platform (Waldron, et al., 

2014) 

It is suggested that the Monian deformation, coeval with the Penobscot event, also involved a later 

phase of NW-verging non-coaxial deformation (Figures 7.1, 7.2, 7.3), which could be responsible for 

the regional D2 event recorded by the NW-verging fold phase observed in the Penmynydd Zone, BSZ 

and LSZ. It has also been speculated that this NW verging deformation was responsible for the 

emplacement of the Pen-y-parc Fm (Section 2.1.1.4a; Schofield, et al., 2020).  

Schofield et al. (2020) also suggest that the Penobscottian event may have seen the Amazonian Ganderia 

trailing edge juxtaposed against the West-African derived Megumian leading edge along a dextral 

strike-slip system now preserved as an unexposed southeasternmost element of the MSFZ. The D3 

dextral shearing, which overprints D1 and D2, seen in the BSZ and LSZ (Figures 7.1, 7.2, 7.3), may in 

fact represent the effects of this dextral strike-slip exposed at the surface today. 

Waldron, et al. (2018) suggested that Ganderia arrived at the Laurentian margin during the Wenlock 

period (ca. 433-427 Ma). The precise timing of the D3 dextral shearing is ambiguous and it is, 

alternatively, possible that it is a manifestation of the far field effects of terrane docking that took place 

along the leading edge of Ganderia. 

The dip-slip fault displacements recorded along the Berw Fault can be attributed, with relative certainty, 

to either Carboniferous N-S extension or Permo-Triassic N-S extension, during both periods the various 

strands of the MSFZ were reactivated as normal faults under extension (Musson, et al., 2001; Needham 

& Morgan, 1997).  

Fault breccias and cataclasites are recorded in the LSZ and reflect an episode of sinistral brittle 

deformation during D4. Without fault rock dating the timing of the deformation that produced these is 

unclear. However, sinistral strike-slip was common along active faults with a SW-NE trend during the 

Acadian deformation (Section 2.2.1), therefore it may have occurred at this time, at the same time as 

the Acadian cleavage (ca. 400 Ma). There is also a late (locally D5) phase of sinistral strike slip invoked 

along the Berw Fault. Bevins, et al. (1996) invoked 1.5km of sinistral displacement along the Berw 
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Fault during the Tertiary, based upon offset dykes. It is possible that the D5 sinistral deformation 

observed along the Berw Fault (Figures 7.1, 7.3) relates to either Acadian sinistral transpression, as 

suggested for the D4 event in the LSZ, or to Tertiary sinistral strike-slip. The D4 event in the LSZ may 

also relate to the Tertiary sinistral strike-slip. 

7.4 Regional synthesis and possible fault zone linkages 

Gibbons (1981) discovered glaucophanic amphibole in the LSZ at Penhryn Nefyn, which he argued, 

along with their vicinity and similar lithology and geometries, implied that the BSZ and the LSZ were 

produced during the same shearing event. This has led to the LSZ and the BSZ commonly being 

interpreted as a single structure in literature, linked across the intervening eastern Irish Sea, and part of 

the MSFZ. Gibbons’ commonly uses the term ‘Penmynydd Zone’ for the sheared rocks of the Lleyn 

Shear Zone as a result. The small exposure of glaucophanic amphibole, identified by Gibbons (1981) 

at Penhryn Nefyn, was not recognised in this study, possibly as a result of its limited extent.  

In the following sections, the kinematic and textural evolution of the LSZ and BSZ will be compared 

and contrasted in order to support a discussion on possible fault zone linkages between the two. 

7.4.1 Kinematic and metamorphic evolution 

In the current study, D1 sinistral shearing between the Gwna Melange and Neoproterozoic rocks of 

mainland Wales (Sarn Complex), producing mylonites and schists, is recorded in both the LSZ and 

BSZ, which is consistent with Gibbons’ hypothesis. In addition to Gibbons’ citing of initial sinistral 

transpression in both shear zones, they both record a regional, northwest verging fold phase representing 

D2 shearing, as well as evidence suggesting an overprinting D3 dextral deformation. These similarities 

would suggest that the two structures share an early, ductile, deformation history. 

There is, however, a contrast in the peak temperature sustained in the fault rocks produced during D1 

sinistral transpression, which is inferred by microstructural evidence from the current study (Chapters 

4, 6). The deformation that produced the core shear zone schists of the LSZ reached peak temperatures 

of approximately 400-500°C, whereas the blueschists at Newborough (Section 6.3.2) likely deformed 

at temperatures reaching up to 600°C.  

The deformation events in the BSZ and LSZ, recorded in this study, postdating the D3 dextral shearing, 

diverge (Figure 7.1). The Lleyn Shear Zone does not display evidence of reactivation as a normal, dip-

slip fault, as the Berw Fault does. Similar fault breccias to those that developed during sinistral strike-

slip, observed at Penhryn Nefyn in the LSZ, are not observed as part of the BSZ on Anglesey. However, 

late sinistral strike slip is invoked along the Berw Fault (D5, Figure 7.3), which could be correlated 

with the same deformation that produced the sinistral fault breccias in the LSZ. 

7.4.2 Textural evolution  
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The textural evolutions displayed by the mylonitic and schistose rocks of the BSZ and LSZ have 

significant similarities. Both shear zones show evidence that early D1 deformation was enabled by 

fabric softening, in the form of foliation weakening, where crystal-plastic deformation of weaker phases 

enables them to stretch and form interconnected layers that isolate strong phases. In the quartz-mica 

schists of the LSZ and those of the BSZ this process is significantly enhanced by reaction softening, as 

dynamic recrystallisation causes the replacement of stronger phases (e.g. feldspar) by weaker phases 

(e.g. mica, quartz), and highly aligned aggregates of phyllosilicates developed. Therefore, both ductile 

shear zones display a long-term weakening mechanism, in which there is a transition whereby the strong 

phase induces less control on the rheological behaviour of the rock and the weak phases exert greater 

control (Handy 1992).  

7.5 Discussion 

Both shear zones were initiated during sinistral transpression and show petrological evidence, such as 

altered glaucophane in the BSZ, indicating that deformation post-dated the regional metamorphism in 

the Neoproterozoic. The initial sinistral transpression is possibly related to the Monian deformation at 

ca. 480 Ma, although there is uncertainty regarding the timing. The fact that these movements are 

kinematically similar and likely occurred at broadly the same time suggests that the LSZ and BSZ were 

related to one another and caused by the same regional deformation events.  

Evidence from the current study indicates that the peak temperature of early deformation within the 

BSZ is somewhat greater than the peak deformation temperature within the LSZ, at least locally 

(Chapters 4, 6). The LSZ is also significantly narrower than the Penmynydd Zone at the surface. This 

might suggest that the Lleyn Shear Zone represents an expression of a slightly shallower portion of the 

same discontinuity that forms the Penmynydd Zone and Berw Shear Zone. Based upon this rationale, 

however, it could equally be assumed that the Lleyn Shear Zone represents an along-strike, deeper 

expression of the Aber-Dinlle or Dinorwic faults seen on the mainland (Sections 2.2.3.1, 2.2.3.2), which 

both preserve exclusively brittle deformation at the surface, and likely feature ductile fabrics at depth. 

The magnetic data suggest that the LSZ may be significantly wider at depth than is expressed at the 

surface. The width of the LSZ at depth, indicated by the magnetic data, is similar to that seen to the 

northwest in the MSFZ. 

It is clear that the BSZ and LSZ were related to the same regional tectonic events and therefore they 

share similar kinematic histories (Figures 7.1, 7.2, 7.3). However, there seem to be no compelling 

reasons to justify fault linkages between the two based solely on the basis that they share similar 

regional tectonic origins. It is highly likely that they were produced during same shearing event, but 

their kinematic histories then diverge so it is highly unlikely that they represent the exactly the same 

surface lineament today.  
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7.6 Conclusions 

• The LSZ and BSZ share an early, ductile kinematic history involving initial sinistral 

transpression, followed by northwest-directed shearing/compression and dextral shearing, and 

their textural evolution is similar. 

• It is possible that their early history is related to sinistral strike-slip and approximately NW-SE 

compressional deformation during the Early Ordovician Penobscot event along the peri-

Gondwanan continental margin. 

• The two shear zones differ in their later kinematic history; the Lleyn Shear Zone does not 

exhibit evidence for dip-slip extensional kinematics as the Berw Shear Zone does in the 

Carboniferous and/or the Permo-Triassic. However, both shear zones show evidence of late 

brittle sinistral shear of either Devonian (Acadian) age or Cenozoic age. 

• The two shear zones are likely to be connected at depth but there is no evidence to suggest they 

are presently directly connected at the surface. 
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