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Abstract 

Zircon is a key mineral in understanding tectonothermal overprinting in metagranitoid 

rocks of the continental crust, principally through radiometric dating. Exposed examples of 

such rocks are often Precambrian in age and have undergone multiple tectonothermal 

events. This thesis aims to understand the overprinting effects of deformation and 

metamorphism in multiple tectonothermal events on zircon, using the Precambrian 

Lewisian Gneiss Complex (LGC) of Northwest Scotland as a case study.  

Deformation of zircon at the grain-scale, in the form of distortion of the crystal lattice, 

was found to heterogeneously affect Ti, Rare Earth Elements (REEs) and U-Pb systematics. 

Ti and REE abundances increased or decreased as dislocation planes caused by distortion 

enabled diffusion of elements in or out of the crystal lattice. Pb isotopes were also lost, 

resulting in discordant young ages relative to undistorted zircon. Zircons with lattice 

distortion may therefore record information about tectonothermal events not recorded in 

undistorted zircon.  

Investigating the effects of multiple metamorphic episodes on zircons from the LGC 

revealed that different metamorphic events could not be reliably distinguished due to the 

occurrence of volume diffusion of Pb. A ~600Ma concordant age spread was interpreted to 

have been caused by volume diffusion; all other possible explanations were eliminated and 

age patterns from individual zircon crystals supported this hypothesis. Volume diffusion 

would have required ~3-500Myr at temperatures of 875-975°C. 

 As well as these more generic findings about the effects of overprinting on zircon, 

zircon U-Th-Pb, REE and Ti data were analysed to investigate meta-igneous gneisses and 

metasediments of the Assynt Terrane, a key part of the LGC.  The oldest cores yield a mean 

age of 2958±7Ma, a possible magmatic protolith crystallisation age but volume diffusion of 

Pb in zircon may have affected these zircon core ages. The period of volume diffusion of Pb 

in zircon is interpreted to have ended at ~2482Ma with the peak of granulite-facies 

metamorphism shortly before this. Zircons in the metasediments have relatively flat 

chondrite-normalised heavy REE profiles (low Yb/Gd ratios) which suggest they equilibrated 

with granulite-facies metamorphic garnet. Ti-in-zircon thermometry records average 

crystallisation temperatures of 790°C for zircons from the magmatic protolith to the meta-

igneous gneisses and 823°C for zircons from the metasediment. The zircons in the 

metasediments are interpreted to be detrital and the calculated temperatures are 

interpreted to record zircon crystallisation in a currently unknown protolith. 
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1. Introduction  

Definitions and Importance  

Radiometric dating is crucial to understanding the evolution of Precambrian high grade 

metamorphic regions, where meta-igneous rocks dominate and relict metasediments are 

unfossiliferous. Such regions can have complicated histories including protolith igneous 

rocks of various ages as well as multiple tectonothermal (metamorphism and/or 

deformation) events, each ΨƻǾŜǊǇǊƛƴǘƛƴƎΩ ǇǊŜǾƛƻǳǎ ƳƛƴŜǊŀƭ ŀǎǎŜƳōƭŀƎŜǎ ŀƴŘ ǎǘǊǳŎǘǳǊŜǎΦ Lǘ ƛǎ 

important to understand these rocks and their history as they may be a window into the 

evolution of the early Earth and a possible analogue for current processes in the lower 

continental crust. Zircon is the key mineral chronometer in understanding high-grade 

Precambrian complexes and has several attributes desirable for recording complex high-

grade tectonothermal histories: 

¶ it is widespread in the dominant metagranitoid rocks 

¶ it incorporates a range of trace elements and their isotopes in its crystal lattice 

which record aspects of the geological history 

¶ it is a relatively mechanically- and chemically-durable mineral so can often partially 

withstand high-grade tectonothermal activity and retain pre-existing element and 

isotopic compositions; a high enough grade of tectonothermal event will often also 

be recorded in the resetting of part of the existing zircon or growth of some new 

zircon 

The trace elements incorporated allow a range of interpretations to be made about the 

zircon and its host rock. The U4+ cation can occupy the Zr site in the zircon lattice while Pb is 

largely excluded due to its incompatible charge and ionic radius. With little Pb present on 

crystallisation, most of the Pb present is radiogenic daughter Pb isotopes from the decay of 

the radioactive U; measurement of ratios of U and Pb isotopes allows calculation of a 

radiometric age (e.g. Davis et al., 2003; Ireland and Williams, 2003; Kosler and Sylvester, 
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2003; Parrish and Noble, 2003). As well as its importance for radiometric dating, zircon 

incorporates a range of other trace elements which allow for other interpretations of the 

geological history. These include: Ti which is proportional to crystallisation temperature 

depending on rutile activity (Watson et al., 2006); Lu-Hf which can be used to infer the 

origin of the source melt and to calculate melt extraction model ages (Kinny and Maas, 

2003); and Rare Earth Elements (REEs) which can be used to distinguish crystal zones of 

different age (Whitehouse and Kamber, 2003) and link them to major phases such as garnet 

which also sequester REEs (Kelly et al., 2006; Taylor et al., 2007). Isotopes of oxygen may 

also be used to infer the origin of the melt (Valley, 2003). 

Zircon is therefore a key mineral in understanding many rock types, including 

Precambrian meta-igneous complexes. Radiometric dating has been a major step forward 

in building a chronology of large- and small-scale geological events in the Precambrian, 

while the insights from other trace elements in zircon has supplemented the picture and 

can support and inform interpretation of radiometric ages. 

The Problem  

In Precambrian meta-igneous complexes which have undergone high temperature 

metamorphism and high strain deformation (often on multiple occasions), zircon evolves in 

multifaceted ways to the changing conditions. Metamorphism and deformation are often 

heterogeneous in their intensity and distribution and zircon may respond heterogeneously 

via a range of mechanisms with different geochemical characteristics. This results in a 

complex record of zircon U-Pb ages, which do not clearly relate to the relative chronology 

constructed from mineral assemblages and structures observed in the field. The rocks for 

this case study, the Lewisian Gneiss Complex (LGC) of northwest Scotland, are a good 

example of the difficulty of interpretation of radiometric age patterns (e.g. Kinny et al., 

2005; Park, 2005 and references therein; Corfu, 2007). 
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The Aims  

The overall aim of this PhD is to undertake a detailed and systematic characterisation of the 

response of zircon to overprinting by metamorphism and deformation. Under this, there 

are both process- and regionally-motivated objectives: 

¶ a generic understanding of how radiometric ages and other geochemical systems in 

zircon are affected by multiple episodes and varying intensities of metamorphism 

and deformation i.e. process-motivated 

¶ a better understanding of the formation and evolution of the case study rocks, the 

Lewisian Gneiss Complex, through geological mapping, petrography, microstructure 

and element/isotope zircon measurements i.e. regionally-motivated 

The first of these objectives will be addressed by obtaining a suite of element and isotope 

measurements from zircons from samples that have been carefully characterised by 

detailed field mapping, petrography and microstructural analysis so as to provide a clear 

framework on which to base zircon interpretations. This framework will show the 

metamorphic and deformation history of the host rocks, which will be the context for 

examining the effects of overprinting on zircon. Detailed examination of the different zircon 

response mechanisms and their geochemical characteristics will be made and linked to the 

tectonothermal context. To what extent does metamorphism have an effect on the zircons 

and how do they respond to more than one episode of elevated temperature? How does 

deformation at the grain-scale affect zircon? These questions will be asked in tackling this 

process-motivated objective. 

The second objective has arisen from a desire to understand the host rocks of the 

LGC better. Despite many field, geochemical and geochronological studies, the geological 

history of this classic Precambrian high-grade region remains unclear. Radiometric dating of 

zircon (Friend and Kinny, 1995; Kinny and Friend, 1997; Friend and Kinny, 2001; Kinny et al., 

2005; Friend et al., 2007; Love et al., 2010) has challenged the traditional structural and 
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metamorphic interpretation (Sutton and Watson, 1951) and continues to generate lively 

debate (e.g. Park et al., 2005). It is hoped that combining radiometric zircon dating with 

field, geochemical, petrographic and microstructural constraints, and supporting evidence 

from other trace elements in zircon, in this project will improve understanding of the 

tectonothermal evolution of the LGC. 

The Location  

The rocks of the Lewisian Gneiss Complex (LGC) of northwest Scotland are the case study 

for this project and are reviewed in detail in Chapter 2.2. The protolith was dominantly a 

tonalite-trondhjemite-granodiorite (TTG) suite, with minor mafic and sedimentary rocks. In 

the TTG gneisses, the oldest mineral assemblage is a granulite-facies assemblage, termed 

the Badcallian (Park, 1970), of orthopyroxene, clinopyroxene, plagioclase and quartz 

(Sutton and Watson, 1951) with gneissic layering and granoblastic texture; it is unclear 

whether this is simply the same as the original TTG mineralogy or was formed during a 

granulite-facies tectonothermal event. It is only preserved in part of the LGC and there is no 

evidence for it in the majority of the complex. An age of either ~2730Ma (Corfu et al., 1994) 

or ~2490Ma (Friend and Kinny, 1995; Kinny and Friend, 1997) has been assigned to this 

assemblage based on U-Pb zircon dating. A subsequent tectonothermal event, the Inverian 

(Evans, 1965), heterogeneously overprints Badcallian structures in the form of discrete 

shear zones up to several kilometres wide. The timing of large areas of static retrogression 

of orthopyroxene and clinopyroxene to hornblende is still unclear. The Inverian event has 

been assigned U-Pb zircon ages of either 2490Ma (Corfu et al., 1994) or 2490-2400Ma 

(Kinny et al., 2005). The heterogeneity of distribution and differing interpretation of zircon 

and monazite (Zhu et al., 1997) dates of both these two events has led to some 

controversy. The traditional model of Sutton and Watson (1951), based on field criteria 

around which later zircon U-Pb dates were fitted, invokes a single block of crust undergoing 

a common history with the heterogeneity in distribution of assemblages and structures of 
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each event being attributed to different levels of the crust. A more recent interpretation, 

based mainly on the heterogeneity of zircon dates across the complex, has suggested that 

the LGC comprises many disparate terranes with different tectonothermal histories (Kinny 

et al., 2005). Following the Inverian event, there was an episode of mafic dyke intrusion 

(the Scourie dykes) and another amphibolite-facies tectonothermal event, termed the 

Laxfordian (Sutton and Watson, 1951), which overprinted much of the exposed LGC. The 

Scourie dykes and Laxfordian are common to the whole complex but the distribution of the 

earlier events and the terrane hypothesis are still disputed. 

Thesis Structure  

This thesis is structured around three distinct but interlinked manuscripts (chapters 5-7) 

which address the aims outlined above. These manuscripts have been or will be submitted 

to internationally-recognised peer-review journals and as there are common themes 

between the three manuscripts, there are overlaps in content including geological 

background and methodology. In this thesis, these manuscripts have figures and tables 

embedded in the text but are otherwise formatted for journal submission. Each of the three 

manuscripts contains only a brief description of the geological setting, methodology 

employed and sample petrography, which are largely the same or at least overlapping, as 

the focus of each manuscript is on zircon. Not all samples and not all analytical techniques 

were necessarily used in each of the three manuscripts. As a result, there are dedicated 

chapters comprehensively describing: the geological setting (chapter 2b); all methodologies 

deployed in sample characterisation and in the manuscripts (chapter 3); and detailed 

characterisation of all samples from which zircons were analysed in each manuscript 

(chapter 4). Chapter 8 synthesises the themes from the three manuscripts and suggests 

further work. As there are common themes running through all chapters, references are 

frequently used in more than one chapter. As a result, references from all chapters and 

collated in a single list at the end. 
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A brief synopsis of each chapter is now given: 

Chapter 2: Reviews. This chapter is split in two parts, the first reviewing the properties and 

geological applications of the mineral zircon, and the second reviewing the rocks which 

have been used a case study for the investigations carried out during the PhD.  

Chapter 3: Methodology. A wide range of methods has been deployed ranging from 

geological field mapping through to micro-beam isotope analysis. Each technique is 

described in much more detail than is required for peer-review publication so as to provide 

a more thorough account of the analytical techniques used than that which is given in the 

manuscript chapters. 

Chapter 4: Sample Characterisation. This chapter is split into three parts: the first gives 

detailed descriptions of the field localities and the petrography of samples taken from them 

which have been analysed; the second part analyses the whole-rock and mineral chemistry 

of these samples; and the third part discuss the heterogeneity of the rocks of the Lewisian 

Gneiss Complex and the representativeness of the samples.  

Chapter 5: The Effects of Crystal Lattice Distortion on Trace Element Mobility and U-Pb 

Isotope Systematics in Zircon: Examples from the Lewisian Gneiss Complex, Northwest 

Scotland. This manuscript investigates the effects of crystal lattice distortion on a 

population of zircons as would typically be used in a geochronological/geochemical study. 

Electron backscatter diffraction (EBSD) analysis identified crystal lattice distortion in a small 

but significant percentage of zircons in the population. This was found to disturb U-Pb, REE 

and Ti geochemical systems heterogeneously. Weighted Burgers vectors (WBV) analysis 

suggested that the lattice distortion formed either during crystallisation of the zircons or 

through post-crystallisation plastic deformation. U-Pb data suggests that distorted zircons 
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could be used to approximately date amphibolite-facies tectonothermal activity not 

recorded by undistorted zircons. 

Chapter 6: Volume Diffusion of Pb in Zircons from the Lewisian Gneiss Complex, Northwest 

Scotland. Evidence is presented for the occurrence of volume diffusion of Pb in zircons, a 

phenomenon generally regarded as impossible in normal crustal conditions. Other possible 

explanations for a spread of concordant U-Pb ages are eliminated and the age and chemical 

zoning patterns of individual grains are used to illustrate the occurrence of volume 

diffusion.  

Chapter 7: New Insights on the Assynt Terrane of the Lewisian Gneiss Complex of NW 

Scotland from Zircon U-Th-Pb, REEs and Ti-Thermometry. This manuscript brings together 

the zircon U-Th-Pb, rare earth element (REE) and Ti data collected during the PhD and 

applies it in a regional context. Volume diffusion of Pb in zircon (see chapter 6) renders 

protolith and metamorphic ages unsafe which informs the controversy over Lewisian 

chronology. REEs indicate zircons in the meta-igneous gneisses were a relatively closed-

system through tectonothermal activity but zircons in metasediments interacted with 

garnet. Ti-in-zircon thermometry is used to calculate a crystallisation temperature range for 

the magmatic protolith. 

Chapter 8: Synthesis and Further Work. The final chapter in this thesis summarises the main 

points from the manuscripts in Chapters 5-7 in the context of the initial thesis aims. 

Although advances in understanding have been made through the work presented here, it 

has inevitably raised further questions which could not be addressed due to the time 

constraints of a PhD. Some such points are discussed in this final chapter. 

Manuscript Status  

The manuscripts ŦƻǊ ǎǳōƳƛǎǎƛƻƴ ǘƻ ǇŜŜǊπǊŜǾƛŜǿ ƧƻǳǊƴŀƭǎ ŀǊŜ ƭƛǎǘŜŘ ōŜƭƻǿ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ 

authors and their contributions and the status of the manuscript at the time of thesis 

submission. 
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The Effects of Crystal Lattice Distortion on Trace Element Mobility and U-Pb Isotope 

Systematics in Zircon: Examples from the Lewisian Gneiss Complex, Northwest Scotland 

(Chapter 5) has been submitted to Contributions to Mineralogy and Petrology and has 

been peer-reviewed. wŜǾƛŜǿŜǊǎΩ ŎƻƳƳŜƴǘǎ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ōŜƛƴƎ ŀŎǘŜŘ ǳǇƻƴ ǇǊƛƻǊ ǘƻ 

publication. 

John MacDonald ς data collection and processing, interpretation and discussion of 

data, principal author 

John Wheeler ς Burgers vectors modelling, discussion and manuscript review 

Kathryn Goodenough ς discussion and manuscript review 

Quentin Crowley ς discussion and manuscript review 

Simon Harley ς discussion and manuscript review 

Elisabetta Mariani ς discussion and manuscript review 

Daniel Tatham ς discussion and manuscript review 

Volume Diffusion of Pb in Zircons from the Lewisian Gneiss Complex, Northwest 

Scotland (Chapter 6) will benefit from further work (modelling of Pb diffusion and 

possible TOFSIMS analysis), which will be carried out in future before submission to a 

journal (possibly Earth and Planetary Science Letters). 

John MacDonald ς data collection and processing, interpretation and discussion of 

data, principal author 

John Wheeler ςdiscussion and manuscript review 

Kathryn Goodenough ς discussion and manuscript review 

Quentin Crowley ς discussion and manuscript review 

Simon Harley ς discussion and manuscript review 

Elisabetta Mariani ς discussion and manuscript review 

Daniel Tatham ς discussion and manuscript review 
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New Insights on the Assynt Terrane of the Lewisian Gneiss Complex of NW Scotland 

from Zircon U-Th-Pb, REEs and Ti-Thermometry (Chapter 7) will be updated with Hf 

isotope data and submitted to a journal (Precambrian Research) in the near future. 
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2. Chapter 2 ɀ Reviews 

2a: Zircon  

What is Zircon and Why is it Useful? 

 Zircon is a tetragonal orthosilicate with the chemical formula ZrSiO4 (Fig. 2.1). It is 

the main mineral with Zr as a structural component and is the host for significant whole-

rock percentages of the elements Hf, U, Th and the REEs (Hoskin and Schaltegger, 2003). 

The lattice is composed of SiO4 tetrahedra and ZrO8 dodecahedra; the space group is 

I41/amd (Finch and Hanchar, 2003). It has a hardness of 6.5 on the Mohs scale and is 

chemically durable in resisting volume diffusion and incorporation of trace elements which 

makes it an important mineral for geochronological and petrogenetic investigations of a 

wide range of rocks. It originates dominantly in Si-saturated igneous rocks and is recycled 

into, or occasionally grows in, a range of metamorphic and sedimentary rocks; it is an 

accessory mineral where present and although it occurs in low abundances, it is 

widespread. 

For these reasons zircon is commonly analysed in geochronological and 

petrogenetic studies. Zircon chemical zoning and microstructure can be imaged in a 

scanning electron microscope (see chapter 3) and high-precision and high spatial-resolution 

geochemical and isotopic data can be obtained by a variety of methods. These techniques 

are discussed in detail later in this chapter.  

Formation of Zircon  

 Zircon can form through a variety of mechanisms involving new growth or 

recrystallization of pre-existing zircon. Each mechanism has a range of physical and 

chemical characteristics, which may allow it to be distinguished; this can be important 

contextual information when interpreting geochemical data. 
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Fig.  2.1 Zircon crystallographic structure. 

Magmatic Growth  

 Primary zircon forms from intermediate to silica-saturated magmas when these 

magmas reach saturation in Zr (Hoskin and Schaltegger, 2003). Primary zircon crystallisation 

is dependent on both the concentration of Zr in the magma, the water content and the 

temperature and this allows crystallisation temperatures to be calculated based on Zr 

saturation conditions (Hanchar and Watson, 2003). Zircon can also be resorbed in Si- and 

Zr-undersaturated melts and can be altered sub-solidus with changes in temperature and 

water content (e.g. metamorphic events). Primary magmatic zircon can be euhedral to 

anhedral depending on how early Zr saturation conditions are reached in the magma. 

Magmatic zircons usually contain internal growth zoning; this is most clearly seen in 

cathodoluminescence (CL) imaging (see chapter 3) where the growth zones are seen as 
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alternating CL-bright and CL-dark stripes, starting at the core and moving outwards, often 

mimicking the polygonal crystal shape. This feature is known commonly as oscillatory 

zoning patterns (OZPs) and is thought to form from varying Zr-saturating conditions in the 

magma (Vavra, 1993). Recorded U-Pb ages usually reflect the age of crystallisation of the 

magma, unless later thermal (lattice diffusion) or microstructural effects (brittle fracturing 

or plastic lattice distortion) cause radiogenic Pb to move around the crystal or be lost 

altogether. Magmatic zircon typically has a chondrite-normalised REE pattern of increasing 

abundance from light REEs to heavy REEs but with a positive Ce anomaly and negative Eu 

anomaly. Ce exists as a 4+ cation (as well as as the standard 3+ REE valency) and so more of 

it is incorporated into the lattice than other 3+ cations. Eu commonly exists as a 2+ cation, 

which is unsuited to the zircon lattice structure and strongly partitions into plagioclase 

(Hoskin and Schaltegger, 2003). Magmatic zircons with high concentrations of U can 

become metamict; as radioactive U decays to Pb, the lattice is strained to the extent that it 

loses its crystallinity and eventually become amorphous (Ewing et al., 2003). With 

metamictisation comes redistribution of trace elements, which renders such zircons useless 

for dating and other petrogenetic studies. 

Anatectic Growth  

 Primary zircon may also grow from anatectic melts, either nucleating as a new 

ovoid-ǎƘŀǇŜŘ όǎƻƳŜǘƛƳŜǎ ǘŜǊƳŜŘ ΨǎƻŎŎŜǊōŀƭƭΩύ ŎǊȅǎǘŀƭ ƻǊ ƳƻǊŜ ŎƻƳƳƻƴƭȅ Ŧƻrming as a rim 

around pre-existing zircon. Anatectic zircon grows when small volumes of partial melt reach 

Zr-saturation conditions. Lƴ /[ ƛƳŀƎƛƴƎΣ ΨŦƛǊ-ǘǊŜŜΩ ƻǊ ΨǎŜŎǘƻǊΩ ȊƻƴƛƴƎ ŀǊŜ ŎƻƳƳƻƴ ǘŜȄǘǳǊŜǎ 

(Hoskin and Schaltegger, 2003). REE patterns and abundances in anatectic growth zircon 

are likely to be different to earlier magmatic cores and may be distinguished thus. Anatectic 

zircon REE patterns may alter from the typical magmatic zircon pattern depending on the 

other phases present when the anatectic zircon is forming. For example, it will have a flat 
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heavy REE pattern on a typical Matsuda plot when grown in the presence of garnet 

(Rubatto, 2002; Whitehouse and Platt, 2003; Kelly et al., 2006; Harley and Kelly, 2007). U-

Pb ages derived from anatectic growth rims should be younger than from magmatic or 

inherited cores, unless some Pb-loss mechanism has occurred during the high-temperature 

anatexis. 

Growth in Net-Transfer Reactions 

 Some other minerals may contain significant levels of Zr, such as baddeleyite, or are 

present in rocks at high modal percentages such that they contain a significant percentage 

of the total Zr in the whole rock. Garnet (Degeling et al., 2001), hornblende (Fraser et al., 

1997), biotite (Vavra et al., 1996) and ilmenite (Bingen et al., 2001) have all been shown to 

contain high levels of Zr. When these minerals break down, new zircon can form in net-

transfer reactions. Degeling et al. (2001) showed that when garnet, sillimanite and quartz 

reacted to form cordierite, the Zr in the garnet could not be incorporated into the 

cordierite and so was released and formed new zircon. Fraser et al. (1997) calculated that 

new zircon could form from net-transfer reactions involving hornblende breakdown 

although they did not ground-truth their models using real rocks. Bingen et al. (2001) used 

careful petrographic observation to show that zircon had formed from breakdown of 

magmatic ilmenite during granulite-facies metamorphism. These examples show that net-

transfer reactions may be a significant source of new zircon growth during metamorphism. 

Coupled Dissolution-Reprecipitation  

 Zircon can also become altered in sub-solidus conditions through recrystallization, 

which can occur in three different ways. Recrystallisation by coupled dissolution-

reprecipitation (Geisler et al., 2007) occurs when a fluid or melt comes into contact with 

metastable zircon. Zircon will naturally incorporate assorted trace elements but these do 

not necessarily sit well in the lattice; radiogenic Pb2+ and trivalent REEs sitting in tetravalent 
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sites cause a certain degree of lattice strain while in order to achieve equilibrium the zircon 

must be pure zircon. Without interaction with a catalyst such as fluid or melt, the zircon is 

essentially metastable; but when a fluid or melt does come along, the outer parts of the 

zircon are able to dissolve and topotactically recrystallize. Variable amounts of trace 

elements diffuse out of the recrystallizing zircon so analyses of zircon rims with low REE 

abundances are suggestive of coupled dissolution-reprecipitation (Geisler et al., 2007). As U 

is also expelled, these rims are also characterised by bright CL intensity; CL often reveals 

irregular inward-penetrating zones as pre-existing zircon of certain composition has been 

preferentially dissolved. 

Diffusion -Driven Recrystallization of Radiation -Damaged Zircon  

 Diffusion-driven recrystallization of radiation-damaged zircon (Geisler et al., 2007) 

is similar to coupled dissolution-reprecipitation in that it involves the metastable zircon 

lattice moving towards equilibrium on contact with a fluid. Decay of radioactive U and 

emission of alpha and beta particles causes strain in the crystal lattice, which may become 

slightly amorphous and effectively metastable. Contact with fluid is the catalyst that allows 

diffusion of ions to recover the crystallinity of the lattice, although temperature is also an 

important factor. Zones in which this process has occurred are characterised by irregular 

curved inward-penetrating zones visible in CL while pattern quality in EBSD microstructural 

analysis is poor reflecting amorphisation of the lattice. Chemically, formula elements such 

as Hf, U, REEs etc are often retained in a memory of the original zircon composition while 

there are also high levels of non-formula elements such as Ca, Fe, Ba and common Pb, 

relative to other zircon-forming mechanisms (Geisler et al., 2007). 

Solid-State Recrystallisation  

 Solid-state recrystallization (Hoskin and Black, 2000) involves internal 

rearrangement of ions in the crystal lattice, again with the objective of achieving 
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equilibrium. Reaction fronts sweep through the crystal lattice by grain boundary migration 

or lattice defect diffusion and trace elements are concentrated on these reaction fronts. 

This mechanism is characterised by CL-bright zones (often rims) transgressing earlier zoning 

patterns such as OZPs; the reaction front itself is seen as a very CL-bright narrow line, which 

reflects the high concentrations of trace elements concentrated on that front. The 

recrystallized zircon behind the reaction front is closer to equilibrium than before. 

Recrystallisation is not always efficient, which can result in mixed U-Pb ages due to partial 

ΨƳŜƳƻǊȅΩ ƻŦ ǘƘŜ ǇǊŜ-existing composition. This form of recrystallization can be isochemical 

but there is often some limited exchange of ions with the surrounding rock. 

What Geological Information Can Be Extracted F rom Trace Elements in Zircon?  

 There are several factors that make zircon amenable to geochemical investigation 

of a range of processes and rocks. Although only an accessory phase in most rocks, it is 

widespread in the crust. It incorporates a range of useful trace elements including U, Hf, Ti 

and the REE, the uses of which are discussed in detail below. Many minerals contain these 

trace elements but what marks out zircon is its physical and chemical durability. It is able to 

withstand high mechanical stress and has a widespread presence in highly strained lower 

crustal rocks. Its ability to withstand high temperatures makes it a very useful mineral in 

investigating high temperature rocks, particularly from the Precambrian. Cherniak and 

Watson (2003) measured volume diffusion of most elements in zircon and found that it is 

very unlikely for any of them to diffuse under normal geological conditions. Radiogenic Pb 

can move by volume diffusion in crystalline zircon but periods of around 100Myr at 

>1000°C are required, depending on crystal size; the effective closure temperature for Pb is 

around 800-900°C but for other trace elements it is higher still. Elements can move in the 

zircon lattice by other mechanisms such as by diffusion through distorted lattice or by 

recrystallization. In general though, zircon is able to preserve its chemical and isotopic 

composition for long periods of time through episodes of high temperature and pressure 
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(Finch and Hanchar, 2003). Zircon incorporates a range of other trace elements, which 

allow for various interpretations on the geological history of the zircons and their host 

rocks, which are described below. 

U-Pb Dating 

 wŀŘƛƻƳŜǘǊƛŎ ΨŘŀǘƛƴƎΩ ǇǊƻŘǳŎŜǎ ŀƴ ŜƴŘ ǊŜǎǳƭǘ ǘƘŀǘ Ŏŀƴ ƳŜŀƴ ŘƛŦŦŜǊŜƴǘ ǘƘƛƴƎǎ ƛƴ 

different contexts. Isotopic clocks such as U-Pb record the age at which they last dropped 

below a certain temperature when the isotopes can no longer diffuse, i.e. the closure 

temperature (Faure and Mensing, 2005). Different mineral chronometers have different 

closure temperatures so the age of crystallisation, cooling and closure can all be recorded in 

a single sample. Isotopic systems such as K-Ar or U-Th-He record ages of cooling and cooling 

rates in high-grade metamorphic rocks as they have a relatively low closure temperature. 

Zircon on the other hand, with its U-Pb isotopic clock, has a much higher closure 

temperature and generally records crystallisation ages of magmatism and high-

temperature metamorphism (Faure and Mensing, 2005). It is generally regarded as the best 

mineral chronometer for high-grade rocks (e.g. Hoskin and Schaltegger, 2003). 

The decay of radioactive isotopes of uranium to stable daughter lead is the most 

commonly used, best understood and highest precision geological dating system (Faure and 

Mensing, 2005). The principle radioactive isotopes of uranium are 238U and 235U, while the 

stable uranium isotope is 234U. 238U decays to 206Pb with a half-life of 4.468x10-9 years (a 

decay constant of 1.55125x10-10 per year) while 235U decays to 207Pb with a half-life of 

0.7038x109 years (a decay constant of 9.8485x10-10 per year). 204Pb is the non-radiogenic 

stable isotope of lead. Both 238U and 235U have complex decay systems where there are a 

number of intermediate daughter isotopes, which are themselves radioactive, before the 

final radiogenic daughter lead isotope forms (Fig. 2.2).  
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Fig.  2.2 Radioactive decay chains of 238U and 235U. 

Certain conditions must be satisfied before reliable results can be obtained from 

the dating process. The mineral must remain closed to uranium and lead, and all 

intermediate daughters, since formation (or the last event that is to be dated) as loss or 

gain of any of these will yield meaningless ages. The isotopic composition of the uranium 

present must be normal (238U/235U = 137.818, Hiess et al. (2012)) and should not have been 
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altered by isotope fractionation or by the occurrence of natural fission of 235U. In the 

analytical stage, correct values must be used for the initial lead isotope ratios and any 

analyses with contamination discarded (Faure and Mensing, 2005).  

Zircon is the most widely used mineral for U-Pb dating (Faure and Mensing, 2005). 

U4+ ions are substituted into the lattice for Zr4+ as both have a similar ionic radius of ~1Å 

and the same charge; Pb2+ ions on the other hand have a different charge and a larger ionic 

radius so are excluded. This means that zircon has high initial U/Pb ratios and is therefore a 

sensitive geochronometer. It has a high effective closure temperature for volume diffusion 

of Pb of >900°C (Lee and Tromp, 1995) so is more resistant to resetting and isotopic 

disturbance than any other mineral chronometer. As a result of this, zircon may date high-

grade metamorphism whereas the closure temperatures of the other minerals are too low 

and their isotopic systems would be disturbed. However, with high U content, zircon suffers 

from radiation damage, which leads to lead-loss and discordant results.  

Rare Earth Element Profiling   

 The trivalent rare-earth element (REE) cations substitute into the Zr site in the 

zircon lattice in a coupled substitution with phosphorus (Harley and Kelly, 2007). By 

measuring the concentration of each of the REEs and plotting a graph of atomic number 

against chondrite-normalised concentration (Anders and Grevesse, 1989; McDonough and 

Sun, 1995), a REE profile can be constructed. A typical chondrite-normalised zircon REE 

profile has increasing concentration with increasing atomic number, a positive Ce anomaly 

and negative Eu anomaly (e.g. Whitehouse and Kamber, 2003; Kelly and Harley, 2005a; 

Harley and Kelly, 2007). Whitehouse and Kamber (2003) analysed the concentrations of 

REEs from complexly zoned zircons from the Amitsoq Gneisses of southwest Greenland and 

found that individual zircon zones had different REE profiles. This proved that the REE 

chemistry of the melts from which the zircon had grown or recrystallised were distinct and 

in conjunction with CL imaging could be used to interpret a crystallisation history for 
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individual zircon. REEs are one of the main generators of cathodoluminescence (CL) in 

zircon (Nasdala et al., 2003). 

REE patterns appear the most promising method of evaluating the metamorphic 

character and timing of zircon growth (Harley et al., 2007). This can be done by determining 

the equilibrium distribution of REEs between zircon and coexisting metamorphic minerals, 

which may enable the correlation of zircon growth zones to metamorphic mineral fabrics in 

the host rock. Experimental data on REE distribution are limited at present but that 

between zircon and high-temperature garnet is well known (Whitehouse and Platt, 2003); 

zircon grown or recrystallised contemporaneously with high-temperature garnet shows a 

flat heavy REE profile and strong depletion in europium (Rubatto and Hermann, 2007). 

There are still problems with this though as existing empirical estimates of distribution 

coefficients of REEs into zircon and garnet vary widely between different high-temperature 

and high-pressure rocks (Harley et al., 2007). It must also be remembered that these are 

equilibrium distribution coefficients and therefore careful interpretation of textural 

relationships between the minerals is essential. Furthermore, Rubatto (2002) pointed out 

that the amount of available elements may affect the composition of zircon over time, i.e. 

with ongoing metamorphism and garnet growth, the reservoir from which zircon takes REEs 

is depleted.  

Harley and Kelly (2007) applied the technique to ultra high-temperature gneisses 

from Antarctica from which U-Pb data indicated magmatic protoliths at ~2840Ma and 

zircon resetting at ~510Ma while the rocks preserved a granulite-facies mineralogy. The REE 

distribution between zircon and the granulite-facies garnet indicated that the zircon had 

been unaffected by the granulite-facies event but had been altered by post-peak fluid 

infiltration at ~510Ma (Harley and Kelly, 2007). Clark et al. (2009) combined REE profiling 

with U-Pb dating and Ti-in-zircon thermometry (see below) to try to determine the P-T-t 

path and tectonic evolution of a Gondwanan suture. Distribution coefficients were 
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calculated from experimental and natural rock data for zircon/garnet and indicated that 

zircon grew from garnet breakdown at a certain time in the evolution of the suture. U-Pb 

ages and Ti-in-zircon thermometry complemented this to enable the construction of a 

tectonic model for the Gondwanan collision.  

The Titanium -In-Zircon Geothermometer  

The amount of titanium in zircon, representing the uptake of titanium during crystal 

growth, can be used as a geothermometer. Watson et al. (2006) grew synthetic zircons 

from silicate melts at a range of preset temperatures and pressures. This enabled 

calibration of a thermometer, which, along with analysis of natural zircons in equilibrium 

with rutile, has shown that the titanium content of zircon, together with the zirconium 

content of rutile, are temperature dependent ς the more titanium, the higher the 

temperature. Titanium is present in zircon at up to 120ppm as a 4+ cation substituting for 

zirconium 4+ in the crystal lattice without any coupled substitution. The results of the study 

of Watson et al. (2006) showed that titanium concentration in zircon is relatively insensitive 

to pressure but is highly temperature-dependent with the potential to return temperatures 

of +/-10° or better for temperatures of ~400-1000°C. If the zircon crystallised in the 

presence of rutile (TiO2) then the calculated temperature can be accurate to 10°C but if 

rutile is absent then the activity of Ti is reduced and zircon will not be able to take in an 

abundance of Ti proportional to the true temperature; even in this scenario, the 

thermometer will still record a minimum temperature. Relative temperature changes 

across different zones of a single grain are subject to analytical uncertainty only, which 

depends on the titanium content and the analytical instrument (either ion- or electron- 

microprobe) (Watson et al., 2006). Electron microprobe analysis is suitable for zircons with 

high titanium contents while an ion microprobe is necessary for precise determination of 

low titanium zircons.  
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Watson and Harrison (2005) used the technique to find out the crystallisation 

temperatures of the Jack Hills zircons from Western Australia ς the oldest known terrestrial 

objects. The temperatures obtained were around 700°C suggesting growth in a granitoid 

melt, hence indicating that crust formation and recycling was operative as early as 4.35Ga. 

However, Watson et al. (2006) caution that titanium present in detrital zircon (e.g. Jack 

Hills) grain coatings or necessary coatings applied for microprobe analysis may result in 

erroneously high temperatures being calculated and hence care must be taken before 

analysis.      

Subsequently, Ferry and Watson (2007) revised the thermometer calibrations to 

take into account the independently variable phase components ZrO2 and TiO2 in zircon. 

New experimental data confirmed titanium content increased with decreasing uptake of 

SiO2 and hence the primary substitution of titanium is for silicon in the zircon lattice (Tailby 

et al., 2011). These new calibrations enable the titanium-in-zircon geothermometer to be 

used reliably for rocks without rutile, provided the activity of TiO2 and SiO2 can be 

independently constrained.  

Fu et al. (2008) tested the thermometer by measuring titanium concentrations of 

484 zircons from various different types of igneous rocks. They found temperatures to be 

lower than modelled and suggested a few factors that may affect the reliability of the 

geothermometer; perhaps the most important is that titanium does not remain immobile in 

the lattice through a complex geological evolution of the crystal. They also suggest that 

titanium behaviour may be influenced by the presence of other trace elements in the zircon 

lattice, as well as the possibility of non-equilibrium zircon crystallisation, e.g. in late evolved 

hydrous melts. Further issues regarding the thermometerΩǎ systematics were raised by 

Glikson (2006) and Nutman (2006) who questioned the reliability of the thermometer for 

melts at temperatures above ~800°C that are zircon-undersaturated. Zircon should not 
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crystallise until melt fractionation is well underway although Watson and Harrison (2006) 

argue against this on the basis of variable initial zirconium content in the melts. 

Most of the application of the titanium-in-zircon geothermometer has been on 

igneous rocks, but Baldwin et al. (2007) applied it to ultra-high temperature metamorphic 

rocks. They analysed zircons from Brazilian granulites and South African lower crustal 

xenoliths using an electron microprobe for high titanium zircons and LA-ICP-MS for the 

lower (<20ppm) titanium zircons. Where zircons were zoned, they recorded different 

temperatures from different growth zones and applied the thermometer to zircon growth, 

which was interpreted to be metamorphic from textural relationships. The temperatures 

calculated are again lower than phase equilibria estimates but as they are higher than those 

recorded by Fu et al. (2008), Baldwin et al. (2007) interpreted that their calculations had 

not suffered from the problems that affected Fu et al. (2008) and that zircons can retain 

temperatures from more than one geological event. 

Hafnium Isotope Petrogenetic Tracing  

 Hf is an abundant trace element in zircon, often reaching weight percent levels. 

There are both stable and radiogenic Hf isotopes in zircon: 176Lu decays by beta emission to 

176Hf but does not easily incorporate into the zircon lattice; the stable isotope 177Hf, 

however, does substitute into the crystal. This results in very low Lu/Hf ratios (Patchett, 

1983), typically around 0.002 (Kinny and Maas, 2003). The lutetium-hafnium decay system 

is useful as it gives both a dating method and an isotopic tracer. Crystallisation of new 

zircon locks the hafnium into the lattice and hence preserves the ratio of the different 

isotopes as it was at the time; this renders it a useful tracer for the origin of lower crustal 

rocks (Faure and Mensing, 2005).  

 Patchett and Tatsumoto (1980) constructed a chondritic uniform reservoir line 

(CHUR) of the 176Hf/177Hf ratios against time, against which rocks derived from the mantle 

ŎƻǳƭŘ ōŜ ŎƻƳǇŀǊŜŘΦ ¢Ƙƛǎ ǊŜƭŀǘƛƻƴǎƘƛǇǎ ƛǎ ŜȄǇǊŜǎǎŜŘ ǳǎƛƴƎ ʶ ƴƻǘŀǘƛƻƴΣ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ 
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between the 176Hf/177IŦ Ǌŀǘƛƻǎ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ŀƎŀƛƴǎǘ /I¦wΤ ǇƻǎƛǘƛǾŜ ʶόIŦύ ǾŀƭǳŜǎ ƛƴŘƛŎŀǘŜ 

that the sample is enriched in 176IŦ ŎƻƳǇŀǊŜŘ ǘƻ /I¦w ǿƘƛƭŜ ƴŜƎŀǘƛǾŜ ʶόIŦύ ǾŀƭǳŜǎ ŀǊŜ ǘƘŜ 

opposite (Faure and Mensing, 2005). In fingerprinting the source of a melt from which a 

ǊƻŎƪ ŦƻǊƳŜŘΣ ŀƴ ʶόIŦύ ǾŀƭǳŜ ƻŦ ȊŜǊƻ Ŧŀƭƭǎ ƻƴ ǘƘŜ /I¦w ƭƛƴŜ, which reflects undepleted 

mantƭŜΤ ƘƛƎƘƭȅ ǇƻǎƛǘƛǾŜ ʶόIŦύ ǾŀƭǳŜǎ ǊŜǇǊŜǎŜƴǘ ŀ ŘŜǇƭŜǘŜŘ ƳŀƴǘƭŜ ǎƻǳǊŎŜ ǿƘƛƭŜ ŀ ƴŜƎŀǘƛǾŜ 

value is the signature of crustal derivation or subducted ocean crust; a slightly positive or 

slightly negative value indicates a melt derived from depleted mantle but contaminated on 

ascent by crystal melts or xenoliths (Kinny and Maas, 2003). Zircon is resistant to 

contamination by more hafnium even during metamorphism and so even if the crystal has 

been subjected to high-ƎǊŀŘŜ ƳŜǘŀƳƻǊǇƘƛǎƳΣ ǘƘŜ ƻǊƛƎƛƴŀƭ ʶόIŦύ ǎƘƻǳƭŘ ōŜ ǇǊŜǎŜǊǾŜŘ (Kinny 

and Maas, 2003). Patchett et al. (1981) analysed the 176Hf/177Hf ratio from many rocks of 

different ages and found that the growth of continental crust was episodic and started at 

least 2.9Ga. Corfu and Noble (1992) examined hafnium isotope ratios from the 3.0Ga 

Superior Province in Canada and found that its source was depleted mantle indicating that 

the mantle had started to fractionate by this time. In the Gawler craton of Australia, 

Belousova et al. (2009) used the hafnium tracer to determine which of many episodes of 

zircon growth were from crustal sources and which were from depleted mantle sources, 

thus building up a picture of local crustal evolution.  As well as an isotopic tracer, hafnium 

isotopes can also be used to calculate model ages: the age when the hafnium in a zircon 

separated from CHUR or Depleted Mantle and entered into the zircon crystal (Faure and 

Mensing, 2005). 
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2b: The Lewisian Gneiss Complex 

Early Work  

The Lewisian Gneiss Complex crops out along the northwest coast of the Scottish 

Highlands and on the Outer Hebrides island chain. It is unconformably overlain by 

Proterozoic Torridonian sediments and Cambro-Ordovician sediments and occurs west of 

the Moine thrust belt (Fig. 2.3). The existence of an early basement gneiss was 

acknowledged by the likes of MacCulloch in the first half of the nineteenth century but the 

first detailed investigation of the Lewisian gneiss and its component parts was carried out 

by the Geological Survey in the period 1883 to 1907 when the regional memoir The Geology 

and Structure of the Northwest Highlands of Scotland was published (Peach et al., 1907). 

¢ƘŜƛǊ ŦƛŜƭŘǿƻǊƪ ƘŀŘ ƭŜŘ ǘƻ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ŀ άCǳƴŘŀƳŜƴǘŀƭ /ƻƳǇƭŜȄέ ŎƻƳǇǊƛǎƛƴƎ ŀ 

variety of banded gneisses, which they prescientlȅ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ōŜƛƴƎ άƻŦ ǇǊƻōŀōƭȅ 

ǇƭǳǘƻƴƛŎ ƻǊƛƎƛƴέΣ ǿƛǘƘ ƳƛƴƻǊ ƳŜǘŀǎŜŘƛƳŜƴǘǎΣ ŀƭƭ ƛƴǘǊǳŘŜŘ ōȅ ŀ ǎǳƛǘŜ ƻŦ ōŀǎƛŎ ŘȅƪŜǎ (Peach et 

al., 1907). Teall (1885) examined the dykes in particular and documented their 

metamorphism from dolerite to hornblende-schist. Peach et al. (1907) also described 

foliations and lineations and although quantitative structural geology had yet to be 

invented, some temporal relationships of deformation and its heterogeneous nature were 

identified (Peach et al., 1907).  

In the next fifty years or so, further research into the Lewisian Gneiss Complex was 

fairly limited. Jehu and Craig (1923-1934)(1923-1934) documented the Lewisian of the 

Outer Hebrides in five parts (Jehu and Craig, 1924; Jehu and Craig, 1925; Jehu and Craig, 

1926; Jehu and Craig, 1927; Jehu and Craig, 1934) while Davidson (1944) looked at South 

Harris in particular. It was not until the seminal paper of Sutton & Watson (1951) that 

investigations into the Lewisian took off in earnest. Both authors conducted detailed 

observations on small parts of the outcrop so as to try and deduce the relative chronology 

of tectonothermal events in the Lewisian. Based on their field observations, they 
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introduced new chronology: the Scourian event, which preceded the intrusion of the 

metadolerite Scourie Dyke Swarm (they were assumed to have intruded in a single pulse), 

which was in turn followed by the Laxfordian event (Sutton and Watson, 1951). The use of 

the dykes as time markers proved crucial in the recognition of polyphase deformation as in 

places they cross-cut an existing gneissic foliation while in others were themselves foliated. 

Sutton and Watson (1951) also subdivided the Lewisian into three regions: Northern and 

Southern, which were pervasively deformed by the amphibolite-facies Laxfordian event 

(characterised by hornblende) and the Central region where Scourian pyroxene-bearing 

ƎƴŜƛǎǎŜǎ όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŎƘŀǊƴƻŎƪƛǘŜǎΩύ ǿŜǊŜ ƭƻŎŀƭƭȅ ǇǊŜǎŜǊǾŜŘ ŦǊƻƳ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ 

Laxfordian (Sutton and Watson, 1951). These chronological observations and the three-

region model remained largely unchallenged until the terrane model proposed by Kinny et 

al. (1997; 2005), which is discussed below, and are the framework for a description of the 

general geology. 

Geological Summary  

The three-region model applies to the mainland Lewisian outcrop only (Fig. 2.4) and 

was proposed on metamorphic grounds (Sutton and Watson, 1951). The Central Region 

contains a large proportion of granulite-facies tonalite-trondhjemite-granodiorite (TTG) 

gneisses that contain two pyroxenes, along with more mafic gneisses and metasediments 

(Johnstone and Mykura, 1989). Some of the TTG gneisses in the Central Region have 

statically recrystallised under amphibolite-facies conditions or they were deformed and 

retrogressed in discrete shear zones. In both cases, the pyroxenes are progressively 

replaced by amphibole and biotite (Johnstone and Mykura, 1989).  

The Northern Region gneisses have all been deformed at amphibolite-facies and 

there is no indication that they were ever subjected to an early granulite-facies 

metamorphic event. They are dominantly quartzofeldspathic and often migmatitic 

(Johnstone and Mykura, 1989). The Laxford Shear Zone was interpreted by Sutton and 
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Watson (1951) to be a metamorphic front that demarcated the southern edge of 

amphibolite-facies metamorphism in the Northern Region and the start of the Central 

Region of preserved granulite-facies gneisses. The Northern Region shows pervasive 

Laxfordian deformation (Johnstone and Mykura, 1989).  

 
 
Fig.  2.3 Location and outcrop area of the foreland Lewisian Gneiss Complex with key 
localities mentioned in the text.  
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Fig.  2.4 The geographical distribution of the three-region model for the mainland Lewisian 
proposed by Sutton and Watson (1951). After Johnstone and Mykura (1989). 

 The Southern Region is also composed of amphibolite-facies gneisses although 

there are some areas of low strain and less migmatisation. Hornblende-gniesses are the 

dominant rock type with subordinate mafic and ultramafic gneisses (Johnstone and 

Mykura, 1989). The Southern Region contains a large metasedimentary and metavolcanic 

package ς the Loch Maree Group. It is composed of metabasic sheets interleaved with 
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metasediments including garnet-mica-schists, semipelites and rare marbles (Park, 2002). 

They are interpreted to be Palaeoproterozoic but their contacts with surrounding gneisses 

are highly tectonised so the field relationships are unclear (Johnstone and Mykura, 1989).  

Throughout the mainland LGC, a suite of mafic dykes ς the Scourie Dyke Swarm 

(Sutton and Watson, 1951) ς cut across the gneisses. They are mainly doleritic in 

composition although some picrite and olivine-gabbro dykes occur in the Assynt area, east 

of Lochinver (Tarney, 1973). In the Central Region, some retain their igneous mineral 

assemblages and textures but in areas affected by Laxfordian metamorphism and/or 

deformation, they are retrogressed to hornblende and plagioclase and may be deformed 

and transposed into sheets.  

 Along with the three-region model, Sutton and Watson (1951) suggested  a 

chronology  for the Lewisian Gneiss Complex. Soon after the formation of the protolith 

rocks, they were subjected to early Scourian granulite-facies metamorphism, termed the 

Badcallian event (Park, 1970); this was then followed by amphibolite-facies metamorphism 

and deformation ς the late Scourian (Sutton and Watson, 1951) event, termed the Inverian 

by Evans (1965). These events can be distinguished by their respective metamorphic 

ƳƛƴŜǊŀƭƻƎƛŜǎΦ {ǳǘǘƻƴ ŀƴŘ ²ŀǘǎƻƴΩǎ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ƛƴǎƛƎƘǘ ǿŀǎ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ {ŎƻǳǊƛŜ ŘȅƪŜǎ 

as time markers. They used the dykes to distinguish between amphibolite-facies Inverian 

structures and the post-dyke Laxfordian event (also amphibolite-facies), which appear 

similar. The dykes cross-cut Inverian structures but are deformed by Laxfordian fabrics.  

The above models apply to the mainland only but the Lewisian Gneiss Complex 

crops out elsewhere. There are occasional patches of hornblende gneiss east of, and within, 

the Moine thrust belt, which have sometimes been interpreted as inliers of Lewisian 

basement, but these will not be dealt with here as they have been subjected to post-

Laxfordian orogenic episodes and their relationships with the main Lewisian outcrop are 

unknown (Johnstone and Mykura, 1989). Lewisian gneiss also crops out in the Hebrides (see 
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Fig. 2.3 for locations). The whole of the island of Rona and the northern part of Raasay are 

composed of biotite-hornblende gneisses, locally migmatitic, with mafic sheets interpreted 

to be transposed dykes (Lyon et al., 1973). They are very similar to the rocks around 

Kenmore, nearby on the mainland at the southern tip of the mainland Lewisian outcrop, 

and are interpreted to be contiguous (Johnstone and Mykura, 1989). Migmatitic 

hornblende gneisses, metasediments and amphibolite dykes crop out on the island of Iona 

and are interpreted to be Lewisian (Muir et al., 1994; Whitehouse and Russell, 1997) 

although correlation is difficult and they are interpreted to have been very close to, and 

therefore affected by, a major extensional structure (Potts et al., 1995). The islands of Tiree 

and Coll are also Lewisian. They are mostly typical migmatitic Laxfordian gneisses but 

western Tiree is pyroxene-bearing suggesting that granulite-facies metamorphism did occur 

(Westbrook, 1972a; Drury, 1973; Drury, 1974). Both islands are unusually abundant in 

metasedimentary bands, including garnet-biotite schists, siliceous schists and a variety of 

calc-ǎƛƭƛŎŀǘŜǎ ŀƴŘ ƳŀǊōƭŜǎΦ /ƻǊǊŜƭŀǘƛƻƴ ƛǎ ŘƛŦŦƛŎǳƭǘ ŘǳŜ ǘƻ ǘƘŜ ƛǎƭŀƴŘǎΩ ǊŜƳƻǘŜƴŜǎǎ ŦǊƻƳ ǘƘŜ 

main Lewisian outcrops although Westbrook (1972b) suggested a history of: granulite-

facies metamorphism (Badcallian equivalent); dyke intrusion (Scourie dykes); amphibolite-

facies metamorphism (Laxfordian).  

 The Outer Hebrides are almost exclusively composed of Lewisian gneiss of various 

types (Fig. 2.5). The main lithology is biotite- and hornblende-bearing TTG gneiss (Johnstone 

and Mykura, 1989; Fettes et al., 1992). A Laxfordian foliation and lineation is widespread, 

while the Inverian is represented by discrete shear zones yp to several kilometres wide 

(Fettes et al., 1992; Mason, 2012). The Scourie dykes also appear to be represented in the 

form of transposed mafic sheets as seen in the Northern and Southern regions of the 

mainland. Pyroxene- and garnet-bearing dioritic gneisses are found in eastern South Uist 

and eastern Barra although their contacts with other gneisses are tectonised so their 

relationships are unclear (Fettes et al., 1992). A granite vein complex occurs in west Lewis 
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and western North Harris and is composed of a network of granite veins and sheets ranging 

from centimetres to hundreds of metres in thickness (Myers, 1971). South Harris has the 

most diverse assemblage of the Outer Hebrides (Fig. 2.6). There is a central igneous 

complex of metadiorite, metatonalite, metagabbro and an older meta-anorthosite. This is 

flanked to the north and south by mafic metavolcanics and metasediments comprising 

pelitic- and graphitic-schists, quartzite and marble (e.g. Johnstone and Mykura, 1989). 

 
Fig.  2.5 Map of structures and lithologies of the Outer Hebrides, from Johnstone and Mykura 
(1989). 
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Fig.  2.6 Detailed map of the rocks of South Harris, from Johnstone and Mykura (1989). 

This summarises the geological outline of the Lewisian Gneiss Complex based 

around the work of Sutton and Watson (1951). In the decades that followed, many 

advances were made in the more detailed understanding of the Lewisian Gneiss Complex, 

and geology in general, in the fields of structural analysis, geochemistry and 

metamorphism, and geochronology.   

Structure  

Sutton and Watson (1951) used structural features and structural relationships to 

define a chronology for the Lewisian. In the following decades, other workers mapped and 

described structures and structural relationships over a wider area of the Lewisian Gneiss 

Complex. Detailed mapping in the Diabaig area led Cresswell (1972) to suggest nine 

generations of structures, and hence nine different deformation events, between the early 

Scourian and late Laxfordian. Five generations of structures were pre-Scourie dyke and four 
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were post-dyke, while he recognised that large-scale Laxfordian structure and dyke 

emplacement were controlled by the pre-existing Inverian large-scale structure (Cresswell, 

1972). Park (1973) took a wider view of the entire mainland Southern region, which he 

ŘŜŦƛƴŜŘ ŀǎ ŀ ά[ŀȄŦƻǊŘƛŀƴ ōŜƭǘέΦ IŜ ǊŜŎƻƎƴƛǎŜŘ ǘƘŀǘ ǇǊŜ-Laxfordian structures were preserved 

in isolated blocks such as Ruadh-mheallan and Creag-mhor Thollaidh (Park, 1973). Park and 

Cresswell (1973) found that the Scourie dykes were concordant with, and were affected by, 

the Laxfordian foliation while they were discordant with, and cross-cut, the Inverian 

foliation. Concordant dykes are thinner and more frequently branched and they 

emphasised the structural control of pre-existing features on subsequent ones (Park and 

Cresswell, 1973).  

Sheraton et al. (1973b) gave detailed descriptions of different generations of 

structures in the Assynt area. In this area, the dominant early Scourian structure was a flat-

lying gneissic layering that had flattened some even earlier folds. Inverian deformation took 

the form of large monoclinal folds. Laxfordian deformation was concentrated in discrete 

shear zones (Sheraton et al., 1973b). They recognised that deformation was very 

heterogeneous and less intense from the Inverian onwards due to the rocks here being 

quite rigid, possibly due to geochemical depletion of heat-producing elements (Sheraton et 

al., 1973b). Further north between Scourie and Loch Laxford, Davies (1976) suggested 

thrusting had occurred prior to Scourie dyke emplacement, followed by multiple episodes 

of folding. Beach et al. (1974) found pre-dyke amphibolite-facies upright isoclinal folds just 

south of the Laxford Shear Zone (LSZ). Following dyke intrusion, deformation north of the 

LSZ took the form of a pervasive foliation while to the south it was concentrated in discrete 

shear zones, and a further episode of folding occurred only to the north (Beach et al., 

1974). Further north still, Chowdhary and Bowes (1972) found the structure of the 

Northern Region between Loch Laxford and Rhiconich to be a steep, southwest-dipping 

Laxfordian fabric while to the north of Rhiconich the fabric flattens out into a series of 
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rolling folds until the major Strath Dionard antiform (Dash, 1969) where the fabric then dips 

steeply to the northeast up to the coast at Durness (Johnstone and Mykura, 1989). 

Lƴ ǘƘŜ мфслǎ ŀƴŘ ΨтлǎΣ there was much development of structural ideas with the 

relating of foliation and lineation to strain (Flinn, 1965), and the realisation of the 

importance of shear zones as a style of deformation (Ramsay and Graham, 1970). This led 

to various workers introducing these concepts to their analyses of Lewisian structures. 

Graham and Coward (1973) made a point of describing the methods by which they 

identified heterogeneities in strain in their study of the Outer Hebrides. They found that 

strain variation can be attributed to lithology and ductility, for example pyroxene-bearing 

rocks were less deformed than amphibole-bearing rocks (Graham and Coward, 1973). 

Furthermore, they recognised that strain is often concentrated at the contacts between 

rocks of different lithology and/or ductility, for example the Scourie dykes were often highly 

deformed at their margins but pyroxene was preserved in the centre (Graham and Coward, 

1973).  

Wheeler et al. (1987) focussed on the major shear zone at Diabaig and detailed 

mapping revealed that it was in fact composed of multiple anastomosing shear zones 

separating low-strain lozenges.  Shearing was suggested to have been initiated in the 

Inverian with individual shear zones having opposing senses: sinistral-reverse and dextral-

normal (Wheeler et al., 1987). The shearing was thought to have been reactivated in the 

Laxfordian but strain was concentrated in the dykes, which Wheeler et al. (1987) suggested 

would have been more ductile.  

Attfield (1987) suggested that the Canisp Shear Zone in Assynt was initiated in the 

Inverian as a broad belt of steep southeast-dipping foliation bounded to the south by the 

north limb of the Lochinver antiform, a major monoclinal fold. The Inverian lineation 

plunges steeply southeast indicating reverse-sense dip slip movement with a minor 

component of dextral strike-slip (Attfield, 1987). Laxfordian reactivation occurred in narrow 
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zones and the lineation plunges more shallowly to the southeast indicating dextral 

transpression again but strike-slip movement was dominant. Beach et al. (1974) described a 

similar scenario for the Laxford Shear Zone. Wynn (1995) mapped the discrete Laxfordian 

shear zones south of the Laxford Shear Zone and concluded that movement took place 

under sinistral transtension and interpreted them as accommodation structures, 

accommodating stress by simple shear and block rotation. 

A further step in structural interpretation of the Lewisian Gneiss Complex was the 

attribution of structural features to wider tectonic processes and environments. Coward 

(1984) interpreted the offset of Scourie dykes to indicate that shear on the Laxford Shear 

Zone was sinistral with a small component of normal movement. Many of the major shear 

zones of the Lewisian were initiated in the Inverian and reactivated in the Laxfordian, which 

had various explanations: two collision events with the same movement direction; one 

large event with multiple movements; the shear zone acted to decouple the lithosphere 

(Coward, 1984). Further to this, the Central Region was interpreted to have been thrust 

obliquely northwards over the Northern Region in the Inverian then to have slid back down 

to the south in Laxfordian (Coward, 1990). He interpreted the exposed part of the Laxford 

Shear Zone to originally have been in the mid-to-lower crust (Coward, 1990).  

Coward and Park (1987) interpreted the dominant flat-lying foliation of the 

Northern Region, Kenmore and other parts of the Southern Region, and the Outer Hebrides 

(Coward, 1975) to reflect a major mid-crustal flat that descended beneath the Central 

Region on northwest-southeast oriented shear zone ramps such as the Laxford Shear Zone. 

They divided the mainland Lewisian into blocks bounded by major shear zones ς the 

Northern Region and Kenmore are lower crust while the Central Region is upper crust 

ƘŜƴŎŜ ǘƘŜ ǎƘŜŀǊ ȊƻƴŜǎ ŀǊŜ άƳƛŘ-ŎǊǳǎǘŀƭέ (Coward and Park, 1987). Goodenough et al. 

(2010) also interpreted that the Laxford Shear Zone was initiated in the Inverian by 

combining field structural observations with geochemical and geochronological data. 
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Coward and Park (1987) focussed on the Kenmore area and used kinematic indicators to 

interpret that the tectonic environment had undergone major changes during the evolution 

of the Lewisian ς dextral-transpressional to dextral-transtensional to dextral-

transpressional to sinistral strike-slip. On a crustal scale, Wheeler (2007) suggested the 

major shear zone at Diabaig may in fact deform by pure shear accommodated by localised 

simple shear in the component anastomosing shear zones. He also sounded a note of 

caution in showing that metre-to-kilometre scale shear does not always relate directly to 

this crustal-scale shearing (Wheeler, 2007). 

Geochemistry and Metamorphism  

Sutton and Watson (1951) recognised the importance of metamorphism in 

determining the history of the Lewisian Gneiss Complex. They interpreted the Laxfordian of 

the Northern and Southern Regions to be retrogression of the Scourian rocks still seen in 

the Central Region. This view has been challenged on geophysical and geochemical grounds 

by various workers who doubted the Laxfordian areas were cogenetic with the Central 

Region and that they were in fact a supracrustal sequence deposited on Scourian basement 

and had ever been to granulite-facies (e.g. Bott et al., 1972; Holland and Lambert, 1973; 

Bowes, 1978).  

 Lƴ ǘƘŜ мфтлǎ ŀƴŘ ΨулǎΣ ŘŜǘŀƛƭŜŘ ǇŜǘǊƻƭƻƎƛŎŀƭ ŀƴŀƭȅǎƛǎ ŀƴŘ ƎŜƻŎƘŜƳƛŎŀƭ 

measurement in conjunction with experimental work led to a new understanding of the 

origin and evolution of the Lewisian Gneiss Complex. Making detailed observations of 

mineral textures, Beach (1973) was able to deduce metamorphic reactions and their 

implications. He observed that biotite was the common ferromagnesian mineral in discrete 

Laxfordian shear zones that had formed from hydrous retrogression of hornblende (Beach, 

1973). Thus he was able to say that the shearing brought about a metamorphic change as 

the shear zones were conduits for fluid flow, and that therefore fluid played a major role in 

the Laxfordian event (Beach, 1976).  
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 In the Central Region, pyroxene granulites (a term for pyroxene-bearing gneisses 

that had been metamorphosed at granulite-facies which was fashionable around this time) 

were preserved from amphibolite-facies retrogression as they were a sufficient distance 

away from the shear zones and their fluids (Beach, 1974). Gneisses pervasively deformed in 

the Laxfordian have, without fail, undergone hydrous retrogression (Beach, 1974). 

Cresswell and Park (1973) related metamorphic features to the three main tectonothermal 

events (Badcallian, Inverian and Laxfordian) by correlating them with structures that could 

be tied to each event. They found that original mineral segregation banding and some 

migmatisation occurred in the Badcallian, formation of amphibolite-facies mineralogy and 

further migmatisation occurred in the Inverian, and further amphibolite-facies 

metamorphism, late greenschist-facies retrogression and alkali metasomatism occurred in 

the Laxfordian (Cresswell and Park, 1973).  

 Tarney (1973) investigated Scourie dykes with a picritic composition in Assynt and 

interpreted three stages of metamorphism affecting these dykes (and therefore the host 

gneisses too). First, they underwent amphibolitisation and metasomatism with little or no 

associated deformation. Discrete Laxfordian shearing brought about deformation and 

recrystallisation at amphibolite-facies where the dykes were affected. Evidence for this 

second phase can be seen in mineral alteration textures from anthophyllite to talc, and the 

presence of other lower temperature minerals such as tremolite (Tarney, 1973). Late 

serpentinisation, possibly Caledonian in age, was found in brittle, fracturable dykes, 

especially close to the Moine Thrust (Tarney, 1973). Tarney (1973) interpreted that 

hornblende in picritic dykes was magmatic, suggesting that the dykes were intruded into 

hot, deep country rock and that metamorphism was not standard prograde regional 

metamorphism as the first event was at amphibolite-facies (Tarney, 1973).  

Detailed geochemical analyses of rock samples also led to new and more detailed 

interpretations of the origin and evolution of the Lewisian. Sheraton et al. (1973a) 
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conducted extensive sampling of all lithologies in areas at Drumbeg and Rhiconich to 

compare the geochemistry of Scourian and Laxfordian gneisses respectively. There is little 

or no difference between the geochemistry of samples from Drumbeg, whether at 

granulite-facies (Badcallian) or amphibolite-facies (Inverian) (Sheraton et al., 1973a) 

suggesting the latter was a reworked equivalent of the former. This suggested that the 

geochemical system has remained closed since this time (Sheraton et al., 1973a). The minor 

element geochemistry of the Laxfordian gneisses at Rhiconich was considered to be too 

different to be a reworked equivalent of the those at Drumbeg and Rhiconich and so was 

suggested to be a fairly typical segment of upper crust subsequently juxtaposed with the 

lower crustal Assynt gneisses (Sheraton et al., 1973a). The Drumbeg (Assynt) gneisses in 

general were found to be slightly enriched (relative to Rhiconich and other areas including 

Lewis and Greenland) in Ca, Mg, Fe, Cr and Ni (reflecting their predominantly more mafic 

chemistry) while being very strongly depleted in K2O, Rb, Th and U (Sheraton et al., 1973a). 

They were found to have high K/Rb and Ba/Rb ratios and very low Rb/Sr, K/Sr and K/Rb 

ratios while being slightly depleted in Ce, La and Pb (Sheraton et al., 1973a). The relative 

depletion of these elements is to be expected as their host minerals plagioclase and 

aluminous hornblende are not stable at granulite-facies (Sheraton et al., 1973a). They 

suggest that the Assynt pyroxene granulite gneisses are fairly standard lower crust rocks 

that tend to be depleted in the aforementioned elements, but they suggest a permeable 

aqueous phase could be the reason for the extreme depletion seen (Sheraton et al., 1973a).  

In a previous paper, (Sheraton, 1970) suggested that, based on geochemistry, the 

Assynt gneisses were originally a potash-poor basalt-andesite-dacite-rhyolite sequence with 

intercalated sediments. Sheraton et al. (1973a) give some rather unconvincing evidence to 

support this theory. Holland and Lambert (1973) examined the geochemical evidence for 

ǇƻǎǎƛōƭŜ ƻǊƛƎƛƴǎ ŦƻǊ ǘƘŜ !ǎǎȅƴǘ ƎƴŜƛǎǎŜǎ όǘƘŜƛǊ Ψ{ŎƻǳǊƛŜ !ǎǎŜƳōƭŀƎŜΩύΦ ¢ƘŜȅ ŘƛǎǊŜƎŀǊŘŜŘ ǘƘŜ 

origin as being sedimentary or a volcanic sequence (Sheraton et al., 1973a) due to the K/Pb 
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ratio and Sr and Pb levels (Holland and Lambert, 1973). Instead they favoured a plutonic 

origin, drawn directly from the mantle with multiple fractionation events leading to 

depletion of granitic constituents (Holland and Lambert, 1973).   

In this paper, Holland and Lambert (1973) also conducted an extensive geochemical 

survey of the entire mainland Lewisian and divided it ƛƴǘƻ ΨŀǎǎŜƳōƭŀƎŜǎΩ ƻƴ ǇŜǘǊƻƭƻƎƛŎŀƭ ŀƴŘ 

geochemical grounds. They agreed with Sheraton et al (1973a) that the Laxfordian rocks 

cannot be reworked Scourian equivalents (Holland and Lambert, 1973). They suggested 

Gruinard and Scourie are cogenetic based on broadly similar geochemical signatures, 

although they have slightly differing silica and alkali levels (Holland and Lambert, 1973).  

Tarney (1973) made some geochemical measurements of the Scourie Dykes in Assynt and 

divided them into several groups based on petrography and geochemistry. Olivine gabbros 

are enriched in Fe and S while bronzite-picrites are enriched in Cr and Ni (Tarney, 1973). 

These more mafic types are found mainly in the Assynt area while the more common 

quartz-dolerite dykes are found throughout the complex, metamorphosed to amphibolites 

in varying degrees.  

Rollinson and Windley (1980) investigated the geochemistry of a variety of gneisses 

from the Scourie/Badcall area of the Central Region. Major element data suggested that the 

mafic granulites were tholeiitic in composition and the tonalite, trondhjemite and granite 

gneisses were calc-alkaline (Rollinson and Windley, 1980). As deformation is minimal in this 

area, they argued that these chemistries were primary magmatic and not caused by 

retrogression (Rollinson and Windley, 1980). Major and minor element geochemistry 

indicated that the mafic gneiss could not be a residue after fractionation of the tonalite 

from the same source, hence they are unrelated and the source of the dominant tonalites 

was unknown (Rollinson and Windley, 1980). Quartz/feldspar relationships and chemistries 

suggested that the tonalite was parental to the trondhjemite and the trondhjemite parental 

to the granite, both via fractional crystallisation, while rare earth element (REEs) 
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concentrations indicate that the trondhjemite was strongly fractionated compared to the 

tonalite (Rollinson and Windley, 1980). These interpretations were backed up by field 

relationships (Rollinson and Windley, 1980).  

The granites show a variation between samples of Ce and Y which cannot be 

explained by partial melting of the tonalite, hence Rollinson and Windley (1980) proposed 

they formed from fractional crystallisation of the trondhjemite. Evidence for this included a 

smooth quartz-feldspar compositional trend between the two and the gradation of one to 

the other in the same sheet (Rollinson and Windley, 1980). This model would require a 

plagioclase-rich residue and, in support, an anorthosite sheet is found at Scourie; Ce and Y 

preferentially partition into a granitic melt rather than plagioclase explaining their relative 

enrichment in the granites (Rollinson and Windley, 1980).  It had previously been suggested 

that the trondhjemites were derived by partial melting of the tonalites but Rollinson and 

Windley (1980) argued that sharp cross-cutting field relationships between the two and a 

lack of evidence of melting textures in the tonalites precluded this idea and that fractional 

crystallisation was the method involved. Rollinson and Windley (1980) suggested that 

hornblende and plagioclase were the main phases fractionating from the tonalite, which 

indicated a depth of >45km, >10% H2O and dehydration in subsequent granulite-facies 

metamorphism. They do not seem to have considered the possibility of magma mixing in 

their investigations.  

Tarney and Weaver (1987) found much the same geochemistry in their 

measurements of Scourian granulites as Rollinson and Windley (1980) did, and agreed with 

the suggestion that the depletion in U, Th and Rb was a primary magmatic feature. They 

suggested a model where hydrothermal fluids removed the relevant elements from a 

subducting ocean slab and because Archaean subduction is believed to be shallow, there 

was no mantle wedge to re-enrich the subsequent plutonic material (Tarney and Weaver, 

1987). They suggested that slight enrichment of REEs in the mafic granulites indicated an 
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undepleted mantle source, such as oceanic crust, hence agreeing with their model (Tarney 

and Weaver, 1987). They also found that intermediate granulites were enriched in light 

REEs relative to tonalitic granulites, which were also more depleted in heavy REEs, and 

trondhjemitic granulites were relatively depleted in all but the lightest REEs, while 

amphibolite-facies gneisses showed similar concentrations for all REEs. They used this to 

argue for depletion as a magmatic feature as opposed to via granulite-facies 

metamorphism (Tarney and Weaver, 1987).  

Unlike some previous workers (e.g. Holland and Lambert, 1973; Sheraton et al., 

1973a) who sampled widely and tried to come up with an origin and evolution for the 

whole of the complex, Rollinson and Fowler (1987) focused on one specific area and 

combined detailed field mapping with geochemistry to try and understand the Scourian 

rocks. They investigated Gruinard, at the southern tip of the Central Region, and field 

mapping showed agmatite trains with amphibolitic, ultramafic and tonalitic gneiss enclaves 

enclosed in later widespread trondhjemitic and granitic gneiss, all of of which were 

subsequently metamorphosed at hornblende-granulite-facies and later retrogressed 

(Rollinson and Fowler, 1987). Geochemical analyses of the amphibolites revealed variations 

in immobile elements like Zr and Ni and high Ti/Zr ratios that indicated a variety of 

compositions for their magmatic source; the amphibolites were therefore interpreted not 

to be a simple comagmatic suite though still derived from a similar mantle source region 

(Rollinson and Fowler, 1987). REE measurements, however, suggest a heterogeneous 

mantle source; this could be due to crustal contamination though the authors thought this 

was unlikely. Generally, the amphibolites were thought to have a MORB-like source, based 

on their geochemistry, but uncertainty of Archaean tectonic processes means further 

interpretation is difficult (Rollinson and Fowler, 1987).  The authors used these 

geochemical data to model conditions of magma generation: the tonalites were interpreted 

to have formed from a wet partial melt (30% melting) of a basaltic source, leaving a 
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garnetiferous residue; the trondhjemite was modelled to have formed by partial (20-30%) 

melting of a geochemically evolved basaltic source, possibly the amphibolites, followed by 

fractional crystallisation of hornblende; the granitic gneiss was interpreted to also be 

formed by partial (10%) melting but under drier conditions and with addition of light REEs 

(Rollinson and Fowler, 1987). The tonalite and trondhjemite could both therefore have 

formed from the amphibolites but the granite was not derived from either (Rollinson and 

Fowler, 1987). The tonalite and trondhjemite both require melting under wet conditions so 

Rollinson and Fowler (1987) suggested a shallow-dipping subducting slab, agreeing with 

Tarney and Weaver (1987) and Rollinson and Windley (1980) who suggested this for the 

Scourie area.  

As well as trying to understand how the protolith LGC rocks formed, various 

wokers have investigated how the protoliths evolved and gave rise to new bodies of rock. 

Castro (2004) showed that partial melting of the dominate tonalite gneiss in the Central 

Region could only form small amounts of granitic melt. The granite sheets in this area are K-

rich and there is not enough K in the tonalites to generate them. He suggested mafic 

ferrodiorite sheets in the Northern Region may have contributed K and other elements in 

partial melting to form the granite sheets around the Laxford Shear Zone. Watkins et al. 

(2007) experimentally melted samples of typical amphibolite-facies biotite tonalite and 

hornblende tonalite from the region of the Laxford Shear Zone which were interpreted to 

berepresentative of the tonalites at the time of potassic granite formation. They also found 

that the potassic granite sheets from here could not have formed from partial melting of 

the tonalites. 

Johnson et al. (2012) showed that the Central Region gneisses partially melted 

during the Badcallian tectonothermal event. They found evidence for this partial melting 

from the field relationships, petrography and geochemistry of large layered mafic-

ultramafic bodies. Felsic sheets and quartz-feldspar pegmatites with coarse peritectic 
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clinopyroxene record are records of migmatisation of the metagabbroic rocks as they cross-

cut layering in the mafic bodies. Whole-rock geochemistry linked these felsic melts with the 

source metagabbros and with the ultra-high temperature conditions in the Badcallian 

event, the partial melting of large volumes of TTG and mafic gneiss was inevitable. Field and 

petrographic evidence for this migmatisation in the TTG gneisses has been obscured by 

later reworking but the dry refractory nature of the large mafic-ultramafic bodies 

prevented them from being extensively reworked and enabled the preservation of the 

relationships of the felsic sheets and clinopyroxene-pegmatites to their host metagabbros. 

 Advances in understanding of metamorphic reactions and mineral stability fields 

and experimental work to create geothermometry and geobarometry systems allowed for 

estimates of pressures (P) and temperatures (T) of metamorphism in the Lewisian Gneiss 

Complex. Much work has been done to establish PT conditions in the Lewisian (e.g. 

Rollinson, 1979; Savage and Sills, 1980) using a variety of geothermometers and 

geobarometers (Wood and Banno, 1973; Wells, 1977; Lindsley, 1983) but only a few will be 

described here. Barnicoat (1983) deduced granulite-facies metamorphism in the Scourian 

rocks exceeded 1000°C  and 8.5kbar from garnet-clinopyroxene ion-exchange 

thermometry, although he warned of problems with incomplete re-equilibration of 

thermometer minerals such as garnet, orthopyroxene and clinopyroxene as a result of very 

ǎƭƻǿ ŎƻƻƭƛƴƎ ŀŦǘŜǊ ǇŜŀƪ ƳŜǘŀƳƻǊǇƘƛǎƳΦ hΩIŀǊŀ ŀƴŘ ¸ŀǊǿƻƻŘ (1978) found that PT 

conditions yielded by geothermobarometry were not necessarily peak metamorphic 

temperatures but reflected conditions at which diffusion stopped.  

 Sills and Rollinson (1987) used a variety of geothermometers and geobarometers 

on various lithologies to try and get PT estimates for Scourian metamorphism. Dependent 

on the calibration, the two-pyroxene geothermometer gave temperatures of 700-900°C for 

ultramafic granulites and 600-825°C for tonalitic granulites (Sills and Rollinson, 1987). 

Again, different calibrations gave a range of temperatures on the garnet-pyroxene 
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thermometer in ultramafic granulites while mineral textures were important here too: 

mineral grain cores gave temperatures of 700-900°C while symplectic overgrowths were 

around 600°C (Sills and Rollinson, 1987). Garnet-pyroxene can also be used as a 

geobarometer but requires quartz so Sills and Rollinson (1987) applied it to structurally 

related metasediments near Scourie and obtained pressures of 6.8-8.5kbar. Pressure 

estimates for the ultramafic granulites using less reliable geobarometers yielded a wide 

range of pressures from 1.8-12.2kbar; the authors suggest a range of 7.7-8.5kbar may be 

about right (Sills and Rollinson, 1987). Textural and geothermobarometric evidence 

suggested that the garnet-ǇȅǊƻȄŜƴŜ ǎȅǎǘŜƳ ǿŀǎ ΨŦǊƻȊŜƴΩ ŀǘ трл-800°C and 7-8kbar so the 

peak metamorphic conditions would have been slightly higher than this (Sills and Rollinson, 

1987). They also investigated cogenetic Scourian tonalites and trondhjemites: ilmenite-

magnetite oxygen thermometry indicated a magmatic temperature of 890-1030°C while 

hypersolvus feldspars gave a temperature of 1000°C (Sills and Rollinson, 1987). Cartwright 

and Barnicoat (1987) estimated granulite-facies metamorphism at Stoer in the Central 

Region from metasediments as having peak temperatures of 925-990°C and peak pressure 

of >11kbar.  

 Most of the PT estimate work has concentrated on the Scourian granulite-facies 

metamorphic event while relatively little has been done on later metamorphic events. Sills 

and Rollinson (1987) suggested Inverian retrogression occurred at ~600°C and tentatively 

estimated >500°C for Laxfordian metamorphism from muscovites in shear zones. Droop et 

al. (1999) used metasediments and other rocks from the Loch Maree Group to estimate 

Laxfordian PT conditions more precisely. They estimated 630°C and 6.5kbar from 

metapelites and 530°C from other rocks (Droop et al., 1999). Baba (1998) estimated PT 

conditions in the Proterozoic granulite-facies rocks of South Harris. From mineral textures 

he determined a metamorphic history of: prograde metamorphism with temperature 

increase the dominant factor; prograde metamorphism with pressure increase the 
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dominant factor; decompression retrogression; retrogression with shearing (Baba, 1998). 

He estimated peak metamorphic conditions of 800°C and 13-14kbar from metasediments 

(Baba, 1998). Baba (1999) subsequently found sillimanite inclusions in orthopyroxene 

indicating a peak temperature of 950°C.  

Barnicoat (1987) proposed a new model for the cause of Scourian high-grade 

metamorphism ς enhanced heat flow in the base of the crust from radionuclide decay 

together with tectonic crustal thickening. This went against previous suggestions that high-

grade metamorphism is caused by enhanced mantle heat flow and an increase in 

magmatism (e.g. Oxburgh and Turcotte, 1974; Schuiling and Kreulen, 1979). In the Lewisian, 

it was previously suggested that intrusion of the tonalitic magmas were the cause of high-

grade metamorphism but Barnicoat (1987) disagrees as he argues that the time elapsed 

between major magmatic activity and peak metamorphism (~200Ma) was too long. It 

should be noted though that this assumption is based on old Sm-Nd geochronology that 

may be incorrectly interpreted. His thermal models suggest a slow cooling rate as does the 

extent of re-equilibration of Scourian granulites (Barnicoat, 1987). He also argues against 

the alternative idea that mantle-derived CO2 degassing was the cause of metamorphism as 

he calculated that the amount of CO2 necessary would completely dehydrate the rocks and 

make stable isotope ratios homogeneous, neither of which is seen (Barnicoat, 1987). He 

pointed to the repeated sequence of metasediments and ultramafics mapped by Davies 

(1976) as evidence for the thrusting which caused tectonic thickening (Barnicoat, 1987). 

The model suggests a peak metamorphic temperature of 750-1075°C at 35km depth, 

dependent on the amount of radiogenic heat flow and that the Scourian rocks could have 

remained at a temperature of >900°C for more than 100Ma with a slow cooling rate of 1-

2°C/Ma (Barnicoat, 1987). 

The most recent (at time of thesis submission) attempts to constrain PT 

conditions in the LGC have involved using mineral equilibria modelling. Johnson and White 
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(2011) constructed pseudosections in THERMOCALC (Holland and Powell, 1998) for the bulk 

composition of a metagabbro and a metapyroxenite from near Scourie. Both have 

granulite-facies metamorphic assemblages so the calculated PT estimates are interpreted 

to reflect peak Badcallian conditions. They calculated conditions of 8.5-11.5kbar and 875-

975°C. Furthermore, they interpreted near-isothermal decompression to pressures of 7-

9kbar from the metamorphic peak as garnet in the metagabbro had decompression rims of 

plagioclase, orthopyroxene and magnetite. Their Badcallian PT estimates broadly agree 

with previous work. Zirkler et al. (2012) followed a similar approach in combining mineral 

equilibria modelling with petrographic observation to determine peak Badcallian conditions 

of >900°C and 13-16kbar from metasedimentary gneisses at Stoer, from the same suite of 

rocks analysed by Cartwright and Barnicoat (1987). The pressures are relatively high 

compared to the peak Badcallian pressure estimates of Johnson and White (2011) from 

metabasic rocks at Scourie, indicating that further work is required to properly constrain 

peak Badcallian PT condition. Petrographic characterisation of the metasediments by Zirkler 

et al. (2012) showed that there was hydrous retrogression of the peak granulite-facies 

assemblage, evidenced by retrograde growth of hornblende, biotite and other hydrous 

minerals. This retrogressive assemblage indicated PT conditions of 5-6.5kbar and 520-

550°C; this was interpreted to reflect the Inverian event. 

Geochronology  

 Another side of continued research into the Lewisian Gneiss Complex, which largely 

superceded geochemical and metamorphic investigations from the 1990s onwards, was 

isotope geochronology. The first geochronological investigation into the Lewisian Gneiss 

Complex was by Giletti (1959) who dated Laxfordian TTG gneiss and pegmatite from 

Laxford Bridge, yielding ages of ~1300-1500Ma, and a Scourian pegmatite from south of 

Scourie at ~2670-2770Ma, both by Rb-Sr dating. Giletti et al (1961) followed this up by 

using Rb-Sr and K-Ar decay systems to obtain dates of >2460Ma and ~1600Ma for a 
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Scourian pegmatite and  Laxfordian rocks respectively. We now know that ages generated 

by these methods must be viewed with care: Ar is easily lost from the crystal lattice; Rb-Sr 

systems generally record cooling ages, which can of course vary widely with the ambient 

conditions, as well as being lost very easily from the crystal lattice (e.g. Wheeler et al., 

2010); and Rb-Sr isochrons must also be constructed from undisturbed comagmatic rocks, 

not easily determinable in the Lewisian.  For these reasons, these decay systems have 

largely fallen out of favour in studies of the Lewisian due to its polymetamorphic history, 

although some workers have subsequently tried it as a check for other systems (e.g. 

Chamberlain et al., 1986; Waters et al., 1990; Cliff et al., 1998). Pidgeon and Bowes (1972) 

made one of the earliest attempts at dating zircons using the U-Pb decay system, which was 

advantageous due to its high closure temperature and the robust nature of zircon. They 

obtained an age of 2700±20Ma for granulite-facies rocks from the Central Region (Pidgeon 

and Bowes, 1972). This technique was to come to the forefront in later decades. 

The 1980s brought on a fresh pulse of dating work as isotopic systems became 

better understood and it was Sm-Nd that was at the forefront.  Sm-Nd analysis can be 

performed on single minerals (if there is a spread in Sm/Nd ratios) or whole-rock analyses 

so it is relatively easy to carry out (Whitehouse et al., 1996). Hamilton et al. (1979) were the 

first to apply the Sm-Nd decay system to the Lewisian. They measured isotopic ratios in 

mafic and felsic gneisses from the Northern and Central regions and constructed a 

regression line to give an age of 2920±50Ma, which was interpreted as a protolith age. 

Humphries and Cliff (1982) also obtained an age of 2920±50Ma although this was solely 

from Scourian granulites. The Sm-Nd isotopes also gave an age of 2490±30Ma for the 

breakdown of garnet, interpreted as a cooling age, which suggests the isotopic system was 

still open and therefore liable to be affected, yielding isochrons of dubious importance 

(Whitehouse et al., 1996).  
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Sm-Nd dating led to detailed interpretations of crustal differentiation and growth, 

for example Burton et al. (1994) obtained mineral ages of ~3300Ma for hornblendite and 

~2490Ma for trondhjemite at Gruinard. Whitehouse et al. (1996) later showed that many of 

the ages previously obtained from Sm-Nd dating (e.g. Waters et al., 1990; Cohen et al., 

1991; Whitehouse, 1993; Burton et al., 1994; Whitehouse and Robertson, 1995) were of 

dubious importance due to the effects of later metamorphism, very large uncertainties and 

ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ǎǇǳǊƛƻǳǎ ƛǎƻŎƘǊƻƴǎ όΨŜǊǊƻǊŎƘǊƻƴǎΩύ ŦǊƻƳ ƴƻƴ-cogenetic rocks. An important 

factor in dating magmatic protolith formation by single mineral dating is that the mineral 

must be in equilibrium with the parent magma but in the Lewisian, most minerals are in 

disequilibrium due to subsequent polyphase tectonothermal activity (Whitehouse et al., 

1996). Rollinson and Gravestock (2012) investigated rare earth element (REE) patterns 

(including Sm and Nd) in clinopyroxenes from LGC mafic rocks and showed that they had 

been variably altered during the Badcallian granulite-facies metamorphism. This showed 

the potential unreliability of Sm-Nd dating of protolith formation and offered an 

explanation for the scattered pattern of whole rock isochron ages. 

Whitehouse et al. (1996) constructed whole-rock isochrons from mafic gneisses and 

trondhjemites from Gruinard that they believed to be cogenetic from field evidence and 

obtained ages of 2943±91Ma and 2795±28Ma respectively. They interpreted that their 

whole-rock isochrons represented magmatic crystallisation while the mineral isochrons of 

previous workers either represented cooling ages or were affected by subsequent 

reopening of the Sm-Nd system by later tectonothermal activity (Whitehouse et al., 1996). 

Cliff et al. (1998) measured Sm-Nd ratios from the Outer Hebrides but they too 

encountered problems: in some samples, mineral data did not plot on an isochron with the 

whole-rock data and the authors acknowledged ambiguity in the closure behaviour of the 

Sm-Nd system.  
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As described above, the Sm-Nd dating technique is not without its problems. Dating 

using lead isotopes became the main approach to dating events in the Lewisian from the 

late 1980s onwards. At first it was used for comparison with Sm-Nd ages (Whitehouse, 

1993; Whitehouse and Robertson, 1995; Whitehouse et al., 1997b). All early U-Pb dating 

work and much of the more up-to-date work was done by the thermal ionisation mass 

spectrometry (TIMS) technique, which involves extracting a particular part of a zircon and 

ionising it before mass spectrometry analysis (Parrish and Noble, 2003). By the late 1980s, 

however, the secondary ionisation mass spectrometry (SIMS) technique had been 

developed and was starting to be used for dating the Lewisian. This technique involves 

analysing isotopic composition using an ion microprobe (Ireland and Williams, 2003). SIMS 

has a good spatial resolution (~30µm) allowing it to analyse tiny parts of a zircon grain but 

the precision of dates obtained is not as good as TIMS which can achieve very small 

uncertainties although it does not have the spatial resolution of SIMS (Ireland and Williams, 

2003).  

SIMS made it possible to date individual chemical domains within zircons (e.g. 

cores, overgrowths), identified using cathodoluminescence imaging. Technological 

advances meant that this could be done by TIMS too though, by abrading or micro-milling 

out the relevant parts of the zircon (e.g. Krogh, 1982; Mattinson, 2005). Corfu et al. (1994) 

dated zircons from the Central Region by TIMS. They yielded ages of >2710Ma, interpreted 

as the timing of the granulite-facies event, and ~2480-2490Ma, interpreted to be the pre-

dyke Inverian event (Corfu et al., 1994). Field evidence had suggested that the Inverian 

event was amphibolite-facies but Corfu et al. (1994) suggested it may have been granulite-

facies to have caused the significant zircon U-Pb resetting. The authors also suggest that an 

influx of fluid in the Inverian event (field evidence from abundant pegmatites) may have 

aided zircon recrystallisation at upper amphibolite facies (Corfu et al., 1994). Field evidence 

suggested that the post-dyke Laxfordian event was amphibolite-facies and as zircon was 
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not believed to be affected at such pressure-temperature conditions, Corfu et al. (1994) 

used titanite and rutile to date this event, again by the U-Pb system. Granite sheets on the 

boundary of the Northern and Central Regions yielded titanite ages of >1754Ma while rutile 

and titanite from banded gneiss deformed in the Laxfordian produced an age of ~1670-

1690Ma (Corfu et al., 1994). These minerals contained unusually high levels of uranium, 

thorium and lead which led the authors to conclude that metasomatism played a large part 

in the Laxfordian event (Corfu et al., 1994).  

Whitehouse et al. (1997b) used the U-Pb system to try and resolve the controversy 

arising from the variance in Sm-Nd ages obtained from Gruinard (Burton et al., 1994; 

Whitehouse et al., 1996). SIMS Pb isotope data yielded an age cluster of ~2850-2750Ma 

reflecting a high-grade tectonothermal event that broadly correlated with the Sm-Nd work 

of Whitehouse et al. (1996). Corfu et al. (1998) also dated (using TIMS) rocks at Gruinard, 

which was interpreted to be at the southern limit of the Central Region based on the 

presence of a few patches of granulite-facies pyroxene-bearing gneisses. They suggested a 

granulite-facies event dated at ~2730Ma while the U-Pb data yielded no significant age to 

match the Inverian previously dated in the Scourie area of the Central Region (Corfu et al., 

1998). The correlation of high-grade event dates led them to affirm the presence of 

Gruinard in the Central Region while they explained the lack of a date for the Inverian event 

at Gruinard as down to shielding from the amphibolite-facies rehydrating fluids (Corfu et 

al., 1998).  

Another mineral that has been used for dating with the U-Pb system is monazite. 

Zhu et al. (1997) obtained monazite crystals that were trapped as inclusions inside large 

metamorphic garnets from a metasediment near Scourie. They argued that the garnet 

acted as a buffer, protecting the monazite from later amphibolite-facies reworking (i.e. the 

Laxfordian) and would date granulite-facies metamorphism (Zhu et al., 1997). SIMS dating 

of monazites yielded two age clusters at ~2740Ma and ~2400-2500Ma, which were 
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interpreted as two granulite-facies events (Zhu et al., 1997). Monazites that were not 

protected by garnet yielded Laxfordian ages of ~1750Ma (Zhu et al., 1997).  

U-Pb dating was used by Heaman and Tarney (1989) on baddeleyite to date the 

intrusion of the Scourie Dykes. This dating by TIMS yielded age clusters of 2418+7/-4Ma for 

norites and bronzite picrites and 1992+3/-2Ma for olivine gabbros and Fe-rich dolerites 

(Heaman and Tarney, 1989). The reliability of these ages is uncertain as the behaviour of 

baddeleyite in complex geological environments is poorly understood. Furthermore, field 

evidence shows that the 2418Ma picrite dykes actually cross-cut the 1992Ma Fe-dolerite 

dykes (Tarney, 1973). 

As more and more isotope dating work was carried out, the traditional three-region 

model with granulite-facies Badcallian and amphibolite-facies Inverian pre-dyke events and 

the post-dyke amphibolite-facies Laxfordian was beginning to be questioned. This mainly 

stemmed from U-Pb ion microprobe (SIMS) dating from the mid-1990s onwards (Friend and 

Kinny, 1995; Kinny and Friend, 1997; Friend and Kinny, 2001; Love et al., 2004; Kinny et al., 

2005; Love et al., 2010). Kinny and Friend (1997) suggested that the Lewisian Gneiss 

Complex was composed of distinct crustal blocks and redefined them as disparate terranes 

separated by crustal-scale shear zones (Friend and Kinny, 2001). Their work initially 

focussed on the Northern and Central Regions and their boundary at the Laxford Shear 

Zone (LSZ) (Kinny and Friend, 1997).  They obtained protolith ages of ~2680-2840Ma from 

the north and ~2960-3030Ma from the south (Kinny and Friend, 1997); granulite-facies 

metamorphism was dated to the south of the LSZ at ~2490Ma, while the Northern Region 

was never believed to have reacged granulite-facies metamorphic conditions (Friend and 

Kinny, 2001).  

Kinny and Friend (1997) suggested that the first common dateable event from 

either side of the LSZ was the Laxfordian at ~1750Ma. They used this to argue against the 

previously-held view that the Northern Region rocks were the same as the Central Region 
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but had suffered pervasive Laxfordian reworking (Kinny and Friend, 1997). Assuming that 

metabasic sheets seen in the Northern Region were transposed equivalents of the Scourie 

Dykes, they suggested that the two crustal blocks docked some time between the Inverian 

event (no geochronological evidence for it in the Northern Region) and the intrusion of the 

Scourie Dykes (Kinny and Friend, 1997). Friend and Kinny (2001) subsequently proposed 

that the terrane docking event was what caused Laxfordian metamorphism and 

deformation. This was based on isotopic ages of 1854±13Ma for granite sheets that they 

believed occurred only on the north side of the LSZ.  

Friend and Kinny (2001) interpreted that two terranes amalgamated during the 

Laxfordian tectonothermal event. Goodenough et al. (2010) later showed that the granite 

sheets dated by Friend and Kinny (2001) actually occur south of the LSZ as well and the 

shear zone itself showed two generations of structures interpreted to be Inverian and 

Laxfordian. This led to the suggestion that the blocks amalgamated in the Inverian with 

some reactivation in the Laxfordian (Goodenough et al., 2010).  Friend & Kinny (2001) 

tested U-Pb zircon isotope data to see if correlations could be made between the mainland 

and the Lewisian of the Outer Hebrides. They obtained an age of 1672±8Ma for granite 

sheets in North Harris and suggested that they therefore should not be correlated with 

those of the Northern Region on the mainland, which were dated at 1854±13Ma (Friend 

and Kinny, 2001). They suggested that the ~1740Ma Laxfordian event occurred in much of 

the Outer Hebrides but that South Harris (interpreted to be a separate terrane due to 

granulite-facies metamorphism at ~1880Ma) accreted some time after ~1675Ma, the age 

for one of its bounding shear zones (Friend and Kinny, 2001). 

Love et al. (2004), using the same ion microprobe technique, dated rocks from 

Gruinard to try and prove if the Lewisian rocks there could be correlated with the rest of 

the Central Region. They obtained a protolith age from Gruinard of ~2820-2850Ma with 

high-grade metamorphism at ~2730Ma and no isotopic evidence for an event around 
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~2490Ma (Love et al., 2004). From Badcall Bay in the northern part of the Central Region, 

they struggled to obtain any clear dates as isotopic disturbance was extreme at ~2480Ga 

interpreted to be due to a granulite-facies tectonothermal event (Love et al., 2004). This led 

them to interpret that Badcall and Gruinard were from different terranes with the 

boundary being the Strathan Line, a 15m-wide shear zone just south of Lochinver (Love et 

al., 2004). They dated rocks from either side of this structure and interpreted the isotopic 

data to show that this was indeed the boundary. The rocks to the south of the Strathan Line 

correlate with Gruinard while those to the north appear to correlate with Badcall (Love et 

al., 2004). The authors suggest that terrane accretion between Gruinard and Assynt was the 

Inverian event despite the fact that there was no isotopic signature at such a time from 

Badcall or Gruinard (Love et al., 2004) and one would expect terrane docking to generate 

deformation and metamorphism which would be recorded in the isotopic systems. 

Furthermore, the Inverian event is believed to be more widespread than the Lochinver 

area, with Inverian fabrics recognised at Torridon in the Southern Region (e.g. Cresswell, 

1972; Wheeler et al., 1987) and the Laxford Shear Zone between the Northern and Central 

Regions (Goodenough et al., 2010).  

Commenting on Love et al. (2004), Corfu (2007) suggests that the isotope 

regression lines for Badcall indicate that there must be a tectonothermal event at ~2800-

2600Ma if the ~2480Ma event identified by Love et al. (2004) ƛǎ ŀ ΨǊŜŀƭΩ ŜǾŜƴǘΦ /ƻǊŦǳ Ŝǘ ŀƭΦ 

(1994) specifically suggested this was at ~2720Ma. He also points to the monazite data of 

Zhu et al. (1997) as further evidence of a granulite-facies metamorphism around this time 

(Corfu, 2007). As for Gruinard, Corfu (2007) suggests that Love et al. (2004) have 

misinterpreted both field evidence and zircon morphology and emphasises the complexity 

of zoning and poorly understood nature of zircon, and the problem of linking zircon data 

directly to field relationships. In reply, Friend et al. (2007) defend their interpretation (Love 

et al., 2004) of no inheritance in the zircons from Gruinard as the trondhjemites in which 
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they are found are undersaturated in zirconium so any inherited zircons would recrystallise 

as new magmatic zircons and inheritance is therefore unlikely. Corfu (2007) argues that 

SIMS cannot validate the precise ages obtained by TIMS while Friend et al. (2007) contend 

that TIMS can yield mixed ages as it cannot always distinguish between distinct zircon 

zones. 

Following all this ion microprobe dating work (Friend and Kinny, 1995; Kinny and 

Friend, 1997; Friend and Kinny, 2001; Love et al., 2004), Kinny et al. (2005) formalised a 

model where the Lewisian Gneiss Complex is composed of disparate terranes with different 

formation and metamorphic histories which amalgamated during a common 

tectonothermal event. In this paper they offered revised definitions of some existing 

nomenclature while suggesting the abandonment of many other names that had become 

obsolete, were essentially duplicates or did not fit their new model (Kinny et al., 2005). 

They presented a map (Fig. 2.7) showing all their different terranes and essential dates 

related to each as well as brief descriptions of each terrane and their sutures (Kinny et al., 

2005).  

Park (2005), in commenting on this model, lauded the authors for attempting to 

rationalize the terminology associated with the Lewisian but disagreed with their 

ǎǳƎƎŜǎǘƛƻƴ ǘƘŀǘ ǘƘŜ ǘŜǊƳ Ψ[ŀȄŦƻǊŘƛŀƴΩ ǎƘƻǳƭŘ ōŜ ŀǇǇƭƛŜŘ ƻƴƭȅ ǘƻ ŀ ~1740Ma metamorphic 

event and instead preferred its traditional use as covering all events following the Scourie 

5ȅƪŜ ƛƴǘǊǳǎƛƻƴΦ IŜ ŀƭǎƻ ǇǊŜŦŜǊǎ ǘƻ ǳǎŜ ǘƘŜ ǘŜǊƳ ΨōƭƻŎƪΩ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ΨǘŜǊǊŀƴŜΩ  ŀǎ ǳǎŜŘ ōȅ 

Kinny et al. (2005) as ΨǘŜǊǊŀƴŜΩ implies great amounts of translational movement for which 

there is no evidence (Park et al., 2005). In the discussion, Park (2005) tentatively suggests a 

two-plate model with subduction in the Palaeoproterozoic (evidenced by arc material e.g. 

the ~2000Ma Loch Maree Group (Whitehouse et al., 1997a)) with rearrangement into 

crustal blocks during the Laxfordian event. He suggests that the present geochronological 
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data fail to show any major distinction between different parts of the Lewisian Gneiss 

Complex with the exception of Assynt (Park et al., 2005).  

 

Fig.  2.7 Terrane model for the Lewisian suggested by Kinny et al. (2005). 

In reply, Kinny et al. (2005) defended their redefinition ƻŦ ǘƘŜ ǘŜǊƳ Ψ[ŀȄŦƻǊŘƛŀƴΩ ŀƴŘ 

maintained that its blanket use for anything postdating the dykes can lead to confusion of 

wholly separate events and features. They argue that the lack of Palaeoproterozoic plutonic 

rocks precludes the idea that the Lewisian Gneiss Complex was involved directly in 

subduction (Park et al., 2005)Φ ¢ƘŜȅ ƛƴǎǘŜŀŘ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ΨǘŜǊǊŀƴŜǎΩ ƻŦ ǘƘŜ [Ŝǿƛǎƛŀƴ ǿŜǊŜ 

somewhere outboard of the subduction zone and the arc is no longer visible, analogous the 
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Cordilleras of North America (Park et al., 2005). As for the two-plate model, Kinny et al. 

(2005) point to a lack of granulite-facies gneisses in possible lower-plate areas as a problem 

with that model, as well as Sm-Nd isotope data suggesting crustal differentiation at 

different times in different parts of the Lewisian (e.g. Whitehouse, 1989).  

Park (2005) subsequently expanded on his two-plate model by assigning the 

terranes of Kinny et al. (2005) to either an upper or lower plate or as Palaeoproterozoic arc 

complexes (Fig. 2.8). He defined upper plate blocks as being characterised by retrogressed 

granulite-facies Archaean rocks with localised Laxfordian deformation while the lower plate 

blocks were amphibolite-facies, originating at a higher crustal level. The upper plate blocks 

are Gruinard, Ruadh-mheallan, Tiree-Coll and East Uist while Assynt (which yielded older 

protolith ages than elsewhere) was interpreted to have joined them in the Inverian event. 

The lower plate blocks are Rhiconich, Carnmore-Tollie, Rona, West Uist and Tarbert (Fig. 

2.9). SIMS dating by Kelly et al. (2008) supports correlation within the Lewisian and less in 

the way of disparate terranes but they suggest Tarbert may be correlated with Gruinard as 

the share a tectonothermal event at ~2730Ma. Kinny et al. (2005) thought Tarbert and 

Rhiconich could not be correlated due to different ages of the granite sheets in each 

terrane although Park (2005) suggests that the differing ages may be caused by different 

melt phases. In terms of the Palaeoproterozoic arc rocks, the structure of the Roineabhal 

terrane is synformal so the Tarbert and West Uist blocks are interpreted to be contiguous, 

backed up by U-Pb isotope TIMS dating by Mason et al. (2004) who, despite some 

ambiguities in the isotopic data, suggested protolith ages for both as being ~2800Ma. The 

Nis terrane also has a synformal structure so may be contiguous with the Roineabhal 

terrane (Fig. 2.10). Park (2005) also interpreted that the Loch Maree Group could also have 

been part of the same block with later disruption by the Outer Hebrides and Minch faults. 

The synformal structures may have been caused by late Laxfordian folding. Park (2005) 

suggests that one terrane may have multiple TTG protolith ages from multiple intrusive 
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events, as well as effects on ages from magmatic assimilation & fractionation, something 

not considered by Kinny et al. (2005). Furthermore, care must be taken when using 

tectonothermal events for correlation as lithology, strain variation and amount of fluid may 

be heterogeneous but could all influence interpretation.  

 

 
 
Fig.  2.8 Revised terrane model from Park (2005) showing upper plate (type A), lower plate 
(type B) and Palaeoproterozoic arc complex areas. 

 
Fig.  2.9 Structural relationships between upper plate (type A) and lower plate (type B) blocks 
in the Southern mainlaind Lewisian, from Park (2005). 
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Fig.  2.10 Wider structure of the mainland and Outer Hebrides Lewisian and possible 
correlation, from Park (2005). 

Another aspect of research into the Lewisian Gneiss Complex has been looking for 

comparisons with other similar geological areas. This was recognised in the title and 

content of the proceedings of the 2nd Lewisian conference of 1972. In this volume are 

several articles on Precambrian rocks in Greenland and attempts were made to correlate 

them with the Scottish Lewisian Gneiss Complex. The geology of southern Greenland is 

composed of a central Archaean block, which was last affected by regional metamorphism 

at ~2500-2700Ma, flanked to the north by the Nagssugtoqidian mobile belt and to the 

south by the Ketilidian mobile belt, both of which were most recently deformed at ~1700-

1900Ma (Andrews et al., 1973). All three are composed of polymetamorphic TTG gneisses 

and have a dolerite dyke suite that separates early and late regional metamorphism 

(Andrews et al., 1973). Individual rock types of the Angmagssalik area of southeast 

Greenland are very similar to equivalents in the Lewisian such as folded supracrustals 

correlating with South Harris or the Loch Maree Group (Wright et al., 1973). The Archaean 

gneisses at Angmagssalik belong to the Nagssugtoqidian, which is petrologically and 

geochronologically (Andrews et al., 1973) similar to the Laxfordian gneisses of the Lewisian 

(Wright et al., 1973). Andrews et al. (1973) considered the gneisses around Frederikshab in 
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southwest Greenland, part of the Archaean block, to be very similar to the Central Region 

of the mainland Lewisian.  

The 3rd Lewisian conference of 1985 brought about further insights into correlations 

with Greenland and further afield. Myers (1987) correlated the Lewisian with the 

Nagssugtoqidian mobile belt of Greenland as they share a similar history, deduced from 

field relationships and recorded in isotopic ages. The Nagssugtoqidian formed around 

~2900-2700Ma with metamorphism and deformation around ~2600-2300Ma, followed by 

intrusion of a mafic dyke suite and then further regional metamorphism at ~1900-1700Ma 

which reflects the evolution of the Lewisian fairly closely (Myers, 1987; Kalsbeek et al., 

1993). Korstgard et al. (1987) appear to correlate the central Archaean block of Greenland 

with the Lewisian on a map in their paper, despite not making any specific references to the 

Lewisian Gneiss Complex. The Lewisian and southern Greenland were also correlated with 

the Nain Province of Labrador in Canada (Korstgard et al., 1987). Park (1994) looked for 

wider correlations in the North Atlantic region. He found that many of the Precambrian 

shield regions in this area shared metamorphic and deformation histories or were in 

tectonically-related settings. All recorded an orogenic event at ~1900-1600Ma, which was 

interpreted to have been caused by the collision of the Malin block with Laurentia and 

Baltica (Fig. 2.11).  
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Fig.  2.11 Speculative plate kinematic models for the periods 2000-1800Ma (A) and 1800-
1600Ma (B), after Park (1994). Abbreviations: EGC=E Greenland craton; KAR=Karelia craton; 
Lap-Kol=Lapland-Kola belt; Rin=Rinkian terrain; Tor= Torngat belt; Mal= Matin block; NAC= 
N Atlantic craton; Mak= Makkovik; Ket= Ketilidian; Nag= Nagssugtoqidian; 
Amm=Ammassalik; Lew= Lewisian; Svec= Svecofennian; TIB= Trans-Scandinavian igneous 
belt; GGF= Great Glen fault; HBF= Highland Boundary fault; B= BABEL deep seismic 
reflection line. At 1900-1800Ma: cratons, open stipple; tectonically active intracontinental 
belts, close stipple; magmatic arc terrain at the active continental margin, oblique ruling. 
Arrows represent main directions of upward tectonic transport within the Early Proterozoic 
belts; black triangles indicate inferred dip of margins of continental blocks. (B) At 1800-
1600Ma: cratons and active intracontinental belts ornamented as in (A).  
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In his reinterpretation of the Kinny et al. (2005) terrane model, Park (2005) offered 

some further suggestions on wider North Atlantic correlations and palaeogeography (Fig. 

2.12). In his upper- and lower-plate model, he suggests that the two plates that collided 

were the Central Greenland Craton and North Atlantic Craton and that the Lewisian is 

equivalent to Nagssugtoquidian of Greenland, which were both caught up in this orogeny, 

which caused the Laxfordian event in the Lewisian. He put forward the following sequence 

of events:- 1) the Palaeoproterozoic arc rocks (Roineabhal & Nis terranes, Loch Maree 

Group) accreted to upper plate at ~1900Ma; 2) Plate collision and subduction at ~1870Ma 

generating the calc-alkaline plutonic rocks of Roineabhal, Nis and Loch Maree with early 

Laxfordian metamorphism; 3) Malin arc collides with Lewisian at ~1740Ma generating 

widespread metamorphism and deformation, causing disruption of plates and 

rearrangement into present situation along major shear zones.   



80 
 

 
Fig.  2.12 The Lewisian in its wider Precambrian context, from Park (2005). CGC, central 
Greenland craton; Goth, Gothian belt; Kar, Karelia craton; Ket, Ketilidian belt; Kol, Kola 
craton; Lap-Kol, LaplandςKola belt; Lew, Lewisian; NAC, North Atlantic craton; Nag, 
Nagssugtoqidian belt; NI, north Ireland; NS, north Scotland. (A) Distribution of cratons and 
orogenic belts during the Mesoproterozoic. (B) At 2000Ma: subduction and creation of a 
volcanic arc in oceanic crust between two continental plates (NAC and CGC/Kol) followed 
by accretion of oceanic/arc elements along the leading edge of the NAC. (C) At 1870Ma: 
collision of the two continents followed by underthrusting of the CGC/Kol craton beneath 
the NAC, causing the early Laxfordian deformation and metamorphism. At the same time, 
collision occurs in the Lapland/Kola belt to the SE caused by collision with the Karelia 
craton. Note the NWςSE movement direction. (D) At 1800Ma: development of a volcanic 
arc in oceanic crust SW of the amalgamated continent created in B. (E) At 1750Ma: collision 
ōŜǘǿŜŜƴ ǘƘŜ Ψaŀƭƛƴ ŀǊŎΩ ŀƴŘ ǘƘŜ ŎƻƴǘƛƴŜƴǘΣ ŎŀǳǎƛƴƎ ƭŀǘŜ [ŀȄŦƻǊŘƛŀƴ ŘŜŦƻǊƳŀǘƛƻƴΣ 
metamorphism and granitic melt formation in the Lewisian complex. 
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3. Methodology  

 A variety of analytical techniques were used during the PhD work and all are fully 

described in this chapter. These range from basic geological mapping through to chemical 

microanalysis. The provisional workflow at the commencement of the project was: 

mapping, sampling, optical/SEM petrography, EBSD, ion microprobe analysis. Other 

analytical techniques have subsequently been used and the workflow has not been a step-

by-step process ς multiple techniques were often used concurrently as different samples 

were at different stages of the workflow. Each analytical technique is described in the 

following sections.  

Mapping  

 Field mapping was an essential part of the project as the general geology and field 

relationships must be understood so as to give further analysis a clear context. Lithology, 

mineral assemblages, mineral fabrics and other structures build up a picture of the 

geological history of the rock; once this is known, the results of geochemical and 

microstructural analysis can be linked to the mapped rocks to show how zircons responds 

under different geological conditions. 

 Mapping was generally of relatively small areas, between ~1km2 and 35m2. Some  

mapped localities were sites described in the literature while others were identified as 

suitable for this study by ground reconnaissance of large areas. The criterion for choosing 

localities to map was unambiguously-displayed field relationships between lithologies and 

structures of different age, where the relative ages were clear.  

 Mapping was carried out either by traditional means, using a paper base-map and 

GPS, or using the SigmaMobile software from the British Geological Survey on an iXplore 

tablet computer. The tablet computer enables mapping at a variety of scales on the same 

base-map, which is very useful for detailed maps of very small areas while also making a 
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larger context map for that detail map. Multiple base-maps can be used and all can be geo-

referenced, which, along with the built-in GPS system, means that the position of the user, 

and hence their map, is always known. The GPS system is precise to 1m and accuracy was 

consistently checked by comparison of the GPS location marker to the topographical 

ǎǳǊǊƻǳƴŘƛƴƎǎ ƻŦ ǘƘŜ ǳǎŜǊΩǎ ǇƻǎƛǘƛƻƴΦ CƻǊ ǎƻƳŜ ƻŦ ǘƘŜ ǾŜǊȅ ŘŜǘŀƛƭŜŘ ǎƳŀƭƭ-scale maps, a 

measuring tape and graph paper were used as the detail was beyond the resolution of the 

GPS and any base-map. 

Sampling  

 As well as recording the geological history of each locality, detailed field mapping 

also provided a framework for strategic sampling for further analysis. Samples were taken 

mainly from the rocks that were most likely to contain zircons: felsic-intermediate meta-

igneous gneisses and metasediments. Occasionally samples were taken from mafic 

lithologies if their identity was unclear in the field and required petrological investigation.  

 Once a rock had been selected for sampling, a suitable part of the outcrop was 

sought. Every effort was made to collect samples of similar sizes and homogeneous 

composition but this was difficult, again due to the hard and often isotropic nature of the 

rocks. Samples were ~1000-2000cm3 in size. Before the sample was broken off, an 

orientation mark was marked on a surface of the sample in black marker pen. The dip and 

strike of this mark was measured and noted. This enabled future analysis where a kinematic 

reference frame was required.  

Sample Preparation  

 It was desired that zircons would be analysed in-situ where possible to give a 

petrographic context to to the isotopic and trace element data acquired from the zircons. 

This required preparation of thin and thick sections. Samples were cut using a rock-saw 

with a slow diamond grinding blade at the University of Liverpool. Thin-section sized pieces 
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of the samples were sent to be made into standard 30µm-thick polished thin sections at the 

University of Birmingham or University of Keele. Comparable pieces were also made into 

polished thick sections at University of Liverpool; these were manually polished with 

carborundum powder at 400-1200 grade then with 1-6µm Buehler Metadi Diamond 

Suspension on a Kent 3 Automatic Lapping and Polishing Unit. Thin and thick sections which 

were subject to electron backscatter diffraction (EBSD, see below) analysis were also 

ǇƻƭƛǎƘŜŘ ǿƛǘƘ лΦнрҡƳ {ȅǘƻƴϰ ŎƻƭƭƻƛŘŀƭ ǎƛƭƛŎŀ ǎƻƭǳǘƛƻƴΦ  

Petrography  

 Thin sections were analysed with a Vickers polarising transmitted light optical 

polarising microscope for petrographic textures in order to build up a history of the sample. 

Photomicrographs of important mineral textures were taken using a Nikon Coolpix 4500 

digital camera attached to a Zeiss polarising transmitted light optical microscope. 

Mechanical zircon separation  

 In order to augment analysis of in-situ zircons, samples were also crushed and 

zircons separated from them at Trinity College Dublin. Samples were broken using a 

hydraulic rock splitter followed by a jaw crusher which reduced them to sand grade. The 

sand was the sieved to <500µm size and saturated with water; this was then run across a 

vibrating Wilfley water table to separate heavy and light grains. Following overnight drying 

in the oven, the heavy fractions were passed through methylene iodide separating grains 

heavier (such as zircon) and lighter than a specific gravity of 3.3. The heavy fraction was 

caught in filter paper, allowing the methylene iodide to pass through and be recycled; it 

was then thoroughly washed in acetone to remove any that may have remained attached 

to the grains. Magnetically susceptible grains such as magnetite were removed with a hand 

magnet and the remaining fraction was passed through a Frantz isodynamic separator 

which separated titanite and any quartz, feldspar and apatite grains that got through the 
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separation process. Zircon grains were then hand-picked out of the separates for analysis 

under a Leica DMLP reflected light microscope at the University of Edinburgh; large, 

fracture- and inclusion-free translucent grains were selected. These grains were mounted in 

Epothin epoxy resin in a one-inch diameter aluminium holder. This grain mount was then 

polished with 400-1200 grade Struers Silicon Carbide grinding paper, Buehler Metadi 

Diamond Suspension at 1-6µm and 0.25µm Syton colloidal silica solution. 

Scanning Electron Microscope Analysis  

 Before analysis, samples were coated with a very thin layer of graphite and earthed 

using colloidal graphite paint. Samples were analysed using a Philips XL30 Scanning Electron 

aƛŎǊƻǎŎƻǇŜ ό{9aύ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ [ƛǾŜǊǇƻƻƭΦ ¢ƘŜ tƘƛƭƛǇǎ {9a ƛǎ ŀ ΨŎƻƴǾŜƴǘƛƻƴŀƭΩ {9a 

that has a vertical column and horizontal stage, which can be tilted if necessary thus making 

it versatile for a number of different types of imaging. The electron beam is generated from 

a tungsten filament, which passes electrons through a condenser lens, an objective lens, 

and between the scan coils before passing through the final aperture and the pole piece 

into the chamber. Each lens focuses the beam magnetically and the aperture reduces the 

intensity of the beam. The scan coils of the microscope alter the angle of the beam in a 

systematic fashion; this enables the software to reconstruct an image based on where the 

beam was pointing and what intensity was detected at any given point in time. The 

interaction of the electron beam with the near surface of the minerals in the specimen 

produces a suite of electrons and other radiation that can be used to characterise the 

sample (e.g. Lloyd and Hall, 1981; Prior et al., 1999). A different volume of the sample ς the 

activation volume ς is responsible for the generation of each type of radiation and each 

ǘȅǇŜ Ŏŀƴ ōŜ ΨƛƳŀƎŜŘΩ ǳǎƛƴƎ ŘƛŦŦŜǊŜƴǘ ŘŜǘŜŎǘƻǊs. Backscattered electrons and 

cathodoluminescence are two types of interactions that were used to image samples in this 

project.  
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BSE Imaging 

 In-situ zircons were located using backscattered electron (BSE) imaging. 

Backscattered electrons have a high energy and therefore travel in straight lines from the 

sample surface. They are generated by scattering of the electron beam by a single large 

interaction or several smaller interactions within the sample but retain most of their energy 

and are able to exit the specimen (Lloyd and Hall, 1981)Φ {ƻƭƛŘπǎǘŀǘŜ ŘŜǘŜŎǘƻǊǎ ŀǊŜ ƳƻǳƴǘŜŘ 

on either side of the pole piece and enable imaging of electrons scattered directly back 

from the sample. Atoms with a larger atomic number (proton number) have more electrons 

so there are more electrons to scatter those from the beam making heavier elements 

appear brighter. Since the unit cell of the material in the sample surface is usually smaller 

than the diameter of the electron beam and the activation volume, the brightness of the 

response is averaged over all the different types of atom in the sample producing images of 

ƳŜŀƴ ŀǘƻƳƛŎ ƴǳƳōŜǊ ό½πŎƻƴǘǊŀǎǘύΦ !ǎ ŀ ǊŜǎǳƭt, minerals containing elements with a high 

atomic number appear brighter than those without; for example, zircon with its high 

concentration of element 40, zirconium, appears much brighter than plagioclase where the 

heaviest formula element is element 20, calcium. In most samples, the presence of 

zirconium meant that zircons were the brightest mineral in the sample and could therefore 

be located easily. Photo images were taken at a working distance of ~22mm, accelerating 

voltage of 20kV and an emission current of ~3nA. BSE imaging was also used to show 

major-phase mineral textures, which elucidated the textural history of the sample.  

Cathodoluminescence Imaging  

 All zircons were imaged using cathodoluminescence (CL). When the SEM electron 

beam hits the sample surface, as well as scattering electrons, electromagnetic radiation is 

produced. When electrons in the outer shell of an atom are displaced, photons of visible 

light ς cathodoluminescence ς ŀǊŜ ǇǊƻŘǳŎŜŘΦ /[ ŜƳƳƛǘǘŀƴŎŜ Ŏŀƴ ōŜ ΨǉǳŜƴŎƘŜŘΩ ōȅ ǘƘŜ 

presence of Fe2+ so ferromagnesian minerals do not luminesce. The activation of CL in other 
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minerals is variably understood. In zircon, it is thought to arise from lattice defects and 

vibration of the uranyl ion but mainly from trivalent rare earth elements, particularly Dy3+ 

(Corfu et al., 2003). CL is traditionally used to show internal chemical zoning in zircon ς the 

brighter and darker CL responses due to varying levels of REEs are interpreted to represent 

different growth or recrystallization domains. This zoning is used as a guide for ion 

microprobe analysis (see below) ς analytical ablation spots should not overlap different 

zones so that the data gathered represent a single event. CL images were taken at a 

working distance of 21-23mm, accelerating voltage of 10kV and spot size of and an 

emission current of ~3nA.  

Energy Dispersive X-Ray Spectroscopy 

 Another SEM-hosted technique used was Energy Dispersive X-Ray Spectroscopy 

ό95{ύΦ ·πǊŀȅ Ǌadiation is emitted when the incident electron beam hits the sample; the 

ǎǇŜŎǘǊǳƳ ƻŦ ŜƴŜǊƎƛŜǎ ƻŦ ǘƘŜ ·πǊŀȅǎ ŜƳƛǘǘŜŘ ƛǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ǘƘŜ ŜƭŜƳŜƴǘǎ ǇǊŜǎŜƴǘ ŀƴŘ ǘƘŜ 

number emitted for given conditions is proportional to the concentration of each element. 

Measurement can be qualitative or quantitative if calibrated against known standards. EDS 

records the energy of the X-Ǌŀȅǎ ǇǊƻŘǳŎŜŘ ŦǊƻƳ ŀ Ǉƻƛƴǘ ǳǎƛƴƎ ŀ [ƛπŘƻǇŜŘ {ƛ ŎǊȅǎǘŀƭΦ 9ƭŜŎǘǊƻƴ 

ƘƻƭŜǎ ŀǊŜ ŎǊŜŀǘŜŘ ƛƴ ǘƘƛǎ ǎŜƳƛπŎƻƴŘǳŎǘƛƴƎ ŎǊȅǎǘŀƭ ǿƘŜƴ ŀƴ ȄπǊŀȅ Ƙƛǘǎ ƛǘΤ the number of holes 

is proportional to the energy of the X-rays. Applying a potential allows a current to flow 

ǘƘŀǘ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƘƻƭŜǎΣ ǘƘŜǊŜōȅ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ƭŀǎǘ ·πǊŀȅ 

to strike the crystal. After counting X-rays for a given time the spectrum is analysed for 

peaks. Once the peaks are identified the size of each peak is measured against the standard 

calibration to calculate the concentration of each element. All the X-rays are measured on 

the same spectrometer so one analysis records all elements.  

 EDS was carried out using the Philips XL30 SEM at the University of Liverpool. 

Qualitative analysis was widely used for confirming whether bright crystals imaged in BSE 

were in fact zircons. Semi-quantitative EDS was conducted on major phases in various 
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samples to determine the major element chemistry and provide further information about 

the sample history. Repeat analyses of a cobalt standard were conducted throughout the 

analytical session to ensure beam conditions were stable. Measured spectra were 

compared to standards to determine element abundances. Detection limits for the major 

elements measured were ~0.5wt%. Analytical precision was generally <10% (95% 

confidence levels) for concentrations >1wt% but higher for concentrations <1wt%. 

EBSD 

 Electron backscatter diffraction (EBSD) analysis was carried out in a CamScan X500 

Crystal Probe SEM at the University of Liverpool. The CamScan SEM varies from the 

aforementioned Philips SEM as it uses a field emission gun to generate the electron beam 

and the column is angled at 70° to the sample surface. This layout is not very flexible for 

different types of analysis but is instead optimised for EBSD. When the incident electron 

beam interacts with the activation volume, cones of electrons are diffracted off the lattice 

planes and onto a phosphor screen detector. The pattern of bands (Kikuchi bands) 

generated by electrons hitting the phosphor screen are referred to as electron backscatter 

patterns (EBSPs). These patterns are then digitally indexed by software to determine the 

phase and crystallographic orientation quantitatively.  EBSPs were acquired with Flamenco 

software which processes the EBSPs with a series of algorithms and compares them to a 

database of match units to identify the phase. Each crystal or area of sample was acquired 

individually using the automatic mapping function in Flamenco software where the beam 

rasters across a specified area. Acquisition parameters including binning, Hough space and 

V/H ratio were refined for each map; match units for mineral phases were taken from the 

American Mineralogist library preloaded in the Flamenco program. The spatial resolution of 

the Camscan SEM is ~0.5µm for zircon while the precision in measuring the crystallographic 

angles is ±0.5° and accuracy is ±2°. 
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 Once acquired, raw data files were processed in CHANNEL5 software, mainly using 

the Tango module. This allows a map of the data of the acquisition area to be constructed 

showing different datasets: band contrast ς the pattern quality of the Kikuchi bands for 

each pixel; all-euler angles ς the crystallographic angles of each pixel; and Texture 

Component ς a plot of crystallographic orientation relative to a reference point. The 

Texture Component function was particularly useful in highlighting intracrystal lattice 

misorientation. Tango allows the dataset to be cleaned-up ς pixels of poor pattern quality 

can be removed, single pixels of misindexed data can be removed and interpolation 

between good data points can be used to improve coverage and subsequent interpretation.  

X-Ray Fluorescence Analysis 

 X-Ray Fluorescence (XRF) analysis was carried out at the University of Edinburgh in 

order to determine the bulk chemistry of the rocks from which analysed zircons were 

taken. Samples were taken adjacent to those that had already been processed for zircon 

analysis. The XRF methodology largely follows that of Fitton et al. (1998) and is described 

below. The samples were cut into small pieces with a diamond-tipped saw, saw marks were 

ground away on a diamond wheel, and the fragments were rinsed in clean water. They 

were then dried before being ground to a fine powder in an agate Tema barrel. Agate was 

used in preference to tungsten carbide to avoid contamination with Ta and Co. Major-

element concentrations were determined after fusion with a lithium borate flux containing 

La2O3 as a heavy absorber, similar to Fitton et al. (1998).  

 The rock powder was dried at 110°C for at least one hour, and a nominal but 

precisely weighed 1g aliquot was ignited at 1100°C so as to determine loss on ignition (LOI). 

The residue was then mixed with Johnson Matthey Spectroflux 105 in a sample-to-flux ratio 

of 1:5, based on the unignited sample mass, and fused at 1100°C in a muffle furnace in a 

Pt5%Au crucible. After the initial fusion, the crucible was reweighed and any flux weight 

loss was made up with extra flux. After a second fusion over a Meker burner, the molten 
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mixture was swirled several times to ensure homogeneity, cast onto a graphite mould, and 

flattened with an aluminium plunger into a thin disk. The mould and plunger were 

maintained at a temperature of 220°C on a hotplate. Trace-element concentrations were 

determined on pressed-powder samples. Six grams of rock powder were mixed thoroughly 

with four drops of a 2% aqueous solution of polyvinyl alcohol. The mixture was formed into 

a 38-mm disc on a 40-mm diameter polished tungsten carbide disc, backed and surrounded 

by aluminium, and compressed in a hydraulic press at 0.6 tons/cm2. 

 The fused and pressed samples were analyzed using a Philips PW2404 automatic X-

ray fluorescence spectrometer with a Rh-anode X-ray tube. Corrections for matrix effects 

on the intensities of major-element lines were made using theoretical alpha coefficients 

calculated online using the Philips software. The coefficients were calculated to allow for 

the amount of extra flux replacing volatile components in the sample so that analytical 

totals should be 100%, less the measured LOI. Intensities of the longer-wavelength trace-

element lines (La, Ce, Nd, Cu, Ni, Co, Cr, V, Ba, and Sc) were corrected for matrix effects 

using alpha coefficients based on major-element concentrations measured at the same 

time on the powder samples. Matrix corrections were applied to the intensities of the other 

trace-element lines by using the count rate from the Rh Kh  Compton scatter line as an 

internal standard (Fitton et al., 1998). Line-overlap corrections were applied using synthetic 

standards. 

 The analytical reproducibility and precision of major elements (Si, Al, Fe, Mg, Ca, 

Na, Ti, Mn, K, P) were tested against the BHVO-1 standard by comparing measured values 

to those of Govindaraju (1994) (Table 3.1) while trace elements (U, Th, Pb, Zr, Y, Nb, Sr, Rb, 

Zn, Cu, Ni, Cr, V, Ba, Sc, La, Ce, Nd) were tested against the BCR, BEN, BHVO-1 and BIR 

standards (Table 3.2). Analytical error was generally <2% (95% confidence levels) for major 

elements although it was <10% for Na and P; precision was generally better than 5% (95% 

confidence levels) but Na (22%) and P (11%) were higher. For trace elements, analytical 
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error was generally <10% (95% confidence levels) but varied between the different 

standards used. Detection limits are given in Table 3.3 and were 0.2wt% or lower for major 

elements and 10ppm or lower for trace elements. 

EMPA 

 Electron microprobe analyses (EMPA) were carried out at the University of 

Manchester using a Cameca SX100 electron microprobe. EMPA is a quantitative version of 

EDS analysis. /ŀǊōƻƴ ŎƻŀǘŜŘ ǘƘƛƴ ǎŜŎǘƛƻƴ ŀƴŘ мέ ǊƻǳƴŘǎ ǿŜǊŜ ōǊƛŘƎŜŘ ǘƻ ǘƘŜ ǎŀƳǇƭŜ ƘƻƭŘŜǊ 

with silver paint. Beam conditions of ~20nA current and an acceleration voltage of 15kV 

produced a spot size of ~1µm. There are five wavelength dispersive detectors, each 

equipped with a choice of diffracting crystals, allowing simultaneous quantitative analyses 

of up to five different elements at chosen points across the sample. Transects of points 

were set up and stored so that analysis could be done in automated mode. A range of 

standards were used to calibrate peaks in the K hline including: fayalite for Fe; periclase for 

Mg; wollastonite for Ca and Si; rutile for Ti; chromite for Cr; corundum for Al; jadeite for Na; 

tephroite for Mn; and potassium feldspar for K. Detection limits for the major elements 

measured were <0.1wt%. Analytical precision was  better than 1% (95% confidence levels) 

for concentrations of >10wt% and  better than 20% (95% confidence levels) for 

concentrations of <10wt%. 
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BHVO-1 

Element Ave. (n=136) н ̀ tǊŜŎƛǎƛƻƴ ό҈ ŀǘ нˋύ Std. value wŜǇǊƻŘǳŎƛōƛƭƛǘȅ ό҈ ŀǘ нˋύ 

SiO2 50.23 0.81 1.61 49.94 0.58 

Al2O3 13.69 0.33 2.44 13.80 0.78 

Fe2O3 12.37 0.12 0.98 12.23 1.12 

MgO 7.18 0.18 2.53 7.23 0.68 

CaO 11.45 0.21 1.86 11.40 0.40 

Na2O 2.47 0.53 21.54 2.26 8.39 

K2O 0.527 0.01 2.42 0.520 1.38 

TiO2 2.726 0.04 1.54 2.710 0.60 

MnO 0.170 0.01 3.82 0.168 1.03 

P2O5 0.292 0.03 11.20 0.273 6.65 

Table 2.1 Precision and accuracy of XRF spectrometer for major elements during analytical 
session; reproducibility calculated from comparison of measured values of BHVO-1 
standard with those of Govindaraja (1994) (Std. value column). 

 

 

 

 BCR 

Element Ave. (n=3) н ̀ tǊŜŎƛǎƛƻƴ ό҈ ŀǘ нˋύ Std. value wŜǇǊƻŘǳŎƛōƛƭƛǘȅ ό҈ ŀǘ нˋύ 

U 1.93 0.34 17.58 1.75 9.48 

Th 6.67 0.50 7.48 5.98 10.30 

Pb 14.13 0.47 3.34 13.60 3.77 

Nb 12.74 0.24 1.88 14.00 9.00 

Zr 191.34 2.23 1.17 190.00 0.70 

Y 38.16 0.60 1.58 38.00 0.42 

Sr 333.19 5.75 1.73 330.00 0.96 

Rb 47.73 0.69 1.44 47.20 1.11 

Zn 124.47 0.81 0.65 129.50 3.89 

Cu 19.63 0.09 0.48 19.00 3.23 

Ni 10.00 1.57 15.75 13.00 23.08 

Cr 10.30 1.32 12.81 16.00 35.63 

V 404.47 2.64 0.65 407.00 0.62 

Ba 667.00 4.01 0.60 681.00 2.06 

Sc 33.17 0.84 2.53 32.60 1.71 

La 24.63 0.90 3.65 24.90 1.07 

Ce 55.13 2.74 4.98 53.70 2.60 

Nd 30.10 0.59 1.96 28.80 4.32 

(continued) 
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BEN 

Element Ave. (n=3) н ̀ tǊŜŎƛǎƛƻƴ ό҈ ŀǘ нˋύ 
Std. 

value wŜǇǊƻŘǳŎƛōƛƭƛǘȅ ό҈ ŀǘ нˋύ 

U 3.07 0.34 11.08 2.40 21.74 

Th 12.10 0.28 2.34 10.40 14.05 

Pb 4.17 0.41 9.86 4.00 4.00 

Nb 117.05 0.68 0.58 105.00 10.29 

Zr 271.52 2.09 0.77 260.00 4.24 

Y 29.80 0.31 1.04 30.00 0.67 

Sr 1384.40 9.31 0.67 1370.00 1.04 

Rb 47.77 0.44 0.92 47.00 1.61 

Zn 130.03 1.06 0.82 120.00 7.72 

Cu 74.50 1.02 1.37 72.00 3.36 

Ni 271.23 1.47 0.54 267.00 1.56 

Cr 370.93 0.50 0.13 360.00 2.95 

V 236.80 4.75 2.01 235.00 0.76 

Ba 1031.20 10.38 1.01 1025.00 0.60 

Sc 22.50 1.02 4.53 22.00 2.22 

La 89.30 0.16 0.18 82.00 8.17 

Ce 157.10 1.42 0.91 152.00 3.25 

Nd 70.07 1.84 2.62 67.00 4.38 

(continued) 

 

 

 BHVO-1 

Element Ave. (n=3) н ̀ tǊŜŎƛǎƛƻƴ ό҈ ŀǘ нˋύ Std. value wŜǇǊƻŘǳŎƛōƛƭƛǘȅ ό҈ ŀǘ нˋύ 

U 0.80 0.33 40.82 0.42 47.50 

Th 0.13 0.62 463.68 1.08 87.65 

Pb 2.23 0.09 4.22 2.60 14.10 

Nb 19.34 0.13 0.69 19.00 1.76 

Zr 174.53 1.20 0.69 179.00 2.50 

Y 27.43 0.42 1.53 27.60 0.62 

Sr 390.86 1.68 0.43 403.00 3.01 

Rb 9.49 0.29 3.05 11.00 13.73 

Zn 105.53 1.18 1.12 105.00 0.51 

Cu 134.83 0.75 0.56 136.00 0.86 

Ni 117.17 0.50 0.43 121.00 3.17 

Cr 289.60 2.24 0.78 289.00 0.21 

V 309.10 2.21 0.71 317.00 2.49 

Ba 141.97 2.96 2.09 139.00 2.09 

Sc 33.67 1.32 3.92 31.80 5.54 

La 12.43 0.74 5.92 15.80 21.31 

Ce 39.70 1.45 3.66 39.00 1.76 

Nd 26.47 0.19 0.71 25.20 4.79 

(continued) 
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BIR 

Element Ave. (n=3) н ̀ tǊŜŎƛǎƛƻƴ ό҈ ŀǘ нˋύ Std. value wŜǇǊƻŘǳŎƛōƛƭƛǘȅ ό҈ ŀǘ нˋύ 

U 0.13 0.19 141.42 0.01 92.50 

Th -1.03 0.82 -79.54 0.03 102.90 

Pb 3.33 0.25 7.48 3.00 10.00 

Nb 0.63 0.09 14.89 0.60 5.26 

Zr 17.47 1.02 5.86 15.50 11.26 

Y 16.62 0.39 2.32 16.00 3.74 

Sr 109.02 0.58 0.53 108.00 0.94 

Rb 0.50 0.16 32.66 0.25 50.00 

Zn 66.33 0.34 0.51 71.00 6.57 

Cu 125.00 0.99 0.79 126.00 0.79 

Ni 150.47 0.25 0.17 166.00 9.36 

Cr 368.63 1.18 0.32 382.00 3.50 

V 325.27 2.22 0.68 313.00 3.77 

Ba 11.07 1.09 9.83 7.00 36.75 

Sc 41.87 1.05 2.51 44.00 4.85 

La 1.43 1.64 114.12 0.62 56.74 

Ce 2.03 3.77 185.64 1.95 4.10 

Nd 2.90 1.07 36.93 2.50 13.79 

Table 2.2 Precision and accuracy of XRF spectrometer for trace elements during analytical 
session; reproducibility calculated from comparison of measured values of BCR, BEN, BHVO-
1 and BIR standards with those of Govindaraja (1994) (Std. value column). Analyses marked 
ƛƴ ǊŜŘ ƘŀǾŜ ƘƛƎƘ ŀƴŀƭȅǘƛŎŀƭ ŜǊǊƻǊ όнˋύΣ ŀƴŀƭȅǎŜǎ ƳŀǊƪŜŘ ƛƴ ōƭǳŜ ŀǊŜ ōŜƭƻǿ ŘŜǘŜŎǘƛƻƴ ƭƛƳƛǘǎ ƻŦ 
machine.  

 

Major Si Al Fe Mg Ca Na K Ti Mn P 

wt% 0.20 0.10 0.06 0.10 0.06 0.10 0.01 0.01 0.01 0.01 

Trace Rb Ba Th U Pb Nb La Ce Sr Nd 

ppm 0.6 10.0 0.8 0.8 0.8 0.2 2.0 3.0 1.0 2.0 

Trace Zr Y Zn Cu Ni Sc Cr V   

ppm 0.8 0.8 1.0 1.0 2.0 1.0 2.0 4.0   

Table 2.3 Detection limits for major and trace element on the XRF spectrometer. 

 

Ion Microprobe Analysis  

 For ion microprobe analysis, samples had to be prepared in one inch rounds to fit 

the sample holder. The epoxy grain mount was already in this format but thin and thick 

sections had to be cut to size. Small chips of thin section were cut using a steel rule and 

Stanley knife and edges were ground down to smooth off corners. These chips were then 
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attached to a one inch diameter glass round with Epothin epoxy resin. They were then re-

polished to ensure the top surface was completely level and sputter-coated with pure gold 

to avoid electrostatic charging.  

 Ion microprobe analysis was conducted at the Edinburgh Ion Microprobe Facility at 

the University of Edinburgh. Analyses were carried out on two different ion microprobes. U-

Pb isotope analysis was conducted using a Cameca IMS 1270 ion microprobe. The 1270 has 

a ~4nA O2
- primary ion source with 22.5 keV net impact energy; the beam is focussed using 

Köhler illumination, which ensures uniform beam density. The primary beam is mass 

analysed to ensure a pure beam of O2
- ions and eliminate any O2H

- from the duoplasmatron 

source. An additional lens immediately after the ion source enables a constant beam 

density and current to be maintained despite changes in the source over long timescales. 

The primary beam alignmenǘ ƎƛǾŜǎ ŜƭƭƛǇǎƻƛŘŀƭ ŀƴŀƭȅǎƛǎ Ǉƛǘǎ όϤнр ˃Ƴ ƳŀȄΦ ŘƛƳŜƴǎƛƻƴύ ǿƛǘƘ 

sharp edges and flat bottoms. Clean analysis pits are considered essential to reduce 

peripheral contamination and allow even sputtering over the entire analysed area. Further 

effects of peripheral contamination are minimised by a field aperture that restricts the 

secondary ion signal to a ~15µm square at the centre of the analysis pit.  

 The Plesovice (Slama et al., 2008) zircon standard was used for calibration of U/Pb 

ratios. During the analytical session, the standard yielded a mean 206Pb/238U ratio of 

0.05359±0.00023 (MSWD = 2.4; 95% conf.; Fig. 3.1; 340.5±4.8Ma; n = 62). Calculation and 

calibration of ratios and data reduction were conducted using in-house software developed 

by Richard Hinton at the University of Edinburgh. The detection limits for individual 

isotopes were typically <0.15ppb. A common Pb correction was also applied in-house. A 

common Pb contribution to analyses is believed to be derived from either surface 

contamination of the sample (i.e. from preparation) or from within the zircon lattice itself. 

Common Pb surface contamination was reduced by rastering the sample with the ion 

microprobe beam immediately prior to isotope measurement and by production of flat-
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bottom analysis pits through carefully tuned beam conditions. Correction for in-situ 

common Pb was made using measured 204Pb counts above that of the detector background 

(typically ~0.2 to 1.5ppb). In the analyses for this project, measured common Pb was 

generally <5ppb, although occasionally analyses were much higher than this, likely the 

result of contamination on the sample surface and in exposed cracks.  

 

 

Fig.  2.13 Weighted average plot of 206Pb/238U in the Plesovice standard zircon, illustrating 
analytical reproducibility during the analytical session. 

 Total element abundances (REEs, Ti, Hf, Ba, Zr, Y) were measured with a Cameca 4f 

ion microprobe. The 4f has a duoplasmatron O2
- ion source with 14.5 keV net impact 

energy; detection limits for the different elements are given in Table 3.4. The 91500 zircon 

standard and NIST SRM610 glass standard were used to calibrate trace element 

concentrations between analyses of unknowns. The analyses from the 91500 zircon show 

an expected, smooth increase in chondrite-normalised values of trivalent REEs as ionic 
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radius decreases from La to Lu, together with large positive Ce anomaly and small negative 

Eu anomaly (Fig. 3.2). Good agreement is obtained between the SIMS measurements for 

zircon 91500 presented here and those of Whitehouse and Platt (2003) and Hoskin (1998). 

There is some variation in REE concentrations in the analyses of 91500 (Table 3.5), also 

encountered by Hoskin (1998). For most REEs (particularly the heavier ones), the average 

ŀƴŀƭȅǘƛŎŀƭ ŜǊǊƻǊ ƛǎ ғмл҈ όнˋύ ōǳǘ ŦƻǊ ǎƻƳŜ ŦƻǊ ǘƘŜ ƭƛƎƘǘŜǊ w99ǎ ǿƘƛŎƘ ƘŀǾŜ ƭƻǿŜǊ 

concentrations, it can be significantly higher. This interpreted to be partly due a lack of 

reproducibility from the spectrometer but also from heterogeneity in the 91500 standard 

as noted above. Errors on Hf, Ti, Y and Zr are ~4-мп҈ όнˋύ ǿƘƛƭŜ .ŀ ƛǎ ƳǳŎƘ ƘƛƎƘŜǊ όҕпф҈ύ 

due to its low concentration. Analytical reproducibility against the NIST SRM610 glass 

standard was   better than т҈ όнˋύ ŦƻǊ ŜƭŜƳŜƴǘǎ ŀƴŀƭȅǎŜŘ ό¢ŀōƭŜ оΦрύΦ Raw data was 

reduced using the JCION6 software written by John Craven at the University of Edinburgh. 

REE data was chondrite-normalised against the values of McDonough and Sun (1995). 

Element Detection limit (ppm) 

Ti 0.12  

Y 0.01  

Zr 0.12  

Hf 0.17  

Ba 0.03  

La 0.02 0.08 

Ce 0.03 0.05 

Pr 0.02 0.22 

Nd 0.19 0.42 

Sm 0.16 1.08 

Eu 0.04 0.71 

Gd 0.07 0.35 

Tb 0.03 0.83 

Dy 0.12 0.49 

Ho 0.03 0.55 

Er 0.1 0.63 

Tm 0.03 1.21 

Yb 0.18 1.12 

Lu 0.03 1.22 

Table 2.4 Detection limits for trace elements measured on the 4f ion microprobe; numbers in 
italics denote chondrite-normalised detection limits (ppm) for rare earth elements, 
presented here as chondrite-normlaised values are given in data tables in chapters 5-7. 
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Fig.  2.14 Chondrite-normalised REE values for analyses of Geostandards 91500 zircon 
standard showing analytical reproducibility during analytical session. 
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NIST SRM610 

Analysis ID 1 2 3 27 54 85 102 126 Average 9ǊǊƻǊ ό҈Σ нˋύ 

Si 327210 327210 327210 327210 327210 327210 327210 327210 327210 0 

Y  414 415 403 414 414 414 414 414 412.9 1.0 

Zr 500 454 436 500 500 500 500 500 486.4 5.4 

Ba 500 455 427 500 522 500 500 500 488.2 6.3 

Hf 500 463 422 500 522 500 500 500 488.5 6.4 

Ti 437 412 403 437 442 437 437 437 430.5 3.3 

La 510 489 471 510 520 510 510 510 503.9 3.2 

Ce 524 505 487 524 532 524 524 524 518.1 2.9 

Pr 501 490 470 501 512 501 501 501 496.8 2.5 

Nd 532 535 515 532 545 532 532 532 531.8 1.5 

Sm 516 528 511 516 529 516 516 516 518.4 1.2 

Eu 518 517 504 518 528 518 518 518 517.3 1.3 

Gd 506 565 559 506 510 506 475 506 516.5 5.9 

Tb 500 509 493 500 509 500 506 500 502.4 1.1 

Dy 500 501 496 500 507 500 500 500 500.6 0.6 

Ho 500 517 497 500 510 500 500 500 503.1 1.3 

Er 500 518 500 500 515 500 500 500 504.4 1.5 

Tm 500 509 493 500 513 500 500 500 502.0 1.2 

Yb 500 510 490 500 503 500 500 500 500.6 1.1 

Lu 500 506 486 500 508 500 500 500 500.2 1.3 

(continued) 
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Geostandards 91500           

Analysis ID 5 15 29 48 56 69 87 128 185 Average 9ǊǊƻǊ ό҈Σ нˋύ 

Si 149577 149580 149580 149580 149580 149580 149580 149580 149580 149579.7 0.0 

Y  133 133 140 132 139 142 135 138 150 138.1 4.1 

Zr 480494 488830 562520 537750 558310 569400 554279 557890 570100 542174.8 6.3 

Ba 0.609 0.446 0.289 0.320 0.096 0.434 0.758 0.298 0.326 0.397 48.915 

Hf 5065 4963 6148 5533 6033 6252 5624 6043 7828 5943.0 14.2 

Ti 5.16 4.41 5.42 5.14 5.72 4.49 4.82 4.90 5.74 5.09 9.48 

La 0.055 0.018 0.056 0.031 0.037 0.116 0.057 0.038 0.115 0.058 60.454 

Ce 3.06 2.83 3.18 2.70 3.14 3.26 2.89 3.29 3.65 3.11 9.15 

Pr 0.057 0.052 0.040 0.055 0.035 0.064 0.038 0.036 0.022 0.044 30.238 

Nd 0.259 0.406 0.413 0.338 0.269 0.303 0.268 0.179 0.273 0.301 24.807 

Sm 0.481 0.457 0.479 0.408 0.485 0.476 0.602 0.646 0.570 0.512 15.040 

Eu 0.326 0.279 0.265 0.239 0.267 0.294 0.262 0.295 0.313 0.282 9.753 

Gd 2.37 2.22 2.29 1.95 2.55 2.32 2.24 2.03 2.65 2.29 9.70 

Tb 0.835 0.763 0.821 0.830 0.853 0.812 0.835 0.884 0.953 0.843 6.209 

Dy 12.1 11.4 12.0 10.3 11.4 12.5 11.5 12.2 12.7 11.8 6.2 

Ho 4.88 4.77 5.08 4.56 5.02 5.00 4.72 4.96 5.59 4.95 5.88 

Er 27.7 27.0 29.1 24.6 27.6 29.2 26.6 27.0 29.3 27.6 5.5 

Tm 6.82 6.26 6.96 6.35 7.49 7.61 6.60 6.93 7.95 7.00 8.28 

Yb 69.1 65.4 66.9 58.7 65.0 65.0 61.7 67.3 71.9 65.7 5.9 

Lu 14.8 14.0 15.4 13.9 14.9 16.2 14.4 15.3 17.0 15.1 6.7 

Table 2.5 Measured values of REEs in 91500 zircon standard and NIST SRM610 glass standard during analytical session showing analytical error.  
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4. Sample Characterisation  

Zircons from many samples from the Lewisian Gneiss Complex (LGC) of Northwest Scotland 

have been analysed as part of this study. Findings from the zircons are reported in chapters 

5-7. This chapter will give a comprehensive characterisation of the samples from which 

zircons have been analysed. Data from samples which are not discussed in chapters 5-7 are 

provided in the Thesis Appendix.  

4a: Field Relationships and Sample Petrography  

In this section, the field relationships of lithologies, structures and mineral assemblages at 

the sample localities, and the petrography of the samples, are described and interpreted in 

the context of the existing understanding of the tectonothermal evolution of the LGC 

(reviewed in chapter 2b). The samples were all collected from the Assynt terrane/Central 

Region of the LGC, mostly in the vicinity of Scourie village (Fig. 4.1). Samples were collected 

from five localities: Badcall Point, Duartmore Point, Sithean Mor, Geisgeil and Scourie Mor 

(Fig. 4.1). 

 

Fig.  4.1 a Map showing the outcrop area of the LGC and location of map b, inset shows 
location within British Isles; b Map showing location of field localities and nearby 
settlements. 
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Badcall  Point  

Field Relationships  

The Badcall Point field area is located at UK grid reference NC146414, ~ 3km SSW of Scourie 

village. Exposure is excellent and is above the high tide line (Fig. 4.2a). The major rock type 

here is a variably-deformed grey TTG gneiss, typical of the Assynt terrane/Central Region 

(e.g. Sutton and Watson, 1951; Tarney and Weaver, 1987). The oldest recognised structure 

is a gneissic layering fabric (Fig. 4.2b) with ~5-20mm wide layers of mafic and felsic 

minerals. A sample (JM09/BP02) of this was taken at NC 14562 41558. Field inspection 

suggests the pale white-grey felsic layers are composed of quartz and feldspar while the 

dark-grey mafic layers are amphibole or pyroxene. No mineral lineations were observed. 

The gneissic layering generally dips to the southwest but there are tight to open folds of 

<10m wavelength present (Fig. 4.2b). Occasional pods of 2cm-5m long mafic rock are 

wrapped by the gneissic layering. As the oldest recognised structure, the gneissic layering is 

interpreted to have formed in the Badcallian tectonothermal event; the gneissic layering is 

attributed to the Badcallian elsewhere in the Assynt terrane/Central Region (e.g. Park, 

1970; Friend and Kinny, 1995; Whitehouse and Kemp, 2010).  

 At NC 14564 41555, the Badcallian gneissic layering is cross-cut by a 20cm-wide 

zone of another fabric (Fig. 4.2c&d). It is similar in appearance to the Badcallian gneissic 

layering and again no lineations were observed. Sample JM09/BP01 was taken from here. 

Both this fabric and the Badcallian gneissic layering are cross-cut by a member of the 

Scourie Dyke Swarm (Fig. 4.2b). This means that the fabric in sample JM09/BP01 pre-dates 

Scourie dyke intrusion but post-dates the Badcallian gneissic layering, therefore it is 

interpreted that it formed during the Inverian tectonothermal event. In the Assynt 

terrane/Central Region, the Inverian is normally characterised by shear zones yp to several 

kilometres wide such, as the Canisp Shear Zone (e.g. Evans, 1965; Evans and Lambert, 1974; 

Jensen, 1984; Attfield, 1987), so this 20cm-wide zone would be an unusual structural 
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feature to develop in the Inverian. However, the relative chronology of the field 

relationships suggests it is likely to be Inverian in age. 

 A ~20m-wide northwest-trending discrete shear zone cross-cuts the Scourie dyke 

and the earlier fabrics in the grey TTG gneiss (Fig. 4.2b). As it post-dates the Scourie dyke, 

this shear zone will have formed during the Laxfordian tectonothermal event. This size of 

shear zone is a typical structural feature of Laxfordian deformation in the Assynt 

terrane/Central Region (Wynn, 1995). Compositional layering of mafic and felsic minerals in 

the grey TTG gneiss are still present but are narrower (~3mm wide) than in the Badcallian 

gneissic layering; mineral aggregate lineations of hornblende or plagioclase were observed. 

Sample JM09/BP06 was taken from this shear zone  at NC 14565 41561. The Laxfordian 

shear zone cuts across the Scourie dyke at a low angle and follows the contact between the 

dyke and the grey TTG gneiss for ~100m (Fig. 4.2b). Where the dyke is deformed by the 

shear zone, a composite L-S tectonite fabric is developed with elongate hornblende mineral 

aggregates clearly visible. Garnets with what appears to be sigmoid plagioclase tails are 

visible at NC 14565 41560 (Fig. 4.2e) and indicate sinistral movement on the shear zone. 

There is a ~10m wavelength reclined fold in the Laxfordian shear zone at NC 14566 41566; 

sample JM09/BP04 was taken from here. The fold post-dates the shear zone as the south- 

to southwest-plunging mineral lineation of the shear zone is rotated to plunge southeast on 

the fold limb (Fig. 4.2c). The fold is therefore interpreted to be late-Laxfordian in age. The 

latest structure in the relative chronology of the Badcall Point locality is a ~30-50cm wide 

pegmatitic granite vein which cross-cuts all earlier structures (Fig. 4.2c), therefore it is also 

interpreted to be late-Laxfordian in age.  
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Fig.  4.2 a Photograph of the Badcall Point locality; b Field map of main lithologies and 
structures at the locality; c Detailed field map showing all generations of structures with 
sample locations marked; d Photograph showing the zone of possible Inverian fabric cross-
cutting the Badcallian gneissic layering, compass clinometer is 10cm long; e Photograph of 
garnets with apparent sigmoid tails indicating sinistral shear sense, handlens is 3cm long. 
Numbered pale grey lines on field maps denote UK Ordnance Survey grid lines. 
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Sample Petrography 

Four samples from Badcall Point are used in chapters 5-7 of this thesis: JM09/BP02, 

JM09/BP01, JM09/BP06 and JM09/BP04. Thin sections (Figs. 4.3,6,10&12) of each sample 

was made so that the petrography could be well-constrained by optical- and scanning 

electron-microscopy. Detailed petrographic descriptions are given in tables 4.1-4 and 

images of key mineral textures from each sample are shown in figures 4.4-5,7-9,11&13. 

Sample JM09/BP02 

 

Fig.  4.3 PPL scan of the thin section from sample JM09/BP02. 

 

 

Fig.  4.4 Photomicrograph of plagioclase with zoned extinction in sample JM09/BP02 (plag = 
plagioclase). 
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Modal Mineralogy 

¶ ~50% plagioclase 

¶ ~40% hornblende 

¶ ~10% quartz 

¶ Minor minerals: 
o sub-mm equant epidotes, very high relief and birefringence with straight 

extinction 
o high-relief speckly-brown sub-mm equant titanites 

~50% plagioclase 

¶ Irregular xenomorphic ~2mm crystals 

¶ Widespread sericitisation to varying degrees, lamellar twinning usually still visible, 
sometimes in what appears to be albite-pericline twinning  

¶ Zoned extinction common, sometimes sub-concentric (Fig. 4.4) 

~40% hornblende  

¶ Occurs in a sieve texture with quartz as pseudomorphs after pyroxene (Fig. 4.5) 

¶ Aggregates of sub-mm equant crystals 

¶ Crystals within a single pseudomorph undergo pleochroic colour change from green 
to colourless at the same microscope stage rotation angle but this is not the case 
between different pseudomorphs  

¶ Aggregated with sub-mm equant quartz crystals in the middle of the pseudomorphs 
but only hornblende around the edge 

~10% quartz  

¶ Occurs in a sieve texture with hornblende as pseudomorphs after pyroxene 

¶ Sub-mm equant crystals 

¶ Present in the centre of the pseudomorphs, not at the edge 

¶ Rare xenomorphic ~2mm crystals not associated with sieve texture 

General Comments 

¶ Weakly-developed banding of mafic and felsic minerals visible at the thin section 
scale, no mineral lineations 

Interpretation Comments 

¶ Although Badcallian gneissic layering is the structural feature in this sample, sieve-
textured hornblende and quartz shows that the Badcallian granulite-facies 
assemblage has been statically retrogressed to amphibolite-facies.  

¶ The sericitisation of plagioclase may be linked to the retrogression of pyroxene but 
it may also have been caused by fluids associated with the late-Laxfordian 
pegmatitic granite vein which is located <1m from this sample, although other 
samples further from the vein (as well as samples from other localities without a 
pegmatitic granite vein) also have sericitised plagioclase. 

Table 4.1 Petrographic description of sample JM09/BP02. 
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Fig.  4.5 Photomicrograph of sieve-textured hornblende and quartz in a pseudomorph after 
pyroxene in sample JM09/BP02, dashed line denotes the trace of a pyroxene cleavage 
preserved in the pseudomorph (plag = plagioclase, hbl = hornblende, qtz = quartz). 

 

Sample JM09/BP01 

 

Fig.  4.6 PPL scan of the thin section from sample JM09/BP01. 

 

Fig.  4.7 Photomicrograph of plagioclase with zoned extinction in sample JM09/BP01, dashed 
white line denotes crystal boundary (plag = plagioclase). 
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Modal Mineralogy 

¶ ~45% plagioclase 

¶ ~40% quartz 

¶ ~10% hornblende 

¶ ~5% chloritised biotite 

~45% plagioclase 

¶ 1-3mm stubby xenomorphic crystals 

¶ Patchy sericitisation to varying degrees, lamellar twinning sometimes well-
preserved, often possible albite-pericline twinning (Fig. 4.7) 

¶ Zoned extinction common, sometimes vaguely sub-concentric 
~40% quartz 

¶ Sub-2mm stubby xenomorphic crystals in matrix, larger ones occasionally have 
undulose extinction  

¶ Occurs in a sieve texture with hornblende as pseudomorphs after pyroxene, sub-
mm equant crystals present in the centre of the pseudomorphs but not at the edge 

~10% hornblende 

¶ Aggregates of sub-mm equant crystals with sub-mm equant quartz crystals in a 
typical sieve texture as pseudomorphs after pyroxene, where quartz and 
hornblende are in the middle of the pseudomorphs but only hornblende around 
the edge (Fig. 4.8) 

¶ Crystals within a single pseudomorph undergo pleochroic colour change from green 
to colourless at the same microscope stage rotation angle but this is not the case 
between different pseudomorphs  

¶ Also occasionally occurs in the matrix as xenomorphic-subidiomorphic 1-2mm 
crystals 

~5% chloritised biotite 

¶ Clusters of laths/prisms at various orientations, individual crystals up to 1mm long 

¶ Straight extinction and one strong edge-parallel cleavage 

¶ Slightly pleochroic pale yellow-green in PPL but first-ordder dark blue-grey 
birefringence indicates chloritisation of original biotite (Fig. 4.9) 

General Comments 

¶ Gneissic layering not obvious at the thin section-scale 

Interpretation Comments 

¶ Sieve-textured hornblende and quartz indicates static retrogression of (Badcallian) 
pyroxene; this may have occurred in the Inverian tectonothermal event which 
would agree with the observation that the planar fabric visible in the field formed 
between the Badcallian and intrusion of the Scourie dykes.  

¶ The sericitisation of plagioclase may be linked to the retrogression of pyroxene but 
it may also have been caused by fluids associated with the late-Laxfordian 
pegmatitic granite vein which is located <1m from this sample, although other 
samples further from the vein (as well as samples from other localities without a 
pegmatitic granite vein) also have sericitised plagioclase.  

Table 4.2 Petrographic description of sample JM09/BP01. 
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Fig.  4.8 Photomicrograph of sieve-textured hornblende and quartz in a pseudomorph after 
pyroxene in sample JM09/BP01, chloritised biotite also shown (hbl = hornblende, qtz = 
quartz). 

 

Fig.  4.9 Photomicrograph of laths of chloritised biotite in sample JM09/BP01 with sieve-
textured hornblende and quartz after pyroxene also shown (hbl = hornblende, qtz = quartz). 

 

Sample JM09/BP06 

 

Fig.  4.10 PPL scan of the thin section from sample JM09/BP06. 
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Modal Mineralogy 

¶ ~75% plagioclase 

¶ ~20% hornblende 

¶ ~5% quartz 

¶ Minor minerals: 
o sub-mm equant epidotes, very high relief and birefringence with straight 

extinction 
o generally xenomorphic opaques 

~75% plagioclase 

¶ Pervasively sericitised (Fig. 4.12) 

¶ Sub-2mm subidiomorphic crystals 

¶ Some larger crystals remain unsericitised in the centre and have zoned extinction 

~20% hornblende 

¶ Elongate but rather xenomorphic stubby crystals, sub-mm and often aggregated 

¶ Different crystals undergo pleochroic colour change from green to colourless at the 
same microscope stage rotation angle  

¶ 1-2 cleavages occasionally visible 

~5% quartz 

¶ Slightly elongated subidiomorphic crystals up to 1mm long 

¶ Simple extinction 

General Comments 

¶ Coarse cm-scale banding of felsic and mafic minerals 

¶ Moderately well-developed hornblende and plagioclase aggregate mineral 
stretching lineations 

Interpretation Comments 

¶ The presence of planar and linear fabrics with an amphibolite-facies mineralogy is 
in agreement with the interpretation from field relationships that this is a 
Laxfordian shear zone.  

¶ The sericitisation of plagioclase is likely caused by fluids flowing along the shear 
zone. It is possible that it may be associated with the late-Laxfordian pegmatitic 
granite vein which is located ~1m from this sample, although samples from other 
localities without a pegmatitic granite vein also have sericitised plagioclase.  

Table 4.3 Petrographic description of sample JM09/BP06. 

 

Fig.  4.11 Photomicrograph of sericitised plagioclase (plag = plagioclase) in sample 
JM09/BP06, the speckly pale-brown patches. 
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Sample JM09/BP04 

 

Fig.  4.12 PPL scan of the thin section from sample JM09/BP04. 

 

 

Fig.  4.13 Photomicrograph of sericitised plagioclase (plag = plagioclase) in sample 
JM09/BP04, the speckly pale-brown patches. 

 

 
 
 
 
 
 
 
 
 
 
 
 



112 
 

Modal Mineralogy 

¶ ~55% quartz 

¶ ~20% plagioclase 

¶ ~20% hornblende 

¶ ~5% biotite 

¶ Minor minerals: 
o sub-mm xenomorphic elongate epidotes, very high relief, grey-yellow 

birefringence, straight extinction 

~55% quartz 

¶ Sub-2mm grains, often aggregated, larger crystals have undulose extinction 

~20% plagioclase 

¶ Widespread sericitisation (Fig. 4.13) 

¶ Lamellar twinning rarely still visible and concentric zoned extinction sometimes 
visible through sericitisation 

¶ Sub-1mm stubby xenomorphic crystals 

~20% hornblende 

¶ Sub-2mm elongate xenomorphic crystals, often aggregated 

¶ Different crystals undergo pleochroic colour change from green to colourless at the 
same microscope stage rotation angle 

~5% biotite 

¶ Elongate brown laths to 1mm, occasionally aggregated 

¶ Laths strongly aligned with very consistent pleochroism 

General Comments 

¶ Poorly-developed cm-scale banding of felsic and mafic minerals 

¶ Moderately well-developed hornblende and biotite aggregate mineral stretching 
lineations 

Interpretation Comments 

¶ The presence of planar and linear fabrics with an amphibolite-facies mineralogy is 
in agreement with the interpretation from field relationships that this is a 
Laxfordian shear zone.  

¶ The sericitisation of plagioclase may be linked to the retrogression of pyroxene but 
it may also have been caused by fluids associated with the late-Laxfordian 
pegmatitic granite vein which is located <1m from this sample, although other 
samples further from the vein (as well as samples from other localities without a 
pegmatitic granite vein) also have sericitised plagioclase.  

¶ Although field evidence suggested that this sample is a folded equivalent of sample 
JM09/BP06, the modal mineralogy of the sample is quite different. This is 
interpreted to reflect compositional heterogeneity in the rocks over distances a few 
metres. 

Table 4.4 Petrographic description of sample JM09/BP04. 
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Duartmore Point  

Field Relationships 

The Duartmore Point field area is located on an isolated coastal headland at NC178359, 

~5km WNW of Kylesku village. The mapped area is on a wave-washed rock platform so 

there is almost 100% exposure (Fig. 4.14a). As at Badcall Point, the major rock type here is 

the typical Assynt terrane/Central Region variably-deformed grey TTG gneiss. The oldest 

recognised structure at this locality is a gneissic layering fabric (Fig. 4.14b) with ~5-20mm 

wide layers of mafic or felsic minerals. A sample (JM09/DP03) of this was taken at NC 17881 

35957. Field inspection suggests the pale white-grey felsic layers are composed of quartz 

and feldspar while the dark-grey mafic layers are amphibole or pyroxene. In some places, 

the mafic minerals have a brownish colour suggesting the presence of orthopyroxene and 

therefore a granulite-facies metamorphic assemblage. No mineral lineations were 

observed. The gneissic layering generally dips gently to the north but on the southern tip of 

the headland it dips gently to the southwest (Fig. 4.14b). As the oldest recognised structure, 

the gneissic layering is interpreted to have formed in the Badcallian tectonothermal event, 

the same as that found at the Badcall Point locality.  

 On the southeast edge of the headland, a ~5m-wide northwest-trending Scourie 

dyke cross-cuts the Badcallian gneissic layering. This is cross-cut by a west-trending ~10m-

wide shear zone. The dyke is deflected from its northwesterly orientation into a westerly 

orientation (Fig. 4.14b); it is strongly deformed and narrows to an indistinguishable 

compositional layer in the core of the shear zone. The shear zone clearly post-dates the 

dyke and is therefore Laxfordian in age. The Laxfordian shear zone has a closely spaced (~2-

5mm) planar shear zone fabric with a well-developed plagioclase mineral aggregate 

stretching lineation. The orientation of the shear zone planar fabric and the gneissic 

layering on the north side of the shear zone is the same but on the south side of the shear 

zone, the southwest-dipping gneissic layering can clearly be seen to bend back on itself into 
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the shear zone (Fig. 4.14a&b), indicating a sinistral movement sense. A sample 

(JM09/DP02) of the grey TTG gneiss from the Laxfordian shear zone was taken at NC 17923 

35972. On either side of the shear zone, there is a ~5-10m wide zone where the brown 

orthopyroxene of visible elsewhere in the gneissic layering is not seen; the mafic mineral is 

amphibole. It is interpreted that fluids flowing along the shear zone percolated into the 

granulite-facies gneiss and retrogressed it to amphibolite-facies. A sample (JM09/DP01) 

from this zone was taken at NC 17907 35965. 

 

Fig.  4.14 a Photograph of the Duartmore Point locality showing the Laxfordian shear zone 
and the Badcallian gneissic layering deflected into the shear zone; b Detailed field map 
showing structures and metamorphic assemblages with sample locations marked. 
Numbered pale grey lines on field maps denote UK Ordnance Survey grid lines. 

Sample Petrography 

Three samples from Duartmore Point are used in chapters 5-7 of this thesis: JM09/DP03, 

JM09/DP01 and JM09/DP02. Thin sections (Figs. 4.15,18&21) of each sample was made so 

that the petrography could be well-constrained by optical- and scanning electron-
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microscopy. Detailed petrographic descriptions are given in tables 4.5-7 and images of key 

mineral textures from each sample are shown in figures 4.16-17,19-20&22. 

Sample JM09/DP03 

 

Fig.  4.15 PPL scan of the thin section from sample JM09/DP03. 

 

Fig.  4.16 Photomicrograph of pale-green clinopyroxene in sample JM09/DP03. 

 

Fig.  4.17 Photomicrograph of altered pyroxene in sample JM09/DP03 with distinctive brown 
staining. 
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Modal Mineralogy 

¶ ~60% pyroxene and alteration products 

¶ ~30% plagioclase 

¶ ~10% quartz 

¶ Minor minerals: 
o Xenomorphic opaques in mafic band 

~60% pyroxene and alteration products 

¶ In the more felsic band on this slide, there are many sub-2mm subidiomorphic 
equant pale green clinopyroxenes (Fig. 4.16), often showing one good cleavage and 
with first-order pink-blue birefringence. There are similar crystals here which are 
browner in colour and have lower birefringence, interpreted to be orthopyroxene. 
Some of the pyroxenes have narrow hornblende rims 

¶ In the more mafic band on the slide, crystals are 1-3mm subidiomorphic equant; 
there are four types: 

o Highly fractured, green-colourless pleochroism, first-order blue 
birefringence, distinctive brown staining in PPL (Fig. 4.17) ς possibly 
hornblende replacing pyroxene 

o Colourless and speckly, remnant of one cleavage, speckly first-oreder blue-
grey birefringence 

o Pale green and speckly, remnant of one cleavage, speckly first-order grey 
birefringence, occurs at boundary between mafic and felsic bands 

o Pale muddy yellow colour, often one strong cleavage, extinction parallel to 
cleavage, first-order grey-yellow birefringence ς probably epidote replacing 
pyroxene 

~30% plagioclase 

¶ Subidiomorphic 1-2mm crystals 

¶ Patchy sericitisation 

¶ Zoned extinction common, often vaguely sub-concentric  

¶ Lamellar twinning common, possible albite-pericline twinning common 

~10% quartz 

¶ 1-2mm subidiomorphic crystals with undulose extinction 

General Comments 

¶ Weakly-developed cm-scale banding of mafic and felsic minerals visible at the thin 
section scale, no mineral lineations 

Interpretation Comments 

¶ The patchy/partial retrogression of pyroxenes in the mafic band on this slide 
suggests an influx of fluid as the retrogression products (interpreted as hornblende 
and epidote) are hydrous phases. Field relationships suggested this sample was 
collected from an area with a granulite-facies assemblage, beyond the reach of 
fluids from the Laxfordian shear zone but thin section petrography suggests 
perhaps some of this fluid did indeed reach, and react, with this sample. 

¶ The occasional sericitisation of plagioclase may be linked with the fluid which 
caused partial retrogression of pyroxene. 

Table 4.5 Petrographic description of sample JM09/DP03. 
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Sample JM09/DP01 

 

Fig.  4.18 PPL scan of the thin section from sample JM09/DP01. 

 

Fig.  4.19 Photomicrograph of plagioclase with zoned extinction in sample JM09/DP01, 
dashed white line denotes crystal boundary (plag = plagioclase). 

 

Fig.  4.20 Photomicrograph of sieve-textured hornblende and quartz in a pseudomorph after 
pyroxene in sample JM09/DP01 (hbl = hornblende, qtz = quartz). 

 



118 
 

Modal Mineralogy 

¶ ~40% plagioclase 

¶ ~40% quartz 

¶ ~20% hornblende 

¶ Minor minerals: 
o Biotite laths and xenomorphic opaques associated with sieve texture 

~40% plagioclase 

¶ 1-2mm stubby xenomorphic crystals 

¶ Occasionally weakly sericitised 

¶ Occasional lamellar twinning, possible albite-pericline twinning common (Fig. 4.19) 

¶ Zoned extinction common, often sub-concentric 

~40% quartz 

¶ 1-2mm equant subidiomorphic crystals 

¶ Undulose extinction common 

~20% hornblende 

¶ Aggregates of sub-mm equant crystals with sub-mm equant quartz crystals in a 
typical sieve texture as pseudomorphs after pyroxene, where quartz and 
hornblende are in the middle of the pseudomorphs but only hornblende around 
the edge (Fig. 4.20) 

¶ Crystals within a single pseudomorph undergo pleochroic colour change from green 
to colourless at the same microscope stage rotation angle but this is not the case 
between different pseudomorphs  

¶ Rare sub-mm biotites and opaques occur throughout the pseudomorph with rare 
remnant pyroxene in the centre. The pyroxene is colourless in PPL with blue 
birefringence. Variably-oriented biotite laths undergo a pleochroic colour change 
from brown to colourless but at different microscope stage rotation angles. 

General Comments 

¶ Weakly-developed banding of mafic and felsic minerals visible at the thin section 
scale, no mineral lineations 

Interpretation Comments 

¶ Although Badcallian gneissic layering is the structural feature in this sample, sieve-
textured hornblende and quartz shows that the Badcallian granulite-facies 
assemblage has been statically retrogressed to amphibolite-facies. This agrees with 
the interpretation based on field relationships that there is a zone of static 
retrogression on either side of the Laxfordian shear zone. 

¶ The sericitisation of plagioclase may be linked to the retrogression of pyroxene but 
it is not widely developed suggesting that any fluid escaping from the adjacent 
shear zone may have reacted with pyroxene first and that there was not enough to 
sericitise much of the plagioclase. 

Table 4.6 Petrographic description of sample JM09/DP01. 
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Sample JM09/DP02 

 

Fig.  4.21 PPL scan of the thin section from sample JM09/DP02. 

 

Modal Mineralogy 

¶ ~50% hornblende 

¶ ~45% plagioclase 

¶ ~5% quartz 

¶ Minor minerals: 
o generally xenomorphic opaques 

~50% hornblende 

¶ Sub-1mm crystals, laths or subidiomorphic rhombs, often aggregated and a bit 
ragged 

¶ Different crystals undergo pleochroic colour change from green to colourless at the 
same microscope stage rotation angle 

~45% plagioclase 

¶ Considerable and widespread sericitisation (Fig. 4.22) 

¶ Stubby xenomorphic sub-mm crystals 

¶ Occasional sub-concentric zoned extinction 

¶ Rare faint remnant of lamellar twinning 

~5% quartz 

¶ Elongate aggregates of xenomorphic sub-mm crystals 

¶ Usually simple extinction, rarely undulose 

General Comments 

¶ Coarse cm-scale banding of felsic and mafic minerals 

¶ Well-developed hornblende and plagioclase aggregate mineral stretching lineations 
Interpretation Comments 

¶ The presence of planar and linear fabrics with an amphibolite-facies mineralogy is 
in agreement with the interpretation from field relationships that this is a 
Laxfordian shear zone.  

¶ The sericitisation of plagioclase is likely caused by fluids flowing along the shear 
zone.  

Table 4.7 Petrographic description of sample JM09/DP02. 
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Fig.  4.22 Photomicrograph of sericitised plagioclase (plag = plagioclase) in sample 
JM09/BP04, the speckly pale-brown patches. 
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Sithean Mor  

Field Relationships 

The Sithean Mor field area is located at NC149461, ~1.5km NW of Scourie village. The 

locality is on moorland 80-100m above sea-level with patchy rock exposures. At this locality 

is an assemblage of generally flaggy, friable schistose rocks enclosed in the typical Assynt 

terrane/Central Region grey TTG gneisses described from Badcall Point and Duartmore 

Point (Fig. 4.23). These schistose rocks have been described by Beach (1973), Okeke et al. 

(1983) Barnicoat et al. (1987) and Zhu et al. (1997) and are interpreted to be 

metasediments. The metasediment assemblage is heterogeneous in appearance, with some 

parts having a brownish colour and very friable texture, suggesting the presence of a large 

percentage of biotite; other parts are less friable and have a white-grey colour suggesting 

they are quartz-rich. There is a variably developed planar fabric, most notable as 

compositional layering in the more biotite-rich schistose parts; no lineations were 

observed. The contact between the metasediments and the grey TTG gneiss is not exposed 

anywhere at this locality but the trend of the planar fabric in the metasediments suggests it 

would cross-cut the lithological contact (Fig. 4.23). In the grey TTG gneiss, there is a gneissic 

layering fabric (Fig. 4.23) with ~5-20mm wide layers of mafic and felsic minerals. Field 

inspection suggests the pale white-grey felsic layers are composed of quartz and feldspar 

while the dark-grey mafic layers are amphibole or pyroxene. No mineral lineations were 

observed. The strike of both the gneissic layering and the planar schistose fabric in the 

metasediments is highly variable. An undeformed northwest-trending Scourie dyke passes 

~20m to the northeast of the metasediment outcrop. The fact that the Scourie dyke is 

undeformed indicates that the fabric in the surrounding grey TTG gneiss is older, either 

Badcallian or Inverian. In the Assynt terrane/Central Region, Inverian deformation is 

generally characterised by kilometre-wide shear zones such as the Canisp Shear Zone (e.g. 

Evans, 1965; Evans and Lambert, 1974; Jensen, 1984; Attfield, 1987), unlike the variably 
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oriented gneissic layering at this locality. This, in conjunction with the similarity of the 

gneissic layering here to that at Badcall Point and Duartmore Point, suggests that the fabric 

in the TTG gneiss is Badcallian in age. As the fabrics in the grey TTG gneiss and 

metasediment outcrop both appear to cross-cut the lithological contact, they are 

interpreted to be the same age and therefore the fabric in the metasediment is also 

Badcallian in age (Fig. 4.23). 

 

Fig.  4.23 Field map of structures and lithologies at the Sithean Mor locality with sample 
locations marked. Numbered pale grey lines on field maps denote UK Ordnance Survey grid 
lines. 
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Sample Petrography 

Three samples from Sithean Mor are used in chapters 5-7 of this thesis: JM08/22, JM08/23 

and JM09/ST02. Thin sections (Figs. 4.24,27&29) of each sample was made so that the 

petrography could be well-constrained by optical- and scanning electron-microscopy. 

Detailed petrographic descriptions are given in tables 4.8-10 and images of key mineral 

textures from each sample are shown in figures 4.25-26,28&30. 

Sample JM08/22 

 

Fig.  4.24 PPL scan of the thin section from sample JM08/22. 

 

Fig.  4.25 Variably-oriented laths of pleochroic brown-colourless biotite in sample JM08/22.  
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Modal Mineralogy 

¶ ~60% plagioclase  

¶ ~25% biotite 

¶ ~10% quartz 

¶ ~5% garnet 

~60 plagioclase  

¶ Sub-1mm subidiomorphic equant crystals 

¶ Widespread partial sericitisation  

¶ Poorly-preserved lamellar twinning and concentric zoned extinction in rare larger 
crystals 

~25% biotite 

¶ Laths and stubby crystals, 0.5-1mm 

¶ No obvious lineation defined by laths (Fig. 4.25) 

¶ Different crystals undergo pleochroic colour change from brown to colourless at 
different microscope stage rotation angle 

~10% quartz 

¶ Fairly idiomorphic equant, sub-1mm 

¶ Undulose extinction common 

~5% garnet 

¶ Relict porphyroblasts up to 3mm 

¶ Now broken into fragments which are themselves heavily fractured (Fig. 4.26) 

¶ Quartz and biotite grow among fragments of garnet but do not define an obvious 
reaction texture like a rim 

General Comments 

¶ Weakly-developed compositional layering, no mineral stretching lineations 

Interpretation Comments 

¶ Garnets are interpreted to reflect an early metamorphic event but have been 
fractured and partially altered in a subsequent metamorphic event. The general 
lack of fabrics indicates that metamorphism was static. 

¶ The weakly-developed compositional banding may have formed in an early 
tectonothermal, analogous to the formation of gneissic layering in the surrounding 
grey TTG gneisses.  

Table 4.8 Petrographic description of sample JM08/22. 

 

Fig.  4.26 Broken up and heavily-fractured garnet porphyroblast in sample JM08/22, dashed 
white line denotes crystal boundary. 
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Sample JM08/23 

 

Fig.  4.27 PPL scan of the thin section from sample JM08/23. 

 

 
 

Fig.  4.28 High-relief kyanite crystals in sample JM08/23. 
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Modal Mineralogy 

¶ ~40% quartz (in fine groundmass and aggregates) 

¶ ~25% feldspar  (in fine groundmass and as large individual crystals) 

¶ ~20% muscovite (in fine groundmass) 

¶ ~15% aluminosilicates 

¶ Minor minerals: 
o Xenomorphic opaques 

~55% fine groundmass 

¶ ~0.1-0.2mm equant quartz crystals 

¶ ~0.2-0.5mm feldspars, often partially sericitised and occasionally zoned 

¶ muscovite needles ~0.5mm long which form a weak planar fabric and bend around 
larger crystals, first-order pink to blue interference colours 

~20% Quartz aggregates 

¶ Aggregates have fairly irregular shapes, occasionally lensoid or arcuate, ~2x5mm 

¶ Constituent crystals are fairly equant, ~0.5mm in diameter 

~15% kyanite 

¶ generally sub-idiomorphic equant crystals, ~0.2-1mm in diameter, occasionally 
show one faint cleavage, rarely another possible one at right angles, first-order 
yellow to orange-brown interference colours, usually have overgrowths and 
inclusions of quartz. Also occurs as idiomorphic needles, 0.5-1.2mm long with 
straight extinction and first-order brown interference colours (Fig. 4.28) 

~10% large feldspar crystals 

¶ Fairly equant, ~0.5-2mm in diameter 

¶ Occasional partial sericitisation, often invaded by other crystals round edges 

¶ Lamellar twinning prominent,  often as possible albite-pericline twins, indicating 
plagioclase 

General Comments 

¶ Weakly-developed planar fabric defined by muscovite needles 

Interpretation Comments 

¶ The quartz aggregates could be recrystallized porphyroclasts. 

¶ Generally an unusual rock and difficult to interpret.  

Table 4.9 Petrographic description of sample JM08/23. 
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Sample JM09/ST02 

 

Fig.  4.29 PPL scan of the thin section from sample JM09/ST02. 

 

 

Fig.  4.30 Broken up and heavily-fractured garnet porphyroblast in sample JM09/ST02, 
dashed white line denotes crystal boundary. 
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Modal Mineralogy 

¶ ~30% plagioclase  

¶ ~30% quartz 

¶ ~30% biotite 

¶ ~10% garnet 

~30% plagioclase  

¶ Sub-2mm equant xenomorphic crystals 

¶ Usually well-sericitised but some remnant lamellar twinning 

¶ Zoned extinction common 

¶ Smallest crystals aggregate with quartz in a ~2-5mm ovoid shape, giving the 
appearance of a porphyroclast 

~30% quartz 

¶ Equant xenomorphic crystals, sub-2mm 

¶ Undulose extinction common, but no consistent orientation 

¶ Occurs in aggregates with plagioclase (porphyroclast?)  

~30% biotite 

¶ Laths or xenomorphic crystals,  to 1mm 

¶ Weakly-developed fabric defined by laths 

¶ Pleochroic colour change from  brown to colourless; different crystals undergo 
pleochroic colour change at different microscope stage rotation angles 

¶ Usually associated with garnet 

~10% garnet 

¶ Relict porphyroblasts up to 3mm (Fig. 4.30) 

¶ High relief, isotropic 

¶ Now broken into sub-mm fragments which are themselves heavily fractured 

¶ Quartz and biotite grow among fragments of garnet but do not define an obvious 
reaction texture like a rim 

General Comments 

¶ Weakly-developed compositional layering, no mineral stretching lineations 

Interpretation Comments 

¶ Garnets are interpreted to reflect an early metamorphic event but have been 
fractured and partially altered in a subsequent metamorphic event. The general 
lack of fabrics indicates that metamorphism was static. 

¶ The weakly-developed compositional banding may have formed in an early 
tectonothermal, analogous to the formation of gneissic layering in the surrounding 
grey TTG gneisses.  

Table 4.10 Petrographic description of sample JM09/ST02. 
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Geisgeil 

Field Relationships 

The Geisgeil field area is located at UK grid reference NC179410, ~ 3km SE of Scourie 

village. The locality is on moorland 60-120m above sea-level with patchy rock exposures 

(Fig. 4.31a). As at Badcall Point and Duartmore Point, the major rock type here is the typical 

Assynt terrane/Central Region variably-deformed grey TTG gneiss. The oldest recognised 

structure is a gneissic layering fabric (Fig. 4.31b) with ~5-20mm wide layers of mafic and 

felsic minerals. A sample (JM08/GG09) of this was taken at NC 17947 41005. Field 

inspection suggests the pale white-grey felsic layers are composed of quartz and feldspar 

while the dark-grey mafic layers are amphibole or pyroxene. No mineral lineations were 

observed. The strike of the gneissic layering is highly variable (Fig. 4.31b). As the oldest 

recognised structure, the gneissic layering is interpreted to have formed in the Badcallian 

tectonothermal event, the same as that found at the Badcall Point and Duartmore Point 

localities.  

 A 5-10m wide member of the Scourie Dyke Swarm cuts the Badcallian gneissic 

layering (Fig. 4.31b&c). This dyke is then cut by a ~20m-wide west-trending discrete shear 

zone (Fig. 4.31b). As it post-dates the Scourie dyke, this shear zone will have formed during 

the Laxfordian tectonothermal event. This size of shear zone is a typical structural feature 

of Laxfordian deformation in the Assynt terrane/Central Region (Wynn, 1995). 

Compositional layering of mafic and felsic minerals in the grey TTG gneiss are still present 

but are narrower (~3mm wide) than in the Badcallian gneissic layering; mineral aggregate 

stretching lineations of quartz were observed. The dyke is deflected from its northwesterly 

orientation into a westerly orientation (Fig. 4.31b); it is strongly deformed and narrows to 

an indistinguishable compositional layer in the core of the shear zone. Following the shear 

zone to the east for ~150m from the point where the dyke enters the shear zone, a Scourie 

dyke exits the shear zone on its south side; if this is the same dyke, the displacement on the 
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shear zone would be constrained to ~150m. The geometry of the dyke deflection indicates 

a sinistral movement on the shear zone.  

 

Fig.  4.31 a Photograph of the Geisgeil locality with the Laxfordian shear zone marked by 
dashed white line; b Field map of lithologies and structures at the locality with sample 
location marked. Numbered pale grey lines on field maps denote UK Ordnance Survey grid 
lines; c Photograph showing the undeformed Scourie dyke cross-cutting Badcallian gneissic 
layering in the grey TTG gneiss, notebook is 21cm long. 
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Sample Petrography 

One sample from Geisgeil (JM08/GG09) is used in chapter 5 of this thesis. A thin section 

(Fig. 4.32) of this sample was made so that the petrography could be well-constrained by 

optical- and scanning electron-microscopy. A detailed petrographic description is given in 

table 4.11 and images of key mineral textures are shown in figure 4.33. 

Sample JM08/GG09 

 

Fig.  4.32 PPL scan of the thin section from sample JM08/GG09. 

 

 

Fig.  4.33 Photomicrograph showing hornblende (hbl = hornblende) in sample GG09. 
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Modal Mineralogy 

¶ ~40% hornblende  

¶ ~30% plagioclase  

¶ ~30% quartz 

¶ Minor minerals: 
o Biotite laths and xenomorphic opaques generally associated with 

hornblende 

~40% hornblende 

¶ Prismatic crystals ~0.5-1mm, often quite idiomorphic but do not define a shape 
fabric, aggregated into irregularly-shaped clumps (Fig. 4.33) 

¶ 2 cleavages at 120° occasionally visible 

¶ Different crystals undergo pleochroic colour change from green to colourless at 
different microscope stage rotation angles  

~30% plagioclase 

¶ Fairly equant crystals ~0.2-0.6mm 

¶ Lamellar twinning often well preserved 

¶ Occasional concentric zoned extinction 

¶ Occasional partly sericitised crystal 

~30% quartz 

¶ Equant ~0.1mm 

General Comments 

¶ Gneissic layering of mafic and felsic minerals not visible at the thin section scale, no 
mineral lineations 

Interpretation Comments 

¶ Although Badcallian gneissic layering is the structural feature in this sample, the 
presence of hornblende but not pyroxene suggests that the Badcallian granulite-
facies assemblage has been statically retrogressed to amphibolite-facies.  

Table 4.11 Petrographic description of sample JM08/GG09. 
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Scourie Mor  

Field Relationships  

The Scourie Mor field area is located at UK grid reference NC141442, ~ 1km W of Scourie 

village. Exposure is generally wave-washed platforms in the intertidal zone and some above 

the high tide line with occasional isolated inland crags and pavements. As at Badcall Point 

and Duartmore Point, the major rock type here is the typical Assynt terrane/Central Region 

variably-deformed grey TTG gneiss. The oldest recognised structure is a gneissic layering 

fabric (Fig. 4.34) with ~5-20mm wide layers of mafic and felsic minerals. A sample 

(JM09/SM09) of this was taken at NC 14146 44175. Field inspection suggests the pale 

white-grey felsic layers are composed of quartz and feldspar while the dark-grey mafic 

layers are amphibole or pyroxene. No mineral lineations were observed. The gneissic 

layering generally dips moderately steeply to the WSW (Fig. 4.34). As the oldest recognised 

structure, the gneissic layering is interpreted to have formed in the Badcallian 

tectonothermal event, the same as that found at the Badcall Point, Duartmore Point and 

Geisgeil localities.  

 Two northwest-trending <1m-wide members of the Scourie Dyke Swarm cut the 

Badcallian gneissic layering (Fig. 4.34). They join up and into one body which is deflected 

into a southwesterly orientation by a ~5m-wide discrete shear zone (Fig. 4.34). The dyke is 

strongly deformed and narrows to an indistinguishable compositional layer in the core of 

the shear zone. As it post-dates the Scourie dyke, this shear zone will have formed during 

the Laxfordian tectonothermal event. This size of shear zone is a typical structural feature 

of Laxfordian deformation in the Assynt terrane/Central Region (Wynn, 1995). 

Compositional layering of mafic and felsic minerals in the grey TTG gneiss are still present 

but are narrower (~3mm wide) than in the Badcallian gneissic layering and the shear zone 

fabric is flaggy; mineral aggregate stretching lineations of plagioclase and quartz were 

observed. Various other lithologies are present at this locality, including mafic and 
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ultramafic gneiss, a schistose calc-silicate gneiss and an Inverian pegmatitic granite vein. 

These other lithologies have been described previously (Cohen et al., 1991; Corfu et al., 

1994). 

 

Fig.  4.34 Field map of structures and lithologies at the Sithean Mor locality with sample 
location marked. Numbered pale grey lines on field maps denote UK Ordnance Survey grid 
lines. 
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Sample Petrography 

One sample from Scourie Mor (JM09/SM09) is used in chapters 5-7 of this thesis. A thin 

section (Fig. 4.35) of this sample was made so that the petrography could be well-

constrained by optical- and scanning electron-microscopy. A detailed petrographic 

description is given in table 4.12 and images of key mineral textures are shown in figure 

4.36. 

Sample JM09/SM09 

 

Fig.  4.35 PPL scan of the thin section from sample JM09/SM09. 

 

 

Fig.  4.36 Photomicrograph showing pale green clinopyroxene, reddish-brown orthopyroxene 
and granoblastic to sub-granoblastic texture in sample JM09/SM09 (cpx = clinopyroxene, 
opx = orthopyroxene, plag = plagioclase). 

 




































































































































































































































































































































































































