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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 Precdman 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) ofiNeest Scotland as a case study.

Deformation of zircon at the graiscale, in the form of distortion of the crystal lattice,
was found to heterogeneously affect Ti, Rare Earth Elements (REEs)RindyiStematics.

Ti and REE abundances increased or deerkas 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 recat 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 PA.~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. Votiffusion
would have required ~300Myr at temperatures of 87875°C.

As well as these more generic findings about the effects of overprinting on zircon,
zircon UTh-Pb, REE and Ti data were analysed to investigate -igeémus gneisses and
metasedimentof the Assynt Terrane, a key part of the LG@@e oldest cores yield a mean
age of 2958+7Ma, a possible magmatic protolith crystallisation agediume diffusion of
Pb in zircon may have affected these zircon core .agies period of volume diffusiorf b
in zircon is interpreted to have ended at ~2482Ma with the peak of granfadies
metamorphism shortly before this. Zircons in the metasediments have relatively flat
chondritenormalised heavy REE profiles (low Yb/Gd ratios) which suggest thepreded
with granulitefacies metamorphic garnet. -in-zircon thermometry recordsaverage
crystallisation temperatures of 790f@r zircons fromthe magmatic protolith to the meta
igneous gneissesnd 823°Cfor zircons from the metasedimentThe zirconsni 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 regionswhere metaigneous 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, eacW2 GSNILINA Y G Ay 3 Q LINSGA2dza YAYSNI f |
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 crst. Zircon is the key mineral chronometer in understanding -gigtte
Precambrian complexes and has several attributes desirable for recording complex high
grade tectonothermal histories:
9 itis widespread in the dominant metagranitoid rocks
T it incorporatesa range of trace elements and their isotopes in its crystal lattice
which record aspects of the geological history
T itis a relatively mechanicalland chemicalhdurable mineral so can often partially
withstand highgrade tectonothermal activity and reita 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 intetptions to be made about the
zircon and its host rock. Thé“dation 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 prest 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., 20Q3reland and Williams, 20Q0¥osler and Sylvester,
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2003 Parrish and Noble, 2003As well as its importance for radiometric datingcan
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 activitfWatson et al., 2006 LuHf which can be used to infer the
origin of the sourcemelt and to calculate melt extraction model agé&§nny andMaas,
2003; and Rare Earth Elements (REEs) which can be used to distinguish crystal zones of
different age(Whitehouse and Kamber, 20p&nd link them to major phases such as garnet
which also sequester RE@&lly et al., 2006Taylor et al., 2007 Isotopes of oxygen may
also be used to infer the origin of the méltalley, 2003

Zircon is therefore a key mineral in understanding many rock types, including
Precambrian metagneous complexes. Radiometric dating haet a major step forward
in building a chronology of largend smalscale 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 radiometriges.

The Problem

In Precambrian metigneous 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 deformadgie 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-Bb ages, which do not clearly relatette 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 radiometriage patterns(e.g.Kinny et al.,

2005 Park, 2005 and references thergorfu, 2007.
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The Aims

The overall aim of this PhD is to undertakeéetailed and systematic characterisation of the
response of zircon to overprinting by metamorphism and deformation. Under this, there
are both processand regionallymotivated objectives:
9 a generic understanding of how radiometric ages and other geocladisystems in
zircon are affected by multiple episodes and varying intensities of metamorphism

and deformation i.eprocessmotivated

1 a better understanding of the formation and evolution of the case study rocks, the
Lewisian Gneiss Complex, through gemalgmapping, petrography, microstructure

and element/isotope zircon measurements iregionallymotivated

The first of these objectives will be addressed by obtaining a suite of element and isotope
measurements from zircons from samples that have beerefally 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, whighl 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 metarphism have an effect on the zircons
and how do they respond to more than one episode of elevated temperature? How does
deformation at the grairscale affect zircon? These questions will be asked in tackling this
processmotivated objective.

The second gective has arisen from a desire to understand the host rocks of the
LGChetter. Despite many field, geochemical and geochronological studies, the geological
history of this classic Precambrian higtade region remains unclear. Radiometric dating of
zircan (Friend and Kinny, 199Kinny and Friend, 199Friend and Kinny, 200Kinry et al.,

2005 Friend et al., 2007Love et al., 2010has challenged the traditional structural and
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metamorphic interpretation(Sutton and Watson, 1951and continues to generate lively
debate (e.g. Park et al., 2005It is hoped thatcombiningradiometric zircon dating with
field, geochemicalpetrographic and microstructural constraints, and supporting evidence
from other trace elements in zircon, ithis project willimprove understanding of the

tectonothermal evolution of the LGC

The Location

The rocks of the Lewisian Gneiss Complex (LG©)thfvest Scotland are the case study

for this project and are reviewed in detail in Chapte2. Z.he protolith was dominantly a
tonalite-trondhjemite-granodiorite (TTG) suite, with minor mafic and sedimentary rocks. In
the TTG gneisses, the oldest mirleaasemblage is a granukfacies assemblage, termed

the Badcalliar{fPark, 1979 of orthopyroxene, clinopyroxene, plagioclase and quartz
(Sutton and Watson, 195 Wwith gneissidayering and granoblastic texture; it is unclear
whether this is simply the same as the original TTG mineralogy or was foumed d
granulitefacies 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 eithgr30Ma(Corfu et al., 1994

or ~2490Ma(Friend and Kinny, 199Kinny and Friend, 199%as been assigned to this
assemblage based onRb zircordating A subsequent tectonothermal everthe Inverian
(Evans, 196§ heterogeneously overprints Badcallian stiwres in the form ofliscrete

shear zonesip to several kilometres widé ' he timing of large areas of static retrogression
of orthopyroxene and clinopyroxene to hornblende is still unclear. The Inverian event has
been assigned b zircon ages of eithed20Ma(Corfu et al., 199or 24962400Ma

(Kinny et al., 2006 The heterogeneity of distribution and differing interpretation of zircon
and monazitgZhu et al., 199)dates of both theséwo events has led to some

controversy. The traditional model of Sutton and Wat$b®51), based on field criteria
around which later zirconBb 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 beig 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 his{&isy

et al., 200%. Following the Inverian event, there was an episode of mafic dyke intrusion
(the Scourie dykes) and another amphiboliéeies tetonothermal event, termed the
Laxfordian(Sutton and Waton, 195}, 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 (chaptéjs 5
which address the aims outlined above. These manuscripts have been or will be submitted
to internationallyrecognised peereview journals and as there are commonethes
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. Eacheahttee
manuscripts contains only a brief description of the geological setting, methodology
employedand 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 ajtiaahtechniques

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 thmanuscrips (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 manuscriptswaggests
further work. As there are common themes running throudhchapters, 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:
Chapter2: ReviewsThis chapter is split in two partthe 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 methaosl has been deployed ranging from
geological field mapping through to mieb®@am isotope analysis. Each technique is
described in much more detail than is required for pegview publication so as to provide
a more thorough account of the analytical techmés used than that which is given in the
manuscript chapters.
Chapter 4 Sample CharacterisatioThis 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 whmd& 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 oCrystal Lattice Distortion on Trace Element Mobility ardbU
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 awould typically be used in a gemchological/geochemical study.
Electronbackscattediffraction (EBSDanalysis identified crystal lattice distortion in a small
but significant percentage of zircons in the population. This was found to distiib, RE
and Ti geocheimal systemsheterogeneously Weighted Burgers ectors (WBV)analysis
suggested that the lattice distortion formed either during crystallisation of the zircons

through postcrystallisation plastic deformation.-Bb data suggests that tiisted zircons
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could be used toapproximately date amphibolitefacies 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 concordanPl ages are eliminated and the age and cloain
zoning patterns of individual grains are used to illustrate the occurrence of volume
diffusion.

Chapter 7: New Insights on théAssynt Terranef the Lewisian Gneiss Compleix NW
Scotlandfrom Zircon UTh-Pb, REEs and-Thermometry This manuscripbrings together

the zircon UThPb, rare earth element (REE) anddata collected during the PhD and
applies it in a regional context/olume diffusion of Pb in zircon (see chapter 6) renders
protolith and metamorphic ages unsafe which informs the corgrey over Lewisian
chronology. REEs indicate zircons in the mgteeous gneisses were a relatively closed
system through tectonothermal activity but zircons in metasediments interacted with
garnet. THin-zircon thermometry is used to calculate a cryssaliion temperature range for

the magmatic protolith.

Chapter 8 Synthesis and Further Workhe final chapter in this thesis summarises the main
points from the manuscripts in Chapters75in the context of the initial thesis aims.
Although advances in uedstanding 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
ThemanuscriptsF 2 NJ adzo YA &daAz2y G2 LISSNINBOASE 22 daNYy I
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 dftal Isbtope
Systematics in Zircon: Examples from the Lewisian Gneiss Complex, Northwest Scotland
(Chapter 5has been submitted to Contributions to Mineralogy and Petrology lzaml
been peefreviewed WS GASHSNEQ O2YYSyida | NBE OdaNNByidGfte o685
publicdion.

John MacDonald data collection and processinmterpretation and discussion of

data, principal author

John Wheeler; Burgers vectors modelling, disgion and manuscript review

Kathryn Goodenough discussion and manuscript review

Quentin Crowley, discussion and manuscript review

Simon Harley discussion and manuscript review

Elisabetta Mariang discussion and manuscript review

Daniel Tathang discussion and manuscript review
Volume Diffusion of Pb in Zircons from the Lewisian Gneiss Complixywedéd
Scotland(Chapter6) 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 data collection and processingnterpretation and discussion of

data, principal author

John Wheelerdiscussion and manuscript review

Kathryn Goodenough discussion and manuscript review

Quentin Crowley, discussion and manuscript review

Simon Harley, discusion and manuscript review

Elisabetta Mariani discussion and manuscript review

Daniel Tathang discussion and manuscript review

26



New Insights on théssynt Terranef the Lewisian Gneiss CompleixNW Scotland
from Zircon WUrhPb, REEs and-Thermometry(Chapter 7)will be updated with Hf
isotope data and submitted to a journal (Precambrian Research) in the near future.

John MacDonald data collection and processinmterpretation and discussion of

data, principal author

John Wheeler;, discussion and nrauscript review

Kathryn Goodenough discussion and manuscript review

Quentin Crowley, discussion and manuscript review

Simon Harley discussion and manuscript review

Elisabetta Mariang discussion and manuscript review

Daniel Tathang discussion and nraiscript review
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2. Chapter 2 Z Reviews

2a: Zircon
What is Zircon and Why is it Useful?

Zircon isa tetragonal orthosilicate with the chemical formula Zr${@ig. 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 RE&skin and Schaltegger, 2003
The lattice is composed of Qi@trahedra and Zr@dodecahedra; the space group is
I4,/amd (Finch and Hanchar, 20p3t has a haidness of 6.5 on the Mohs scale arwd
chemicdly duralde in resisting volume diffusion and incorporation of trace elememisch
makes itan important mineral for geochronological and petrogenetic investigations of a
wide range of rocks. It originates damantly in Skaturated igneous rocks and is recycled
into, or occasionally grows i@ 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 zircoris commonly analysed in geochronological and
petrogenetic studies. Zircon chemical zoning and microstructure can be imaged in a
scanning electron microscopsege chapter 3) antdigh-precision and high spatiaésolution
geochemical and isotopic data cae bbtained 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 preexisting zircon. Each mechanism hasrange of physical and
chemical characteristicsvhich may allowit to be distinguished; this can bienportant

contextal information wheninterpreting geochemical data.
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Fig. 2.1 Zircon crystallographic structure.

Magmatic Growth

Primary zircon forms from intermediate to silisaturated magmasvhen these
magmas reach saturation in @oskin and Schaltegger, 2Q0Brimary 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 calculdiaged on Zr
saturation conditiongHanchar and Watson, 20p&ircon can also be resorbed in &id
Zrundersaturated melts and can be altered ssddidus 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 growzbning; this is most clearly seen in

cathodoluminescenceQ)) imaging (see chapter 3) whetbe growth zones are seen as
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alternating Clbright and Cldark stripes, starting at the core and moving outwards, often
mimicking the polygonal crystal shape Thisfeature is known commonly as oscillatory
zoning patterns (OZPs) and is thought to form from varyirgpHirating conditions in the
magma(Vavra, 1998 Recorded Wb 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 zircotypicdly has achondritenormalisedREE pattermof increasing
abundance from light REEs to heavy REEs but with a positive Ce anomaly and negative Eu
anomaly Ce exists as a 4ation (as well as as the standartdREE valency) and so more of

it is incorporated into the lattice than other' 8ations.Eucommonly exists as a’ 2ation,

which isunsuited to the zircon lattice structure and strongly partitioimto plagioclase
(Hoskin and Schaltegger, 2Q03Viagmatic 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 amorphdqi&sving et al.,, 2003 With
metamictisation comes redistribution of traedements 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
ovoidd KI LISR 0a2YSGAYSa GSNX¥SR WwWaz odiggebdarimt Qv ON
around preexisting zircon. Anatectic zircon grows when small volumes of partial melt reach
Zrsaturation conditonsL 'y’ /[ A YOINGBASYTH 72 NWTRaANS3 Ol 2N T 2y Ay 3
(Hoskin and Schaltegger, 200REE patterns and abundances in anatectic growth zircon
are likely to be different to earlier magmatic cores and may be disishgal 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

31



heavy REE pattern on a typical Matsuda plot when gramvithe presence of garnet
(Rubattg 2002 Whitehouse and Platt, 200Xelly et al., 2006Harley and Kelly, 200.7U-

Pb ages derived from anatectic growth rims should be younger than from magmatic or
inherited cores, unless some Riss mehanism has occurred during the higgmperature

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 sighifieecentage
of the total Zr in the whole rock. &net (Degeling et al., 20Q1hornblende(Fraser et al.,
1997), biotite (Vavra et al., 1996and ilmenite(Bingen et al., 200thave all been shown to
contain high levels of ZWhenthese minerals break down, new zircon can form in-net
transfer reactions. Degeling et §2001) showed that when garnet, sillimanite and quartz
reacted to form cordieri¢, the Zr in the garnet could not be incorporated into the
cordierite and so was released and formed new zircon. Fraser €t98l7) calculated that
new zircon could form from ndtansfer reactions involving hornblende breakdown
although they did not grountruth their models using realocks. Bingen et a{2001) used
careful petrographic observation to show that zircon had formed from breakdown of
magmaticilmenite during granulitdacies metamorphism. These examples show that net

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

Coupled Dissolution-Reprecipitation

Zircon can also become altered in ssdlidus conditions through recrystallization,
which can occur in three different ways. Recrystallisation by coupled dissclution
reprecipitation (Geisler et al., 20Q7occurs when a fluid or melt comes into contact with
metastable zircon. Zircon will naturally incorporate assorted trace elements but these do

not necessarily sivell in the lattice; radiognic PB" 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 m&astable; but when a fluid or melt does come along, the outer parts of the
zircon are able to dissolve and tojmtically recrystallize. Variable amounts of trace
elementsdiffuse outof the recrystallizing zircon so analyses of zircon rims with low REE
abundances are suggestive of coupled dissolutieprecipitation(Geisler et al., 2007 As U

is also expelled, these rims are also characterised by bright CL intensity; CL often reveals
irregular inwardpenetrating zones as prexisting zircon of certain composition has been

preferentially dissolved.

Diffusion -Driven Recrystallization of Radiation -Damaged Zircon

Diffusiondriven recrystallization of radiatiedamaged zircoriGeisler et al., 2097
is similar to coupled dissolutiareprecipitation in that it involveghe metastable zircon
lattice moving towards equilibrium on contact with a fluid. Decay of radioactivantl
emission of alpha and beta particleauses strai in the crystal latticewhich 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. Zonesn which this process has occurred are characterised by irregular
curved inwardpenetrating zones visible in CL while pattern quality in EBSD microstructural
analysis is poor reflecting amorphisati of the lattice. Chemicallyprmula elements such
as Hf,U, REEs etc are often ritad in amemory of the original zircon composition while
there are also high levels aion-formula elements such as Ca, Fe, Ba and common Pb,

relative to other zircorforming mechanismGeisler et al., 2007

Solid-Sate Recrystallisation
Solidstate recrystallization (Hoskin and Black, 2090 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 elemenare concentratd on these reaction fronts.
This mechanism is characterised byt@ight zones (often rims) transgressing earlier zoning
patterns such as OZPs; the reaction front itself is seen as a wéryjgGtnarrow ling which
reflects the high concentrations of e elements concentrated on that front. The
recrystallized zircon behind the reaction front is closer to equilibrium than before.
Recrystallisation is not alwadficient, which can result imixed UPb ages du¢o partial

WY SY2NE Q -eRifing cdmdsiticdNIBis form of recrystallization can be isochemical

but there is often some limitedxchangeof ions with the surrounding rock.

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

There are several factothat make zircoramenable 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 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 stresmd has awidespread presence in highly strained lower
crustal rocks. & 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 thiat i
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 $0GI¥
>1000C are requireddepending on crystal sizthe effective closure tempeture for Pb is
around 806900°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 ableptesave its chemical and isotopic

composition for long periods of time through episodes of high temperature and pressure
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(Finch and Hanchar, 2003Zircon incorporates a range of other trace elementhich
allow for vaious interpretations on the geological history of the zircons and their host

rocks, which are described below.

U-Pb Dating

WERAZ2YSGNARO WRIGAY3IQ LINRPRdAdzOS&a |y SyR NB:
different contexs. Isotopic clocks such asRb recaod 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, 20R5Different 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 & UTh-He record ages of cooling and cooling
rates in highgrade metamorphic rocks as they have aatiekly low closure temperature.
Zrcon on the other hand, with its Bb isotopic clock, has a much higher closure
temperature and generally records crystsdliion ages of magmatism and high
temperature metamorphisnfFaure and Mensing, 2003t is generally regarded as the best
mineral chronometer for higlgrade rockge.g. Hoskin and Schaltegger, 2R03

The decay of radioactive isotopes of uranium to stable daughter lead is the most
commonly used, best understood and highest precision geological dating sfisteme and
Mensing, 200% The principle radioactive isotopes of uranium &% and®*U, while the
stable uranium isotope i8U. ?*®U decays td®®Pb with a hallife of 4.468x10 years (a
decay constant of 1.55125x10per year) while*®*U decays to®Pb with a haHife of
0.7038x16 years(a decay constant of 9.8485x10per year) **Pb is the nomradiogenic
stable isotope of lead. Botfi®U and®**U have complex decay systems where there are a

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

final radiogenic daughtelead isotope formgFig. 2.2)

35



Atomic number

(o]
N

Atomic number

92

90

©
[o2]

[0
(o]

80

92

90

88

86

82

80

82

206
Pb

210
Po

218
Rn

Th

226
Ra

222
Rn

4
B

218
At

218
Po

210

214
Bi i

Bi

206
Tl

210
Pb

206
Hg

1 |

210
Tl

1 1 1 1 Il

214
Pb

1 Il 1 | | 1 1 Il 1 |

234
Pa

234
Th

238

124

126

128 130

132 134 136
Neutron number

215
At

223
Ra

219
Rn

219
At

215
Po

207
Tl

21
Bi

21
Pb

1 | 1 1 1

215
Bi

1 1

124

126

128 130

| 1 1 1
132 134 136 138 140

Neutron number

Fig. 2.2 Radioactive decay chains8iU and®*U.

142

144

146

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 flaent 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 normgf*®U/**°U = 137.818, Hiess et §&012) and should not have been
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altered by isotope fractionation or by the occurrence of natural fissiorf*dd. In the
analytical stage, coect values must be used for the initial lead isotope ratios ang
analyses witltontaminationdiscardedFaure and Mensing, 20R5

Zircon is the most widglused mineral for Wb dating(Faure and Mnsing, 200%
U* ions are substitutd into the lattice for Zt* as both have a similar ionic radius of ~1A
and the same charge; Phions on the other hand have a different charge and a larger ionic
radius scare excluded. This means that zircon haghhinitial U/Pb ratios and is therefore a
sensitive geochronometeit has a higteffective closure temperaturdor volume diffusion
of Pbof >900°C(Lee and Tromp, 19950 is more resistant to resetting and isotopic
disturbance than anytbher mineralchronometer As a result of this, zircanay date high-
grademetamorphism whereas the closure temperatures of the other minerals are too low
and their isotopic systems would be disturbed. Howewath high U contentzircon suffers

from radigion damagewhich leads to leadbss and discordant results.

Rare Earth Element Profiling

The trivalent raresarth element (REE) catiorssibstitute into theZr sitein the
zircon latticein a coupled substitution with phosphorudlarley and Kelly, 2007 By
measuring the concentration of each of the REEs and plotting a graph of atomic number
againstchondrite-normalisedconcentration(Anders and Grevesse, 198dcDonough and
Sun, 1995 a REBrofile can be constructedA typical chondritenormalised zircon REE
profile has increasing concentration with increasing atomic numdgositive Ce anomaly
and negative Eu anomalie.g. Whitehouse andKamber, 2003Kelly and Harley, 2005a
Harley and Kelly, 200.7Whitehoug and Kambe2003 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 miks 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 aome of the main generators ofathodoluminescence (CL) in
zircon(Nasdala et al., 2003

REE patterns appear the most promising method of evaluating the metamorphic
character and timingf zircon growth(Harley et al., 2007 This can be done by determining
the equilibrium distribution of REEs between zircon and coexisting metamorphic mjnerals
which may enablefhte correldion of zircon growth zongeto metamorphic mineral fabrics in
the host rock. Experimental data on REE distributtsa limited at present but that
between zircon and higtemperature garnet is well knowfWhitehouse and Platt, 2003
zircon grown or recrystallised contem@neously with highemperature garnet shows a
flat heavy REE profile and strong depletion in europifRnbatto 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 differentdnigerature
and highpressure rock (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.tkermore, Rubatto2002 pointed out
that the amount of available ements may affect theomposition of zircorover time, i.e.
with ongoing metamorphism and garnet growth, the reservoir from which zircon takes REEs
is depleted.

Harley and Kelly2007) applied the technique to ultra higtemperature gneisses
from Antarctica from which ¥b data indicated magmatic protoliths at ~2840Ma and
zirconresettingat ~510Ma while the rockpreserved a granulitiacies mineralogy. The REE
distribution between zircon and the granulifacies garnet indicated that the zircon had
been unaffected by the granulitiacies event but had been altered by pgmsak fluid
infiltration at ~510Ma(Harley and Kelly, 20Q.7Clark et al(2009 combined REE profiling
with U-Pb dating and Tin-zircon thermometry (see below) to try to determine theTR

path and tectonic evolution of a Gondwanan suture. Distribution coefficients were
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calculated from experimentadnd natural rock data for zircon/garnet ariddicated that
zircon grew from garnet breakdown at a certain time in the evolution of the sutwfeb U
ages and Tin-zircon thermometry complemented this to enable the constructionaof

tectonic model for theGondwanan collision.

The Titanium -In-Zircon Geothermometer

The amount of titaniumin zircon representing the uptake of titanium during crystal
growth, can be usedsaageothermometer.Watson et al.(2006) grew synthetic zircons
from silicate melts at a range of preset temperatures and pressures. This enabled
calibration of a thermometerwhich, along with analysis of natural zircansequilibrium

with rutile, has shown that the titanium content of zircotmgether with the zirconium
content of rutile, are temperature dependent the more titanium, the higher the
temperature. Titanium is present in zircon @ to 1Dppm as a 4cation substitutingfor
zirconium 4 in the crystal lattice without any cougd substitution. The resultef the study

of Watson et al(2006) showed that titanium concentration in zircon is relatively insensitive
to pressure but is highly temperatwdependent with the potential to return temperatures

of +/-10° or better for temperatures o0f400-1000°C. If the zircon atallised in the
presence of rutile (Ti) 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; egv in this scenario, the
thermometer will still record a minimum temperatureRelative temperature changes
across different zones of a single grain are subject to analytical uncertaintyvaniish
depends on the titanium content and the analytical instermh (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 Harrisorf2005 used the technique to find out the crystallisation
temperatures of the Jack Hills zircons from Western Austcaliee oldest known terrestrial
objects. Theemperatures 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 al2006) caution that titanium present in detrital zircon (e.g. Jack
Hills) grain coatings or necessary cogti applied for microprobe analysis may result in
erroneously high temperatures being calculated and hence care must be taken before
analysis.

Subsequently, Ferry and Wats@R007) revised the thermometer calibrations to
take into account the independentlyaviable phase components Zr@nd TiQ in zircon.

New experimental data confirmed titanium content increased with decreasing uptake of
SiQ and hence the primary substitution of titanium is for silicon in the zircon laffieéby

et al., 2011). These new calibrations enable the titanitiimzircon geothermometer to be
used reliably for rocks without rutile, provided the activity of Ji&@hd SiQ 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 factthat may affect the reliallity of the
geothermometer perhaps the most importaris 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 otheraralements in the zircon
lattice, as well as the possibility of naguilibrium zircon crystallisation, e.g. in laeolved
hydrous melts Further issues regarding the thermomefzdystematic were raised by
Glikson(2006 and Nutman(2006 who questioned the reliability othe thermometer for

melts at temperatures above ~800t@at are zircorundersaturated Zircon should not
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crystllise until melt fractionation is well underway although Watson and Harr{2006)
argue against this on the basis of variable initial zirconium content in the melts.

Most of the application of the titaniuan-zircon geothermometer has been on
igneous rocksbut Baldwin et al(2007) applied it to ultrahigh temperature metamorphic
rocks. They analysed zircons from Brazilian granulites and Sduttan lower crustal
xenoliths using an electron microprobe for high titanium zircons andCIBMS for the
lower (<2@pm) titanium zircons. Where zircons were zoned, they recorded different
temperatures from different growth zones and applied the thernater 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 al2008), Baldwin et al(2007) interpreted that their calculations had
not suffered from the problems that affected Fu et @008 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 bottstable and radiogenic Hf isotopes in zircf:u decays by beta emission to
"f but does not easily incorporate into the zircon lattice; the stable isotfif,
however, does substitute into the crystal. This results in very low Lu/lktsré®@atchett,
1983, typically around.002(Kinny and Maas, 2003The litetium-hafnium decay system
is useful as it gives both a dating method and an isotopic tracer. Crystaflisd 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, 20R5

Patchett and Tatsumotq1980 constructed achondritic uniform reservoir line
(CHUR) of thé”Hf/*""Hf ratios against time, against which rocks derived from the mantle
O2dzZ R 068 O2YLI NBR® ¢KA&A NBflFGA2YyaKALA A&
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betweenthe Hf/*1 ¥ N} GA2a 2F GKS alvyYLX S F3arayad /1! wT
that the sample is enriched 9 ¥ O2 YLI NBR (2 /I !w ¢6KAtS yS3alIirgds
opposite (Faure and Mensing, 20R5In fingerprinting the source of a melt from which a

NE O]l TF2NXYSRZ Ly 861 F0 @I f,dzfich2eflectd Bidepleted | £ £ & 2y
manf ST KAIKf& LRAAGAGDS so0l F0O Ol tdzSa NBLINBaSyd |
value is the signature of crustal derivation or subducted ocean crust; a slightly pasitive

slightly negativeralue indicates a melt derived from depleted mantle but temninated on

ascent by crystal melts or xenolith&inny and Mas, 2003. Zircon is resistant to

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

been subjected to higel NI RS YSGIF Y2NLIKA&AYIZ (GKS 2KkEAYIE 561 FO
and Maas, 2008 Patchett et al(1981) analysed the'"Hf/*"Hf ratio from many rocks of

different ages and found that the growth obmtinental crust was episodic and startet a

least 2.9Ga. Corfu and Nob{@992 examined hafniumisotope ratios from the 3.0Ga

Superior Province in Canada and found titatsource 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 dbcal crustal evolution. As well as an isotopic tracer, hafnium

isotopes can also be used to calculate model ages: the age when the hafnaiziroon

separated from CHUBr Depleted Mantleand entered into the zircon crystafFaure and

Mensirg, 20095.
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2b: The Lewisian Gneiss Complex

Early Work

The Lewisian Gneiss Comptarps outalong the northwest coast of the Scottish
Highlands and on the Outer Hebridésland chain It is unconformably overlain by
Proterozoic Torridonian sedimened CambreOrdovician 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 offte Lewisian gneiss and its component parts was carried out
by the Geological Survey in the period 1883 to 1907 when the regional mé&m®iGeology
and Structure of the Northwest Highlands of Scotlaras publishedPeach et al., 1907
¢CKSANI FASERG2N] KIR SR (2 UGUKS ARSYUAFAOIGA
variety of banded gneisses, which they prescientt NS O23yAaSR |a& o0SAy3
LI dzi2y A0 2NRIAYES GAGK YAY2N YSOI yFehefSy das
al., 1907. Teall (1885 examined the dykes in particular and documented their
metamorphism from dolerite to hornblendschist. Peach et al1907 also described
foliations and lineations and although quantitative structural geology had yet to be
invented, some temporal retionships of deformation and its heterogeneous nature were
identified (Peach et al., 1907

In the next fifty year®r so, further research into the Lewisian Gneiss Complex was
fairly limited. Jehu and Craif9231934)(19231934 documented the Lewisian of the
Outer Hebrigsin five parts(Jehu and Craig, 192dehu and Craig, 1923ehu and Craig,

1926 Jehu and Craig, 192J4ehu and Craig, 198while Davidsor(1944) looked at South
Harris in particular. It was not until the seminal paper aft@& & Watson(195]) that
investigations into the Lewmn 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

43



introduced new chronologythe Scourianevent, which preceded the intrusion of the
metadolerite Scourie Dyk&warm(they were assumed to have intruded in a single pulse),
which was in turn followed by thkaxfordianevent (Sutton and Watson, 1991The use of

the dykes as time markers proved crucial in the recognition of polyphase deformation as in
places they crossut an existing gneissic foliation while in others were themselves foliated.
Sutton and Watsor{1951) also subdivided the Lewisian into three regions: Northern and
Southern, which were pergively deformed by the amphibolittacies Laxfordian event
(characterised by hornblende) and the Central region where Scourian pyrdveaming
JySAiaasSa ONBFSNNBR G2 Fa WOKIFENYy201AGSaQ0 6SNB
Laxfordian(Sutton and Watson, 1951 These chronological observations anc tthree-
region model remained largely unchallenged until the terrane model proposed by &inny
al. (1997 2005, which is discussed below, and are the framework for a description of the

general geology.

Geological Summary

Thethree-region model applies to the mainland Lewisian outcrop only (F4y.a2d
was proposed on metamorphic groun@Sutton and Watson, 1951 The Central Region
contains a large proportion of granulifacies tonalite-trondhjemite-granodiorite (TTG)
gneisses that contain two pyroxenes, along with morafic gneisses and metasediments
(Johnstone ad Mykura, 1983 Some of theTTGgneisses in the Central Region have
statically recrystallised under amphibolitacies conditionsor they were deformed and
retrogressed in discrete shear zones. In both cases, the pyroxenes are progressively
replaced ly amphibole and biotit¢Johnstone and lykura, 1989.

The Northern Region gneisses have all been deformed at amph#mtites and
there is no indication that they were ever subjected to an early grantditees
metamorphic event. They are dominantly quartzofeldspathic and often migmatitic
(Johnstone and Mykura, 1989The Laford Shear Zone was interpreted by Sutton and
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Watson (195]) to be a metamorphic front that demarcated the southern edge of
amphibolitefacies metamorphism in the Northern Region and the start of the Central
Region of preserved granulifacies gneisses. The Northern Region shows pervasive

Laxfordiardeformation (Johnstone and Mykura, 1989
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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 distributioof the threeregion model for the mainland Lewisian
proposed by Sutton and Wats@h951). After Johnstone and Mykuré 989).

The Southern Region is also composed of amphibfaitees gneisses although
there are some areas of low strain and less migmatisation. Hornblgnisses are the
dominant rock type with subordinate mafic and ultramafic gnes¢8ohnstone and
Mykura, 1989. TheSouthern Region contains a large metasedimentary and metavolcanic

package; the Loch Maree Group. It is composed of metabasic sheets interleaved with
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metasediments including garneticaschists, semipelites and rare marb(@ark, 2002
They are interpreted to be Palaeopesbzoic but their contacts with surrounding gneisses
are highly tectonised so the field relationships are unc{@ahnstone and Mykura, 1989

Throughout the mainland LG@,suite of mafic dykeg the ScourieDyke Swarm
(Sutton and Watson, 19351¢ cut across the gneissesThey are mainly doleritic in
composition although some picrite and alie-gabbro dykes occur in the Assynt area, east
of Lochinver(Tarney, 1978 In the Central Region, some retain their igneous mineral
assemblagesand textures but in areas affectedy Laxfordian metamorphism and/or
deformation, they are retrogressed to hornblende and plagioclase and may be deformed
and transposed into sheets.

Along with the threeregion model, Sutton and Wats@h951) suggested a
chronology for the Lewisian Gneiss Complex. Soon after the formation of the protolith
rocks, they were subjected to early Scourian grandlitdes metamorphism, termed the
Badcallian eventPark, 197 this was then followed by amphibol#acies metamorphism
and deformationg the late ScouriariSutton and Watson, 195&vent, termed the Inverian
by Evang1965). These events can be distinguished bgitmespective metamorphic
YAYSNIf23ASad {dzidz2y FyR 2l 0Ga2yQa Y2ad AYLEZN
as time markers. They used the dykes to distinguish between amphifadiies Inverian
structures and the postlyke Laxfordian event (alsmmphibolitefacies), which appear
similar. The dykes crogsit 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 oftilende 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 te post
Laxfordian orogenic episodes and their relationshipith the main Lewisian outcrop are

unknown(Johnstone and Mykura, 1989 ewisian gneiss also crops out in the Hebrides (see
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Fig. 23 for locations). The whole of the island of Rona and the northern part of Raasay are
composed of biotitehornblende gneisses, locally migmatitic, with mafic sheets interpreted
to be transposed dykefiLyon et al.,, 1973 They are very similar to the rocks around
Kenmore, nearby on the mainland at the southern tip of the mainland Lewisitoromy
and are interpreted to be contiguougJohnstone and Mykura, 1989 Migmatitic
hornblende gneisses, metasediments and amphibolite dykes crop out on the island of lona
and are interpreted to be LewisiafMuir et al., 1994 Whitehouse and Russell, 1997
althoudh correlation is difficult and they are interpreted to have been very close to, and
therefore affected by, a major extensional structRotts et al., 1996 The islands of Tiree
and Coll are also Lewisian. They are mostly typical migmatitic Laxfordian gneisses but
western Tiree is pyroxerAeearing suggesting that granulifacies metamorphism did occur
(Westbrook, 1972aDrury, 1973 Drury, 1974. Both islands are unusually abundant in
metasedimentary bands, including garrgbtite schists, siliceous schists and a variety of
calcA At AOFiSa YR YINbtSad /2NNBtFdiA2y Aa RATTFAOz
main Lewisian outcrops although Westbro(O72l) suggested a btory 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. &). Themain lithologyis biotite- and hornblendebearingTTGgneisgJohnstone
and Mykura, 1989%ettes et al., 1992 A Laxfordiarfoliation and lineationis widespread,
while the Inverian is represented loljscreteshear zonegp to several kilometres wide
(Fettes et al., 199Mason, 2012 The Scourie dykes also appear to be represented in the
form of transposed mafic sheets as seen in the Northern and Soutkgions of the
mainland. Pyroxeneand garnetbearing dioritic gneisses are found in eastern South Uist
and eastern Barra although their contacts with other gneisses are tectonised so their

relationships are unclegFettes 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 thiskss(Myers, 197). South Harris has the

most diverse assemblage of the Outer Hebrides (F&). Phere is a central igneous

complex of metadiorite, metatonalite, metagabbro and an older rretarthosite. This is
flanked to the north and south by mafic metavolcanics and metasediments comprising

pelitic- and graphitieschists, quartzite and marb(e.g. Johnstone and Mykura, 1989
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Fig. 2.5 Map of structures and lithologies of ti@uter Hebrides, from Johnstone and Mykura
(1989).
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Fig. 2.6 Detailed map of the rocks of South Harris, from Johnstone and Mykag&$).

This summarisesthe geological outline of the Lewisian Gneiss Complex based
around the work of Sutton and Watsofi951). In the decades that followed, many
advances were made in the more detailed urgtanding of the Lewisian Gneiss Complex
and geology in generalin the fields of structural analysis, geochemistry and

metamorphism, and geochronology.

Structure

Sutton and Watsorf1951) used structural features and structural relationships to
define a chronology for the Lewisian. In the following decad#éser workers mapped and
described structures and structural relationships over a wider area of the Lewisian Gneiss
Complex. Detailed mapping in the Diabaig area led Cresgh@ll2 to suggest nine
generations of structures, and hence nine different deformation events, between the early

Scourian and late Laxfordian. Five generations of structures wer8qwarie dyke and four
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were postdyke, while he recognised that Gescale Laxfordian structure and dyke
emplacement were controlled by the pexisting Inverian largscale structurgCresswell,
1972. Park(1973 took a wider view of the entire mainland Southern region, which he
RSTAYSR & | &[ | ET2 NRA-Lakfordiah strilictutes we proBraed 3y A 8 S
in isolated blocks such as Ruadiheallan and Creagnhor Thollaidh(Park, 1973 Park and
Cresswel(1973 found that the Scourie dykes were concordant with, and were affected by,
the Laxfordian foliabn while they were discordant with, and cresst, the Inverian
foliation. Concordant dykes are thinner and more frequently branched and they
emphasised the structural control of pexisting features on subsequent onfBark 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
lyinggneissic layerinthat had fattened some even earlier foldswverian deformation took
the form of large monoclinal foldd axfordian deformation was concentrated in discrete
shear zones(Sheaton et al., 1973p 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 keaiducing elementgSheraton et
al., 1973h. Further north between Scourie and Loch Laxford, Dafli636 suggested
thrusting had occurred prior to Scourie dyke emplacement, followed by multiple episodes
of folding. Beach et a{1974) found predyke amphibolitefacies 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 whidete south it was concentrated in discrete
shear zones, and a further episode of folding occurred only to the n@#ach et al.,
1974. Further north still, Chowdhary and Bowg$972 found the structure of the
Northern Region between Loch Laxford and Rhiconich to be a steep, souttiwpitg

Laxfordian fabric while to theanth of Rhiconich the fabric flattens out into a series of
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rolling folds until the major Strath Dionard antiforfdash, 1969where the fabric then dips
steeply to the northeast up to the coast at Durnédshnstone and Mykura, 1989

Ly GKS ™ dcthed wasynBch Hevetopnient of structural ideas with the
relating of foliation and lineation to strairfFlinn, 196% and the realisation of the
importance of shear zones as a style of deformafl@amsay and Graham, 1970his led
to various workers introducing these concepts to their analyses of Lewisian structures.
Graham and Cowar@1973 made a point of describing the methods by which ythe
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 pyroxes&ring
rocks were less deformed than amphibdiearing rocks(Graham and Coward, 19¥3
Furthermore, they recognised that strain is often concentrated at the contacts between
rocks of different lithology and/or ductility, for example the Scourie dykege often highly
deformed at their margins but pyroxene was preserved in the cef@raham 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 sheess zo
separating lowstrain lozenges. Shearing wassuggested to have been initiated in the
Inverianwith individud shear zones havingpposing senses: sinistraverse 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 €987 suggested
would have been more ductile.

Attfield (1987 suggested thathe Canisp Shear Zone in Assynt was initiated in the
Inverian as a broad belt of steep southedgtping foliation bounded to the south by the
north limb of the Lochinver antiform, a major monel fold. The Inverian lineation
plunges steeply southeasndicating reversesense dip slip movement with a minor

component of dextral strikalip (Attfield, 1987. Laxfordian reactivation occurred in narrow
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zones and the lineation plunges more shallowly to the southeast indicating dextra
transpression again but strikdip movenent was dominant. Beach et #1.974) described a
similar scenario for the Laxford Shegwne. 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,
accommaodating 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 wier tectonic processes and environments. Coward
(19849 interpreted the offset of Scourie dykes to indicate that shear on the Laxford Shear
Zone was sinisttawith 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 explanationgwo collision events with the same movement direction; one
large eent with multiple movements; the shear zone acted to decouple the lithosphere
(Coward, 1984 Further to this, the Central Region was interpreted to have beensthru
obliquely northwards over the Northern Region in the Inverian then to have slid back down
to the south in LaxfordiafCoward, 199D He interpreted the exposed part of the Laxford
Shear Zone to originally have been in the #iwdower crust(Coward, 199D

Coward and Park1987 interpreted the dominantflat-lying foliation of the
Northern Region, Kenmore and other parts of the Southern Region, and the Outer Hebrides
(Coward, 197bto reflect a major miecrustal flat that descended beneath the Central
Region on northwessoutheast oriented shear zone ramps such as the Laxford Shear Zone.
They divided the mainland Lewisian into blocks bounded by major shear zofttees
Northern Region and Kenmore are lower crugtile the Central Region is upper crust
KSyO0S GKS aKSI-QNHzsGa8hed ad NFBrk, t9¥7GBodenough et al.
(2010 also interpreted that the Laxford Shear Zone was initiated in the Inverian by

combining field structural observations with geochemical and geochronologiatd
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Coward and ParkL987 focussed on the Kenmore area and used kinematic indicators to
interpret that the tectonic environment had undergone major changes duriegetiolution

of the Lewisian ¢ dextrattranspressional to dextralanstensional to dextral
transpressional to sinistral strikdip. On a crustal scale, Wheel@007) suggested the
major shear zone at Diabaig may in fact deform by pure shear accommodated by localised
simple shear in the coponent anastomosing shear zones. He also sounded a note of
caution in showing that metro-kilometre scale shear does not always relate directly to

this crustalscale shearin@/Vheeler, 2007.

Geochemistry and Metamorphism

Sutton and Watson(1951) recognised the importance of metamorphism in
determining the history of the Lewisian Gneiss ComplegyTifiterpreted 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 Laxfonmdiareas were cogenetic with the Central
Region and that they were in fact a supracrustal sequence deposited on Scourian basement
and had ever been to granulifacies(e.g.Bott et al., 1972Holland and Lambert, 1973
Bowes, 1978

Ly GKS wmoptna FyYyR Wynadax RSGFAESR LISGONRE 23

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 hornb(&edeh,
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 eveniBeach, 1976
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In the Central Region, pyroxene granulites (antdor pyroxenebearing gneisses
that had been metamorphosed at granulifacies which was fashionable around this time)
were preserved from amphibolitéacies retrogression as they were a sufficient distance
away from the shear zones and their flui@each, 197% Gneisses pervasively deformed in
the Laxfordian have without fail, undergone hydrous retrogressioiBeach, 1974
Cresswell and Pait973 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 amphibeftiteéies mineralogy and
further migmatisation occurred in the Inverian, and further amphibelieies
metamorphism, late greenschidacies retrogression and alkali metasomatism occurred in
the Laxfordiar(Cresswell and Park, 1973

Tarney(1973 investigated Scourie dykes with a picritic composition in Assynt and
interpreted three stages of matorphism affecting these dykes (and therefore the host
gneisses to0). First, they underwent amphibolitisation and metasomatism with little or no
associated deformation. Discrete Laxfordian shearing brought about deformation and
recrystallisation at amphillite-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 tremofifarney, 1978 Late
serpentinisation, possibly Caledonian in age, was found in brittle, fracturable dykes,
especially close to the Moine ThrugTarney, 1978 Tarney (1973 interpreted that
hornblendein picritic dykes was magmatisuggesing 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 amphibofigeies(Tarney, 973).

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

interpretations of the origin and evolutionfothe Lewisian. Sheraton et a{19733
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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 differene between the geochemistry of samples from Drumbeg, whether at
granulitefacies (Badcallian) or amphibolitacies (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 {@heraton et al., 1973aThe minor
element geochemistry of the Laxfordian gneisses at Rhiconich was considered to be too
different to be a reworked equivalent of the those at Druegband Rhiconich and so was
suggested to be a fairly typical segment of upper crust subsequently juxtaposed with the
lower crustal Assynt gneiss¢Sheraton et al., 1973aThe 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 theiomieantly more mafic
chemistry) while being very strongly depleted yOKRb, Th and (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$Heraton et al., 1973aThe relative
depletion of these elements is to be expected as their host minerals plagioclase and
aluminous hornblende are not stable at granulitzies (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
agueous phase could be the reason for the extreme depletion §8eearaton et al., 1973a

In a previous papetSheraton, 197Psuggested that, based on geochemistry, the
Asswyit gneisses were originally a potagbor basaktandesitedacite-rhyolite sequence with
intercalted sediments. Sheraton et §1.9739 give some rather unconvincing evidence to
support this theory. Holland and Lambéft973 examired the geochemical evidence for
Ll2aaAofsS 2NAIAYyE F2N GKS ! gaeyid 3IySriaasSa

origin as being sedimentary or a volcanic sequgf@teraton et al., 1973alue to the K/Pb
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ratio and Sr and Pb levefslolland and Lambert, 197.3Instead they favoured a plutonic
origin, drawn directly from the mantle with multiple fractionation events leading to
depletion of granitic constituent@Holland and Lambert, 197.3

In this paper, Holland and Lambét973 also conducted an extensive geochemical
survey of the entire mainland Lewisian and dividell y 1 2 Wl aaSyof | 3SaQ 2y
geochemical grounds. They agreed with Sheraton €1@r39 that the Laxfordian rocks
cannot be reworked Scourian equivaler{tdolland and Lambert, 1973They suggested
Gruinard and Scourie are cogenetic based on broadly similar geochemical signatures,
although they have slightly differing silica aniétadi levels(Holland and Lambert, 197.3
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 bronziierites are enriched in Cr and Niarney, 19738
These more mafic types are found mainly in the Assynt area while the more common
quartzdolerite dykes are found throughout the complex, metamorphosed to amphézoli
in varying degrees.

Rollinson and Windleg1 980 investigated the geochemistry of anety 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 cahlkaline(Rollinson and Windley, 1980As deformation is minimal in this
area, they argued that these chemistries werammary magmatic and not caused by
retrogression (Rollinson and Windley, 1980Major 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, 1980Quartz/feldspar relationships and chemistries
suggested that the tonalite was parentalthe trondhjemite and the trondhjemite parental

to the granite, both via fractional crystallisation, while rare earth element (REES)
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concentrationsindicate that the trondhjemite was strongly fractionated compared to the
tonalite (Rollinson and Windley, 1980These interpretations were backed up by field
relationshipgRollinson and Windley, 1980

The granites show a variation between samples of Ce and Y whiclotchen
explained by partial melting of the tonalite, hence Rollinson and Wind@g80 proposed
they formed from fractional crystallisation of the trondhjemite. Evidence for this included a
smooth quartzfeldspar compositional trend between the two and the gradation of one to
the other in the same shegRollinson and Windley, 1980This model would require a
plagioclaserich residue and, in support, an anorthosite sheet isni at Scourie; Ce and Y
preferentially partition into a granitic melt rather than plagioclase explaining their relative
enrichment in the granitegRollinson and Windley, 19801t had previously been suggested
that the trondhjemites were derived by partial melting of the tonalites but Rollinson and
Windley (1980 argued that sharp crossutting field relationships between the two and a
lack of evidence of melting textures tine tonalites precluded this idea and that fractional
crystallisation was the method involved. Rollinson and WindiE380 suggested that
hornblende and plagioclase were the main phases fractionating from the tonalite, which
indicated a depth of >45km, >10%@Hand dehydration in subsequent granuliteies
metamorphism. They do not seem toveconsidered 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 Wir(d@80 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 betig\m shallow, there
was no mantle wedge to renrich the subsequent plutonic materi@farney and Weaver,

1987). They suggestethat slight enrichment of REEs in the mafic granulites indicated an

58



undepleted mantle source, such as oceanic crust, hence agreeing with their (adely
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 lightd8EEs, while
amphibolitefacies gneisses showed similar concentrations for all REEs. They used this to
argue for depletion as a magmatic feature as opposed to via grasiatiies
metamorphism(Tarney and Weaver, 1987

Unlike some previous workefg.g.Holland and Lambert, 197&heraton et al.,
19739 who sampled widely and tried to come up with an origin and evolution for the
whole of the commx, Rollinson and Fowlgll987) focused on one specific area and
combined detailed field mapping with geochemistry to try and understam $courian
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 gneisk,of of which were
subsequently metamorphosed at hornblendeanulitefacies and later retrogressed
(Rollinson and Fowler, 1987=0ochemical 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 comagntia suite though still derived from a similar mantle source region
(Rollinson and Fowler, 1987REE measurements, however, suggasheterogeneous
mantle source; this could be due to crustal contamination though the authors thought this
was unlikely. Generally, the amphibolites were thought to have a MiBBource, based
on their geochemistry, but uncertainty of Archaean tectoniogesses 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 édermed by partial (2€80%)
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 drieonditions and with addition of light REEs
(Rollinson and Fowler, 1987The tonalite and trondhjemite could both therefore have
formed from the amphibolites but the granite was not derived from eitfRollinson and
Fowler, 1987. The tonalite and trondhjemitedih require melting under wet conditions so
Rollinson and Fowlefl987) suggested a shallodipping subducting slab, agreeing with
Tarneyand Weaver(1987) and Rollinson and Windle§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 gawetisnew bodies of rock.
Castro(2004 showed that partial melting of the dominate tonalite gneiss in the Central
Regim could only form small amounts of granitic melt. The granite shedtsis 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 elenent
partial melting to form the granite sheets around the Lagf@hear Zone. Watkins et al.
(2007 experimentally melted samples of typical amphiboliéeies biotite tonalite and
hornblende tonalite from the region of the Laxford Shear Zone which were interpreted to
berepresentative othe 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 fduevidence for this partial melting
from the field relationships, petrography and geochemistry of large layered mafic

ultramafic bodies. Felsic sheets and quddirispar pegmatites with coarse peritectic
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clinopyroxene record are records of migmatisatidrtiee metagabbroic rocks as they cress
cut layering in the mafic bodies. Wheleck geochemistry linked these felsic melts with the
source metagabbros and with the ulttagh temperature conditions in the Badcallian
event, the partial melting of large vahes 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 malfioramafic bodies
prevented them from being extensly reworked and enabled the preservation of the
relationships of the felsic sheets and clinopyroxgrgmatites to their host metagabbros.

Advances in understanding of metamorphic reactions and mineral stability fields
and experimental work to create géhermometry 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 Lewdstan
Rollinson, 1979 Savage and S|l 1980 using a variety of geothermometers and
geobarometergWood and Banno, 1973Vells, 1977Lindsley, 198Bbut onlya few will be
described here. Barnicoat (1983) deduced grandhiges metamorphism in the Scourian
rocks exceeded 100C and 8.5bar from garnetclinopyroxene iorexchange
thermometry, although he warned of problems with incomplete-equilibration of
thermometer minerals such as garnet, orthopyroxene and clinopyroxene as a result of very
aft2g O22tAy3 FFGSNI LISKH YS{(19782folhdKthad P> h QI |
conditions yielded by geothermobarometry were not necessarily peak metamorphic
temperatures but reflected conditions at whidliffusionstopped.

Sills and Rollinso(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 twepyroxene geothermometer gave temperaturesfo-900°C for
ultramafic granulites and 60825°C for tonalitic granulitegSills and Rollinson, 1987

Again, different calibrations gave a range t@mperatures on the garngpyroxene
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thermometer in ultramafic granulites while mineral textures were important here too:
mineral grain cores gave temperatures of 7WC while symplectic overgrowths were
around 600C (Sills and Rollinson, 1987 Garnetpyroxene can also be used as a
geobarometer but requires quartz so Sills and Rolling®87) applied it to structurally
related metasediments near Scourie darobtained pressures of 685koar. Pressure
estimates for the ultramafic granulites using less reliable geobarometers yielded a wide
range ofpressures from 1:82.2bar; the authors suggest a range of B.Bkbar may be
about right (Sills and Rollinson, 19B7Textural and geothermobarométr evidence
suggested that the garndtJ@ NP ESY S &e a (G SY -860tCaandWokieddsd e/ Q | G T pn
peak metamorphic conditions would have been slightly higher than(8iils and Rollinson,
1987). They also investigated cogenetic Scourian tonalites and trondhjemites: ilmenite
magnetite oxygen thermometry indicated a magmatic temperature of-898C°C while
hypersolvus feldspars gave a temperature 00A (Sills and Rollinson, 198 TCartwright

and Barnicoat(1987) estimated granulitefacies metamorphism at Stoer in the Central
Region from metasediments as having peak temperatures ofo®25C aml peak pressure

of >11kfar.

Most of the PT estimate work has concentrated on the Scourian grasiatites
metamorphic event while relatively little has been done on later metamorphic events. Sills
and Rollinsor(1987) suggested Inverian retrogression occurred~800°C and tentatively
estimated >500C for Laxfordian metamorphism from muscovites in shear zones. Droop et
al. (1999 used metasediments and other rocks from the Loch Maree Group to estimate
Laxfodian PT conditions more precisely. They estimated °63@and 6.5kéar from
metapelites and 530 from other rockgDroop et al., 1999 Baba(1998 estimated PT
conditions in the Proterozoic granulifacies rocks of South Harris. From mineral textures
he determined a metamorphic history of: prograde metamorphisvith temperature

increase the dominant factor; prograde metamorphism with pressure increase the
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dominant factor; decompression retrogression; retrogression with shegiaipa, 1998
He estimated peaknetamorphic conditions of 80C and 13l4kbar from metasediments
(Baba, 1998 Baba (1999 subsequently found sillimanite inclusions in orthopyroxene
indicating a peakemperature of 950C.

Barnicoat(1987 proposed a new model for the cause ofo8dan highgrade
metamorphism¢ enhanced heat flow in the base of the crust from radionuclide decay
together with tectonic crustal thickening. Tmgnt against previous suggestions that high
grade metamorphism is caused by enhanced mantle heat flow amdinarease in
magmatism(e.g.Oxburgh and Turcotte, 197%chuiling and Kreulen, 197/ the Lewisian,
it was previously suggested that intrusion of the tonalitic magmeaee the cause of high
grade metamorphism but Barnico&t987) disagrees as he argues that the time elapsed
between major magmatic activity and peak metamagrh (~200Ma) was too long. It
should be noted though that this assumption is based on oldN&hgeochronology that
may be incorrectly interpreted. His thermal models suggest a slow cooling rate as does the
extent of reequilibration of Scourian granulitgBarnicoat, 198y He also argues against
the alternative idea that mantlelerived C@degassing was the cause of metamorphism as
he calculated that the amount &Q necessary would completely dehydrate the rocks and
make stable isotope ratios homogeneous, neither of which is gBannicoat, 198) He
pointed to the repeatd sequence of metasediments and ultramafics mapped by Davies
(1976 as evidence for the thrusting which caused tectonic thickeriBaynicoat, 198y
The model suggests a peak metamorphic temperature of-IBB'C at 35km depth,
dependent on the amount of radiogenic heat flow and that the Scourian rocks could have
remained ata temperature of >908C for more than 100Ma with a slow cooling rate ef 1
2°C/Ma(Barnicoat, 198y

The most recent (at time of thesis submission) attempts to tens PT

conditions in the LGC have involved using mineral equilibria modelling. Johnson and White
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(2017 constructed pseudosections in THERMOQAIb@and and Powell, 1998&r the bulk
composition of a metgabbro and a metapyroxenite from near Scourigth have
granulitefacies metamorphic assemblages so the calculated PT estimates are interpreted
to reflect peak Badcallian conditions. They calculated conditions et B5kbar and 875
975°C. Furthermore, they interpreted ne@othermal decompression to pressgrof 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 a{2012 followed a similar approach in conmlismg mineral
equilibria modelling with petrographic observation to determine peak Badcallian conditions
of >900°C and 136kbar from metasedimentary gneisses at Stoer, from the same suite of
rocks analysed by Cartwright and Barnicqa®87). The pressures are relatively high
compared to the peak Badcalli pressure estimates of Johnson and WHR2611) from
metabasic rocks at Scourie, indicating that further work is required to properly constrain
peak Badcaln PT condition. Petrographic characterisation of the metasediments by Zirkler
et al. (2012 showed that there was hydrous retrogression of the peak grantgitées
assemblage, evidenced by retrograde growth of hornblende, biotite and other hydrous
minerak. This retrogressive assemblage indicated PT conditions6dskbar 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
Canplex was by Gilett{1959 who dated LaxfordianTTGgneiss andpegmatite from
Laxford Bridge, yielding ages @f3001500Ma, and a Scourian pegmatite from south of
Scourie at~26702770Ma, both by RiSr dating. Giletti et a{1961) followed this up by
using RESr and KAr decay systems to obtain dates s2460Ma and ~1600Ma for a
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Scourian pegmatite and Laxfordian rocks respectively. We now know that ages generated
by these methodsnust be viewed with care: Ar is easily lost from the crystal latticeSRb
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 lagae Wheeler et al.,
2010; and RBSr 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 favauin studies of the Lewisian due to its polymetamorphic history,
although some workers have subsequently tried it as a check for other syqeims
Chamberlairet al., 1986 Waters et al., 1990CIiff et al., 1998 Pidgeon and Bowg4972

made one of the earliest attempts at dating zircons using tHebldecay system, which was
advantageous due to its high closure temperature and the robust natuirain. They
obtained an age of 2700+20Mfor granulitefacies rocks from the Central Regi@idgeon

and Bowes, 1972 This technique was to come to the forefront in later decades.

The 1988 brought on a fresh pulse of dating work as isotopic systems became
better understood and it was Sidd that was at the forefront. Si#Nd analysis can be
performed on single minerals (if there is a spread in Sm/Nd ratios) or whboleanalyses
so it is réatively easy to carry oVhitehouse et al., 1996Hamilton et al(1979 were the
first to apply the SANd decay system to the Lesian. They measured isotopic ratios in
mafic and felsic gneisses from the Northern and Central regions and constructed a
regression line to give an age 0920+50Ma, which was interpreted as a protolith age.
Humphries and Cliff1982 also obtained an age of 20250Ma although this was solely
from Scourian granulites. The Svd isotopes also gave an age of @#490Ma for the
breakdown of garnet, interpreted as a cooling age, which ssigghe isotopic system was
still open and therefore liable to be affected, yielding isochrons of dubious importance

(Whitehouse et al., 1996
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SmNd dating led to detailed interpretations of crustal differentiation and growth,
for example Burton et al1994) obtained mineralages of~3300Ma for hornblendite and
~2490Ma for trondhjemite at Gruinard. Whitehouse et £1996) later showed that many of
the ages previously obtained from Svd dating(e.g. Waters et al., 1990Cohen et al.,
1991 Whitehouse, 1993Burton et al., 1994Whitehouse and Robertson, 199&ere of
dubious importance due to the effects of later metamorphism, very large uncertainties and
O2yaliNUHzOGA2Y 2F &LJzNA 2 dza -chgerde@ Ok Andimportar NNE2 NDO K NB v
factor in dating magmatic protolith formation bgingle mineral dating is that the mineral
must be in equilibriumwith the parent magmaut in the Lewisian, most minerals are in
disequilibrium due to subsequent polyphase tectonothermetivaty (Whitehouse et al.,
1996). Rollinson and GravestodR012 investigated rare earth eleménREE) patterns
(including Sm and Nd) in clinopyroxenes from LGC mafic rocks and showed that they had
been variably altered during the Badcallian grandi#teies metamorphism. This showed
the potential unreliability of SeaNd dating of protolith formationand offered an
explanation for the scattered pattern of whole rock isochron ages.

Whitehouse et al(1996) constructed wholerock isochrons from mafigneisse and
trondhjemites from Gruinard that they believed to be cogenetic from fiekitlence and
obtained ages of 243:91Ma and Z95t28Ma respectively. They interpreted thaheir
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 SANd system by later tectonothermal activi(Whitehouse et al., 1996
Cliff et al. (1998 measured SANd ratios from the Outer Hebrides but they too
encountered problems: in some samples, mineral data did not plot on an isochron with the
wholerock data and the authors acknowledged ambiguitythe closure behaviour of the

SmNd system.
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As described above, the SN dating technique is not without its problems. Dating
using lead isotopes became timeain approach to dating events in the Lewisian from the
late 1980s onwards. At first it was usdor comparison with SANd ages(Whitehouse,

1993 Whitehouse and Robertson, 199%/hitehouse et al., 1997bAll early UPb dating

work and much of the more ufp-date work was done by the thermal ionisation mass
spectrometry (TIMS) technique, which involves extracting a particular part of an zArub
ionising it before mass spectrometry analy@arrish and Noble, 2003By the late 1980s,
however, the secondary ionisation mass spectrometry (SIMS) technigage been
developed and was starting to be used for dating the Lewisian. This technique involves
analysing isotopic composition using an ion micropr@lbeland and Williams, 2003SIMS

has a good spatial resdlon (~3Qum) 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 SIM&nd 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 TIMSttmugh, by abrading or micrmilling
out the relevant parts of the zircofe.g.Krogh, 1982Mattinson, 2005. Corfu et al(1994)
dated zircons from the Central Region by TIMS. They yieldesbag2710Ma, interpreted
as the timing of the granulitéacies eventand~24802490Ma, interpreted to be the pre
dyke Inverian even{Corfu et al., 1994 Field evidence had suggested that the Inverian
event was amphibolitdacies butCorfu et al(1994) suggested it may have been granulite
facies to have causdtie significant zircon Wb reseting. The authors also suggest that an
influx of fluid in the Inverian event (field evidence from abundant pegmatites) may have
aided zircorrecrystallisatiorat upper amphibolite facie€Corfu et al., 1994 Field evidence

suggested that the poaiyke Laxfordian event was amphibolf&ciesand as zircon was
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not believed to be affec at such pressuremperature conditions, Corfu et af1994)
used titanite ad rutile to date this event, again by theRb system. Granite sheets on the
boundary of the Northern and Central Regions yielded titanite ageg ©§4Via while rutile
and titanite from banded gneiss deformed in the Laxfordian produced an agd &G
1690Ma (Corfu et al., 1994 These minerals contained unusually high levels of iuran
thorium and lead which led the authors to conclude that metasomatism played a large part
in the Laxfordian even(Corfu et al., 1994

Whitehouse et al(1997h used the UPb system to try and resolve the controversy
arising from the variance in SNd ages obtained from Gruinar@urton et al., 1994
Whitehouse et al., 1996 SIMS Pb isotopdata yielded a agecluster of~2850-2750Ma
reflecting a higkgrade tectonothermal event that broadly correlated with tBexNd 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 granuligecies pyroxendearing gneisses. They suggested a
granulitefacies event dated at2730Ma while the UPb data yielded no significant age to
match the Inverian previously dated in the Scourie area of the Central Rggyofu et al.,
1998. The correlation of higigrade event dates led them to affirm the presence of
Gruinard in the Central Region while they explained the lack of a date for the Inveean ev
at Gruinard as down to shielding from the amphibofiseies rehydrating fluidéCorfu et
al., 1998.

Another mineral that has been used for dating with théPbl system is monazite.
Zhu et & (1997 obtained monazite crystals that were trapped as inclusions inside large
metamorphic garnets from a metasediment near Scourie. They argued theagarnet
acted as a buffer, protecting thaonazite from later amphibolitéacies reworking (i.e. the
Laxfordian) and would date granulifacies metamorphisnizZhu et al., 199) SIMS dating

of monazites yielded two age clusters a2740Ma and ~2400-2500Ma, which were
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interpreted as two granulitdacies eventg(Zhu et al., 1997 Monazites that were not
protected by garneyielded Laxfordian ages e1750Ma (Zhu et al., 1997

U-Pb dating was used by Heaman and Tar(i889 on baddeleyite to date the
intrusion of the Scourie Dykes. This datingThyS yielded age clusters of1B+7/-4Ma for
norites ard bronzite picrites and 992+3/-2Ma for oliine gabbros and Fech dolerites
(Heaman and Tarney, 1989 he reliability of these ages is uncertain as bedhaviourof
baddeleyite in complexgeological environmentgs poorly understood. Furthermore, field
evidence shows thathe 2418Mapicrite dykes actually crosaut the 1992MaFedolerite
dykes(Tarney, 1978

As more and more isotope dating work was carried out, the traditional theg@n
model with granulitefacies Badcallian and amphibolitacies Inverian prelyke eventsand
the postdyke amphibolitefacies Laxfordian was beginning to be questioned. This mainly
stemmed from WUPb ion microprobe (SIMS) dating from the A@B0s onward¢Friend and
Kinny, 1995Kinny and Friend, 199Friend and Kinny, 20Q0Love et al., 200&Kinny et al.,
2005 Love et al., 2010 Kinny and Friend1997) suggested that the Lewisian Gneiss
Complex was composed distinct crustal blocks and redeéd them as disparate terranes
separated by crustalscale shear zonegFriend and Kinny, 2001 Their work initially
focussed on the Northern and Central Regions and their boundary at the Laxford Shear
Zone (LSZKinny and Friend, 1997 They obtained protolith ages e£2680-2840Ma from
the north and~2960-3030Ma from the south(Kinny and Friend, 1997granulitefacies
metamorphism was dated to the south of the LSZ2¢90Ma, while the Northern Region
was neverbelieved to haveaeacgedgranulitefacies metamorphi conditions(Friend and
Kinny, 2001

Kinny and Friend1997 suggested that the fst common dateable event from
either side of the LSZ was the Laxfordian-ki50Ma. They used this to argue against the

previouslyheld view that the Northern Region rocks were the same as the Central Region
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but had suffered pervasive Laxfordian reworkiignny and Friend, 199.7Assuming that
metabasic sheets seen in the Northern Region were transposed equivalketits 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 Dykeg¢Kinny and Friend, 199.7Friend and Kinny2001) subsequently proposed

that the terrane docking event was what caused Laxfordian metamorphism and
deformation. Thisvas based on isotap ages of 1854+138for granite sheets that they
believed occurred only on the north side of the LSZ.

Friend and Kinny2001]) interpreted that two terranes amalgamated during the
Laxfordian tectonothermal event. Goodenough et(@D10 later showed that the granite
sheets dated by Friend and Kin(8001) 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 gamhted in the Inverian with
some reactivation in the Laxfordiaj@oodenough et al., 2010 Friend & Kinny2001)
tested UPb zircon isotope data to see if correlations could be mastereen the mainland
and the Lewisia of the Outer Helides. They obtained an age o672+8Ma for granite
sheetsin North Harris and suggested that they therefore should not be correlated with
those of the Northern Region on the mainland, which were dated8g4+13Ma(Friend
and Kinny, 200 They suggested thahe ~1740Ma Laxfordian event occurred in much of
the Outer Hebrides but that South Harris (interpreted to be a separate terrane due to
granulitefacies metamorphism at1880Ma) accreted some time afterl679Ma, the age
for one of its bounding shear zon@&iend and Kinny, 2001

Love et al.(2004), using the same ion microprobe technique, dated rocks from
Gruinardto try and prove if the Lewisian rocks there could be correlated with the rest of
the Central Region. They obtained a protolith age from Gruinarg28P0-2850Ma with

high-grade metamorphism at2730Ma 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 struggéd to obtain any clear dates as isotoplisturbance was extreme at 4&8Ga
interpreted to be due to a granulitéacies tectonothermal ever{tove et al., 2004 This led
them to interpret that Badcall and Gruinard were from different terranes with the
boundary being the Strathan Line, a 15vide shear zone just south of Lochineove et
al., 2004. They dated rocks from either side of this structure and interpreted the isotopic
data toshow that this was indeed the boundaifhe rockso the southof the Strathan Line
correlate with Gruinardwhile those to the northappear tocorrelate with BadcalfLove 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 sucheaftiom
Badcall or Gruinar@ove et al., 200dand 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 airiidon in the Southern Regiofe.g. Cresswell,
1972 Wheekr et al., 198Yand the Laxford Shear Zone between the Northern and Central
RegiongGoodenough et al., 20)0

Commenting on Love et al2004), Corfu (2007) suggests that the isotope
regression lines for Badcall indicate that there must be a tectonothermal ever280-
2600Ma if the ~2480Ma event identified by Love et a200H)A & | WNBIf Q S@PSy i a
(1994 specifically suggested this was-&720Ma. He also points to the monazite data of
Zhu et al(1997) as further evidence of a granulifacies metamorphism around this time
(Corfu, 2007. As for Gruinard, Corf2007) suggests that Love et a(2004) have
misinterpretedboth 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 relaionships. In reply, Friend et §2007) defend their interpretation(Love

et al., 2003 of no inheritance in the zircons from Gruinard as the trondhjemites in which
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they are found are undersaturated in zirconiwm any inherited zircons would recrystallise
as new magmatic zircons and inheritance is therefore unlikely. Gaéd7) arguesthat
SIMS cannot validate the precise ages obtained by TIMS while Friend2§03).contend

that TIMS can yield mexl ages as it cannot always distinguish between distinct zircon
zones.

Following all this ion microprobe dating wofkriend and Kinny, 199¥inny and
Friend, 1997 Friend and Kinny, 2001 ove et al., 2004 Kinny et al(2005 formaliseda
modelwherethe Lewisian Gneiss Complsxomposed of disparate terranes with different
formation and metamorphic historieswhich amalgamated during a common
tectonothermal event. In this paperhéy 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 mao@éhny et al., 2006
They presented a map (Fig.7R2.showing all their different terranes and essential dates
related to each as well as brief descriptions of each terrane and their sutikinesy et al.,
2005.

Park (20095, in commenting on this modglauded the authors for attempting to
rationalize the terminology associated with the Lewisian but disagreed with their
adz3asSadAizy GKFG GKS (GSNY W[ ~MEZPMaNdetarhoyphic &8 K2dzx R 06 S
event and instead preferred its traditional use @svering all events following the Scourie
5818 AYyUdNHZAA2Y® 1S Ffa2 LINBTSNA (G2 d&as GKS GSNY
Kinny et al(2005 asW i S NiMpligs §r@at amounts of translational movement for which
there is no evidencéPark et al., 2006 In the discussion, PafR005) tentatively suggests a
two-plate model with subduction in the Palaeoproterozoic (evidenced by arc material e.g.
the ~2000Ma Loch Maree Grougwhitehouse 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 differeparts of the Lewisian Gneiss

Complex with the exception of Assy(iFark et al., 200p

" oy RHICONICH TERRANE
-NE..,E Eﬁmﬁqm Minch 5"W' 715 protoliths 2840-2680 Ma
o / Fault graniies 1855 Ma

F:ﬂpfgﬁ;ts amhibalie amphihelile facies c. 1740 Ma

,"‘
TARBERT TERRANE ’ t
TTG protaliths ¢.3125-2800 Ma | Alasdair £

granites ¢, 1675 Ma

I Laxford Shear Zone

reworked in Proterozoic |} : o post-1855 Ma graniles
amlphubolnc facies g OH FZ:,"’;" Strathan Line pre-1740 Ma n?emmnrphism
only ; §
M 2 24 tecianic contace
Wy o (‘-; - ;'p post-2490 Ma, ASSYNT TERRANE
o1 pre-dyke TTG pratoliths S050-2960 Ma
'rq.?,’_.'.\. ’,l oranulite facies c.2480 Ma
Y 'y. sOme a_rnphlbglll[?rl‘a-:ies
] reworking ¢ 1740 Ma
?Er_-l{NRi’?uEll;HAL 11T == 7 Gruinard Balt N
! L i Ptectonic confact o |
ssdments e o0 L PR 7 sostzrsoa 5 SN
UHT facies ~1880 Ma R (¥ GRUINARD TERRANE
. “-':( « E TTG pratoliths ¢, 2840 Ma
Ensay S7 h Lar:'ga\.'al 57 ranulite facias ¢.2730 Ma
pum-c!frmau Ma posl 1675 M " rolerazaic amphibolile fackes

GAIRLOCH TERRAMNE
Loch Maree Group: volcano-
sadimentary pile = 1905 Ma
TTG protaliths ¢ 1905 Ma

IALLTAIG TERRANE
TTG protoliths ¢.2000 Ma
granulite facles ¢ 1875

i . . N
Hjl'ihggg: ) HDna--'.'- “E‘-a-mphibalita facies metamorphism c. 1670
prololiths — W ' ) .

Proterozoic = OHFZ I o Shieldaig 52 post-1875 Ma
e RONA TERRANE
- I \ : 4 TTG protoliths ¢.3125 and 2820 Ma
. Corodals Gneiss: T A partial melting 2850 Ma

retrogressed granulite facies

Archaean protoliths imense amphibelite facies reworking at ¢ 1670 Ma

ax-granulits facies AW
Proferozaic amphibolite  ©
— facies reworking

—--:v Barra:

o TTG protaliths £.2840 Ma
ranulite facies ¢ 2730 Ma

?= Gruinard Tarrana?)

Mainland terranes

Rhiconich

e | o LT terrane
e - e R =" houndaries

Fig. 2.7 Terrane model for the Lewisian suggested by Kinny. ¢€2@05).
In reply, Kinny et a(2005 defended their redefinitor2 ¥ G KS G SN¥Y W[ I EF2
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 Lewisi@neiss Complex was involved directly in

subduction(Park etal., 2008 ¢ KS& AyaidSIFIR adaA3sSad GKIFIG GKS

somewhere outboard of the subduction zone and the arc is no longer visible, analogous the

73



Cordilleras of North Americ@Park et al., 2006 As for tle two-plate model, Kinny et al.
(2009 point to a lack of granulitéacies gneisses in possible low#ate areas as a problem
with that model, as well as Sid isotope data suggesting crustal differentiation at
different times in different parts of the Lewisi&®.g. Whitehouse, 1989

Park (20095 subsquently expanded on his twplate model by assigning the
terranes of Kinny et a{2005) to either an upper or lower plate or as Palaeopmt®oic arc
complexes (Fig. 8). He defined upper plate blocks as being characterised by retrogressed
granulitefacies Archaean rocks with localised Laxfordian deformation while the lower plate
blocks were amphibolitéacies originating at a higher crustdevel. The upper plate blocks
are Gruinard, Ruadmheallan, TireeColl 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, Carnexibollie, Rona, West Uist and Tarbert (Fig.
2.9). SIMS dating by Kelly et &008 supports correlation within the Lewisian and less in
the way of disparate terranes but they swgg Tarbert may be correlated with Gruinard as
the share a tectonothermal event atZ730Ma. Kinny et al(2005 thought Tarbert and
Rhiconichcould not be correlated due to different ages of the granite sheets in each
terrane although Park2005 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 WPb isotope TIMS dating by Mason et #1004 who, despite some
ambiguities in the isotopic data, suggested protolith ages for both as b&&@0Ma. The
Nis terrane also has argprmal structure so may be contiguous with the Roineabhal
terrane (Fig. 2.0). Park(2005) also interpreted that the Loch Maree Group could also have
been part of thesame block with later disruption by the Outer Hebrides and Minch faults.
The synformal structures may have been caused by late Laxfordian foRfnig(2005

suggests lat one terrane may have multiple TTG protolith ages from multiple intrusive
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events,as well aseffects on agesrom magmatic assimilation & fractionation, something
not considered by Kinny et a{2005. Furthermore,care must be taken when using
tectonothermal events for correlatioaslithology, strain variation and amount of fluiday

be heterogeneous butould all influence interpretation.
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Another aspect of research into the Lewisi@neiss Complettas been looking for
comparisons with other similar geological areas. This was recognised in the title and
content of the proceeding®f the 2 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 Amaean block, which was last affected by regional metamorphism
at ~2500-2700Ma, flanked to the north by the Nagssugtogidian mobile belt and to the
south by the Ketilidian mobile belt, both of which were most recently deformedl@0-
1900Ma (Andrews et al., 1973 All three are composed of polymetamorphid Ggreisses
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 Gr@Wrightet al., 1973. The Archaean
gneisses at Angmagssalik belong to the Nagssugtogidian, which is petrologically and
geochronologicalljyAndrews et al., 1973imilar to the Laxfordian gneisses of the Lewisian

(Wright et al., 1973 Andrewset 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 3¢ Lewisian conference of 1985 brought about further insights into correlations
with Greenland and further afield. Myer§l987 correlated the Lewian with the
Nagssugtogidian mobile belt of Greenland as they share a similar history, deduced from
field relationships and recorded in isotopic ages. The Nagssugtogidian formed around
~2900-2700Ma with metamorphism and deformation arour€2600-2300Ma, folowed by
intrusion of a mafic dyke suite and then further regional metamorphisml800-1700Ma
which reflects the evolution of the Lewisian fairly clos@¥yers, 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. Tlhewisian and southern Greenlamgere also correlated with
the Nain Province of Labrador in Cang#arstgard et al., 1997 Park(1994) looked for
wider correlations in the North Atlantic region. He found that many of the Precambrian
shield regions inthis area shared metamorphic and deformation histories or were in
tectonicallyrelated settings. All recorded an orogenic event-a800-1600Ma, which was
interpreted to have been caused by the collision of the Malin block Wwébrentia and

Baltica (Fig2.11).
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Fig. 2.11 Speculative plate kinematic models for the perio@®1800Ma (A) and 800
1600Ma (B), after ParkL994). AbbreviationsEGC=Ereenland craton; KAR=Karelia craton;
LapKol=Laplan&olabelt; Rin=Rinkiaterrain; Tor=Torngat bet; Mal=Matin block;NAC=

N Atlantic cratonMak= Makkovik; Ket= Ketilidian; Nag= Nagssugtoqidian;
Amm=Ammassalik; Lew=ewisian; Svec= SvecofennidaiB=TransScandinavian igneous
belt; GGF=Great Glen faultHBF=Highland Boundary fault; B= BABEL desgnsic

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 transpoithin the Early Proterozoic
belts; black triangles indicate inferred dip of margins of continental block#t (B300-
1600Ma: cratons and active intracontinental belts ornamented as in (A).
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In his reinterpretation of the Kinny et dR005) terrane model, Park2005 offered
some further suggestions owider North Atlantic correlations and palaeogeography (Fig.
2.12). In his upperand lowerplate 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 Nagssugquidian 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) accretd to upper plate at-1900Ma; 2) Plate collisio and subduction at :870Ma
generating the calalkaline plutonic rocks of Roineabhal, Nis and Loch Maree with early
Laxfordian metamorphism; 3) Malin arc collides with Lewisian-1Jat40Ma generating
widespread metamorphism and deformation, causing disruption of plates and

rearrangement into present situation along major shear zones.

79



5 = = = =g
/=]
---—=" Rhinns
complex

CGC

Kal

proferozoic
ocean

~20Ga

Fig. 2.12The Lewisian in its wider Precambrian context, from Fa@k5. CGC, central
Greenland craton; Goth, Gothian belt; Kar, Karelia craton; Ket, Ketilidian belt; Kol, Kola
craton; LapKol, LaplangKola belt; Lew, Lewisian; NAC, Noithantic craton; Nag,
Nagssugtogidian belt; NI, north Ireland; NS, north Scotla§dDistribution of cratons and
orogenic belts during the Mesoproterozoi) @t 2000Ma: subduction and creation of a
volcanic arc in oceanic crust between two continepiates (NAC and CGC/Kol) followed
by accretion of oceanic/arc elements along the leading edge of the KCAGL {8 70Ma:
collision of the two continents followed by underthrusting of the CGC/Kol craton beneath
the NAC, causing the early Laxfordian defoiiorabind metamorphism. At the same time,
collision occurs in the Lapland/Kola belt to the SE caused by collision with the Karelia
craton. Note the NWSE movement directionDf At 1800Ma: development of a volcanic

arc in oceanic crust SW of the amalgamatedtinent created in BHj At 1750Ma: collision
0SG6SSy GKS WalfAy IINOQ FyR (KS O2yiGaAySydGz OF dza A
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:
mappng, 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; 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 furtherlgsia 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 mappedksto show how zircons responds
under different geological conditions.

Mapping was generally of relatively small areas, between <5k 35nf. Some
mapped localities were sites described in the literature while others were identified as
suitable for ths study by ground reconnaissance of large areas. The criterion for choosing
localities to map was unambiguousdisplayed field relationships between lithologies and
structures of different age, where the relative ages were clear.

Mapping was carried dweither by traditional means, using a paper basep 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

basemap, which is ver useful for detailed maps of very small areas while also making a

81



larger context map for that detail map. Multiple baseaps can be used and all can be geo
referenced, which, along with the buith GPS system, means that the position of the user,
and herce 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
adz2NNR dzy RAy3a 2F GKS dzaSNR&a LI & Astale2mams, aC 2 NJ
measuing tape and graph paper were used as the detail was beyond the resolution of the

GPS and any baseap.

Sampling

As well as recording the geological history of each locality, detailed field mapping
also provided a framework for strategic sampling for liert analysis. Samples were taken
mainly from the rocks that were most likely to contain zircons: fefgermediate meta
igneous gneisses and metasediments. Occasionally samples were taken from mafic
lithologies if their identity was unclear in the fiedthd 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 thard and often isotropic nature of the
rocks. Samples were ~10@000cnt 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 analyseesiitn 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 wateusing a roclsaw

with a slow diamond grinding blade at the University of Liverpool.-$&ation sized pieces
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of the samples were sent to be made into standard 3efaik polished thin sections at the
University of Birmingham or University of Keelemparable pieces were also made into
polished thick sections at University of Liverpool; these were manually polished with
carborundum powder at 400200 grade then with -Bum Buehler Metadi Diamond
Suspension on a Kent 3 Automatic Lapping and PolishingThm and thick sections which
were subject to electron backscatter diffraction (EBSD, see below) analysis were also

L2t AAKSR 6AGK noupxyY {8d2yun O2tt2ARLE &AtAOL

Petrography

Thin sections were analysed with a Vickers polarising transmittgd bptical
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 lbgiical microscope.

Mechanical zircon separation

In order to augment analysis of-fitu 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 jawusher which reduced them to sand grade. The
sand was the sieved to <500um 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 fractienwere 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 thorougly 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 separateditanite and any quartz, feldspar and apatite grains that got through the
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separation process. Zircon grains were then haitked out of the separates for analysis
under a Leica DMLP reflected light microscope at the University of Edinburgh; large,
fracture- and inclusiorfree translucent grains were selected. These grains were mounted in
Epothin epoxy resin in a onach diameter aluminium holder. This grain mount was then
polished with 4001200 grade Struers Silicon Carbide grinding paper, Buehler Metadi

Diamond Suspension at6um and 0.25um 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 usiiglips XL30 Scanning Electron
aAONRaoO2LIS 6{9a0 i GKS !yA@SNAAGE 2F [ADBSNLR2f
that has a vertical column and horizontal stage, which can be tilted if necessary thus making
it versatile for a number of different pes 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 lerfscuses 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 pointingand 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, 198Prior et al., 199). A different volume of the samplethe
activation volumeg is responsible for the generation of each type of radiation and each
GeallsS Oy 6S WAYI3ISRQ s. dBadkstateredR eldcFaBNIand RSGSOG:
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 specimébloyd and Hall, 199® { 2f ARmadl 6 S RS{GSOG 2
on either side of the pole piece and enable imaging of electsmadtered 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 tlaenple 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
YSEY FTi2YAO ydzyo S NI tominer@lL ofniahingidalemants with a high NB a dzt
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 2@alcium. 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&n emission cuent 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 samle 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 ¢ cathodoluminescence, I N3 LINRP RdzOSR® /[ SYYAGGlIyOS OF
presenceof F€* 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 elememgarticularly Dy
(Corfu et al., 2008 CL is traditionally used to show internal chemical zoning in zg¢be
brighter and darker CL responses due to varying levels of REEs are tet:tpreepresent
different growth or recrystallization domains. This zoning is used as a guide for ion
microprobe analysis (see below)analytical ablation spots should not overlap different
zones so that the data gathered represent a single event. Chesnwere taken at a
working distance of 223mm, accelerating voltage of 10kV and spot sizeawd an

emission current of ~3nA

Energy Dispersive X-Ray Spectroscopy
Another SEMosted technique used was Energy DispersivieaX Spectroscopy

0 9 5 { 0 dadiationNg- einitteldJwhen the incident electron beam hits the sample; the

aLISOGNHzY 2F SySNHASA 2F GKS - nmNlre@&a SYAGGSR

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-MJ} @ & LINR RdzOSR FNRBY | LRAYy(d dzaAiy3

OK

[

K2fSa I NB ONBIGSR Ay G(GKA& &S Ytheninbgiaidedas A y3 ONB &G |

is proportional to the energy of the-bays. Applying a potential allows a current to flow

OKFG A& LINPLRNIAZ2YLFE G2 GKS ydzYoSNI 2F K2f Sax

to strike the crystal. After counting-tdys for a gien 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 thay$ are measured on
the same spectrometer so one analysecords 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. Serguantitative EDS was conducted omajor 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 stalMeasured spectra were
compared to standards to determine element abundances. Detection limits for the major
elements measured were ~0.5wt%. Analytical precision was generally <26%

confidence levels) for concentrations >1wt% but higher for concewoinat<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 generagdettteon 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 eleng@re diffracted off the lattice
planes and onto a phosphor screen detectdhe pattern of bands (Kikuchi bands)
generated by electrons hitting the phosphor screen are referred to as electron backscatter
patterns (EBSPs). These patterns are then digitalexed 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 thenpse. Each crystal or area of sample was acquired
individually using the automatic mapping function in Flamescfiware where the beam
rasters across a specified area. Acquisition parameters including binning, Hough space and
V/H ratio were refined for ezh 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 ~0.5um for zircon while the precision in measuring the crystallographic

angles is +0.54nd accuracy is £2°.
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Once acquired, raw data files were processed in CHANNELS software, mainly using
the Tango module. This allows a map of the data of the acquisition area to be constructed
showing different datasets: band contrastthe pattern qualityof the Kikuchi bands for
each pixel; aleuler angles¢ the crystallographic angles of each pixel; and Texture
Component¢ a plot of crystallographic orientation relative to a reference point. The
Texture Component function was particularly useful in hgitting intracrystal lattice
misorientation Tango allows the dataset to be cleangul¢ pixels of poor pattern quality
can be removed, single pixels of misindexed data can be removedindggbolation

betweengood datapointscan beusedto 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 €388 and is described
below. The samples were tinto small pieces with a diamoripped 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 toungsten carbide to avoid contamination with Ta and Co. Major
element concentrations were determined after fusion with a lithium borate flux containing
La0s; as a heavy absorber, similar to Fitton et(4B989.

The rock powder was dried at 11D for at least one hour, and a nominal but
precisely weighed 1g aliquot was ignited at 1XD@o as to determine loss on ignition (LOI).
The residue was then mixed with Johnson Matthey Spectroflux 105 in a storiple ratio
of 1.5, based on thenignited sample mass, and fused at 12A0in a muffle furnace in a
Pt5%Au crucible. After the irddi 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 alminium plunger into a thin disk. The mould and plunger were
maintained at a temperature of 22G on a hotplate. Traeglement concentrations were
determined on pressegowder samples. Six grams of rock powder were mixed thoroughly
with four drops of a 2%aueous solution of polyvinyl alcohol. The mixture was formed into
a 38mm disc on a 40nm diameter polished tungsten carbide disc, backed and surrounded
by aluminium, and compressed in a hydraulic press at 0.6 torfs/cm

The fused and pressed samples waralyzed using a Philips PW2404 automatic X
ray fluorescence spectrometer with a fhode Xray tube. Corrections for matrix effects
on the intensities of majoeelement lines were made using theoretical alpha coefficients
calculated online using the Phiisoftware. 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%ess the measured LOI. Intensities of the longarelength trace
element lines (La, C&Nd, Cu, Ni, Co, Cr, V, Ba, and Sc) were corrected for matrix effects
using alpha coefficients based on maglement 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 Compton scatter line as an
internal standardFitton et al., 1998 Lineoverlap corrections were applied using synthetic
standards.

The analytical eproducibility and precision of major elements (Si, Al, Fe, Mg, Ca,
Na, Ti, Mn, K, P) were tested against the BH\&andard by comparing measured values
to those of Govindaraj(l994) (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, BENaBHBIR
standards (Table 3.2Analytical errowas generally <2% (95% confidence levels) for major
elements ahough it was <10% for Na and P; precision was gendratter than 5% (95%

confidence levels) but Na (22%) and P (11%) were higher. For trace eleamaigjcal
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error was generally <10% (95% confidence levels) but varied between the different
standardsused. 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 miolee. EMPA is a quantitative version of
EDS analysis.F Nb 2y O2F GSR (4KAy &a4SOGA2Yy YR Mé NRdzyRa
with silver paint. Beam conditions of ~20nA current and an acceleration voltage of 15kV
produced a spot size of fin. There ae 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 thanalysis could be done in automated mode.range of
standards were used to calibrate peaks in thelide 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 thd8s (95% confidence levels)
for concentrations of >10wt% and better thaR0% (95% confidence levels) for

concentratons of <10wt%.
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BHVO1

Element Ave.(n=136) H ' t NBOAaA 2y Std. value WSLINERAZOAG AT A
Sio2 50.23 0.81 1.61 49.94 0.58
Al203 13.69 0.33 2.44 13.80 0.78
Fe203 12.37 0.12 0.98 12.23 1.12
MgO 7.18 0.18 2.53 7.23 0.68
CaOoO 11.45 0.21 1.86 11.40 0.40
Na20 2.47 0.53 21.54 2.26 8.39
K20 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
P205 0.292 0.03 11.20 0.273 6.65

Table2.1 Precision and accuracy of XRF spectrometer for major elements during analytical
session; reproducibility calculated from comparison of measured values of BHVO
standard with those of Govindaraf&994) (Std. value column).

BCR
Element Ave.(n=3) H~ t NBOA&A2Y Std.value wSLINE RdzOA 0 A f
U 1.93  0.34 17.58 1.75 9.48
Th 6.67  0.50 7.48 5.98 10.30
Pb 1413 0.47 3.34 13.60 3.77
Nb 1274 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 4773  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 10.00 157 15.75 13.00 23.08
Cr 1030  1.32 12.81 16.00 35.63
Y 404.47 264 0.65 407.00 0.62
Ba 667.00 4.01 0.60 681.00 2.06
Sc 33.17 0.84 253 32.60 1.71
La 2463  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) H~ t NBOA&AZ2Y v?itlg;e wSLINE RdzOA 6 A €
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
Y, 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)
BHVG1

Element Ave.(n=3) H° t NBOAAA2Y Stdvalue wWSLINE RdzOAOGAf
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
\% 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)



BIR

Element Ave.(n=3) H° t NBOA&A2Y Stdvalue wSLINE RdzOA 6 A €
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
\% 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

Table2.2 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 Govinda(af94) (Std. value column). Analyses matke

AY NBR KIFI@S KAIK FyFfeaGdAOFf SNNBNI 6H 03X Fylf
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 o0.01
Trace Rb Ba Th U Pb Nb La Ce Sr Nd
ppm 06 100 08 08 08 02 20 30 10 20
Trace Zr Y Zn Cu Ni Sc Cr \%

ppm 08 08 10 10 20 1.0 20 4.0
Table2.3 Detection limits for major and trace element on the XRF spectrometer.

lon 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 steahdule

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 spuatiated wth pure gold
to avoid electrostatic charging.

lon microprobe analysis was conducted at the Edinburgh lon Microprobe Facility at
the University of Edinburgh. Analyses were carried out on two different ion microprobes. U
Pb isotope analysis was conductesing a Cameca IMS 1270 ion microprobe. The 1270 has
a ~4nAQ, primary ion source with 22.5 keV net impact energy; the beam is focussed using
Kohler illumination, which ensures uniform beam density. The primary beam is mass
analysed to ensure a pure bearh O, ions and eliminate any 8 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 alignmén 3IA @3Sa St fALA2ARIE Fylfeaara
sharp edges and flat bottoms. Clean analysis pits are considered essential to reduce
peripheral contamination and allow eveputteringover the entire analysed area. Further
effects of peripheal contamination are minimised by a field aperture that restricts the
secondary ion signal to a 41 square at the centre of the analysis pit.

The PlesovicéSlama et al., 20Q&ircon standard was used for calibration of U/Pb
ratios. During the analytical session, the standard yielded a m&¥b/*®U ratio of
0.05359+0.00023 (MSWD = 2.4; 95% conf.; Fig. 3.1; 340.5+4n8#M&9. Calculation and
calibration of ratios and data reduction were conducted usingdase software developed
by Richard Hinton athe University of Edinburgh. The detection limits for individual
isotopes were typically <0.15ppb. A common Pb correction was also applietlse. 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. Correctionirfesitu
common Pb was made using measuf&®b 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.

0.059

0.057

0.055 ‘

0.053

206 P b /238 U

0.051

0.049 Mean = 0.05359+0.00023 [0.42%]
95% conf. MSWD =2.4

0.047

Fig. 2.13Weighted average plot 6fPb/”**U inthe 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 duoplasmatr@s ion source with 14.5 keWiet 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 unknowiite analyses from the 91508cn show

an expected, smooth increase in chondnitermalised 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 iBddSurements for

zircon 91500 presented here and those of Whitehouse and 1863 and Hoskin1998.

There is some variation in REE concentrations in the analyses of 91500 (Table 3.5), also

encountered by HoskiL998. For most REEs (particularly the heavier ones), the average

FylFrf@0AOFEf SNNRBN A& +fME> OH 0O o0dzi F2N az2vysS T2
concentrations, it can be significaythigher. This interpreted to be partly due a lack of

reproducibility from the spectrometer but also from heterogeneity in the 91500 standard

as noted above. Errorson Hf, Ti, Yand Zrarmad: O H 0 HKAES . I A& YdzOK K
due to its low concenation. Analytical reproducibility against thdIST SRM610 glass

standard was better tham’s O6H 0 F2NJ St SYSy Raw daty wdse@ aSR o0 ¢ 0

reduced using the JCIONG6 software written by John Craven at the University of Edinburgh.

REE data was chontrinormalised against the values of McDonough and 2085.

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
Th 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

Table2.4 Detection limits for trace elements measured on the 4f ion microprobe; numbers in
italics denote chondritanormalised detection limitgppm) for rare earth elements,
presented here as chondriteormlaised values are given in data tables in chaptéefs 5
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Fig. 2.14 Chondritenormalised 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 9 NNEP NJ
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 25
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 11
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)



Geostandards 91500

Analysis ID 5 15 29 48 56 69 87 128 185 Average 9 NNE NJ &
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 12.5 115 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

Table2.5 Measured values of REEs in 91500 zircon standard and NIST SRM610 glass standard during analytical session showéngpanalytical
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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 sarfnpiesvhich

zircons have been analysed. Data from samples which are not discussed in chaptees 5

provided in the Thesis Appendix.

4a: Field Relationships and Sample Petrography

In this section, the field relationships of lithologies, structures antknail 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 colleatech 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).

A Outcrop area of the LGC | b Location of the field localities

Location
oy ofMapb\vcf’

Sithean

. .
= Mor Laxford Bridge

{g
" 4
Scourie <

Ofo
Mor Scourie ‘966,
= >
O/)s

m Geisgeil
Badcall
Point

Central Region '

oy
(3)
Q
&
Assynt terrane/ -~ S
K
)
$
Duartmore Point $

& N
¥ sk |

0 50km
; @ Village

I Outcrop of LGC m Shear zone locality

2km

Fig. 4.1a Map showing the outcrop area of the LGC and location of mapset shows
location within British Isledy Map showing location of field localities and nearby
settlements.

101



Badcall Point
Field Relationships

The Badcaloint 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 variabbgeformed grey TTG gneiss, typical of the Assynt terranef@ieRegion
(e.g.Sutton and Vdtson, 1951 Tarney and Weaver, 1987The oldest recognised structure
is a gneissic layering fabrigig. 4.2 with ~520mm wide layers of mafic and felsic
minerals. A sample (JM09/BP02) of this waeen at NC14562 41558Field inspection
suggests the pale whitgrey 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 dipghe southwest but there are tight to open folds of
<10m wavelength presenE{g. 4.2h. Occasional pods of 2eém long mafic rock are
wrapped by the gneissic layering. As the oldest recognised structure, the gneissic layering is
interpreted to have fornad in the Badcallian tectonothermal event; the gneissic layering is
attributed to the Badcallian elsewhere in the Assynt terrane/Central Re@anPark,
197Q Friend and Kinny, 1998Vhitehouse and Kemp, 2010

At NC14564 41555the Badcallian gneissic layering is crossby a 20crwide
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-cuttdsy a member of the
Scourie Dyke Swarrfi@. 4.2p. This means that the fabric in sample JM09/BP0idattes
Scourie dyke intrusion but posiates the Badcallian gneissic layering, therefore it is
interpreted that it formed during thenlverian tectonothermal event. lthe Assynt
terrane/Central Region, the Inverian is normally characteriseshigar zonegp to several
kilometreswide suchas the Canisp Shear Zofgeg.Evans, 196%Fvans and Lambert, 1974

Jensen, 1984Attfield, 1987, so this 20crrwide zone would be an unusuatsctural
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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 ~20mwide northwesttrending discrete shear zone cressts the Scourie dyke
and the earlier fabricsiithe grey TTG gneidsig. 4.2p. As it posidates 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 RegiofWynn, 199%. Compositional layering of mafic and felsic minerals in
the grey TTG gneiss are still present but are narrower (~3mm wide) than in the Badcallian
gneissidayering; mineral aggregate lineations of hornblende or plagioclase were observed.
Sample JM09/BP06 was taken from tbliear zoneat 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 ~108ig.(4.2h. Where the dyke is deformed by the
shear zone, a compositeS_tectonite fabric is developed with elongate hornblende mineral
aggregates clearly visible. Garnets withat appears to basigmoid plagioclastails 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 zonelat366 41566
sample JM09/BP04 was taken from here. The foldpasts the sheazone as the south
to southwestplunging 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-lagfordian in age. The
latest structure in the relative chronology dfé¢ Badcall Point locality is a ~80cm wide
pegmatitic granite vein which crossits all earlier structures (Fig. 4.2c), therefore it is also

interpreted to be lateLaxfordian in age.
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Badcall Point NC145416

a Foregound FOV ~20m
Facing N

[ Badcallian
gneissic
layering
i

~ Laxfordian foliation,
strong planar and
linear shape fabric

Possible Inverian
foliation, moderate
\ planar shape fabric

— Badcallian gneissic
W\ layering

Legend for maps b and d

Amphibolite-facies
TTG orthogneiss

Metadolerite dyke

I Pegmatitic granite vein
|= Planar fabric, dip in degrees
!

Linear fabric, plunge in degrees, mineral
noted if mineral aggregate stretching lineation

~ Badcallian/Inverian fabric form line
_~ Laxfordian shear zone fabric form line
X Location and name of sample

/ Mean low water springs

Fig. 4.2 a Photogragh of the Badcall Point localiti;Field map of main lithologies and
structures at the localityc Detailed field map showing all generations of structures with
sample locations marked; Photograph showing the zone of possible Inverian fabric eross
cutting the Badcallian gneissic layering, compass clinometer is 10cnelBhgtograph of
garnets withapparentsigmoid 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 usedhapters 57 of this thesisJIM09/BP02,
JM09/BP01, JM09/BP06 and JM09/BPI4in sections (Figs. 4.3,6,10&12) of each sample
was made so that the petrography could be wadhstrained by optidaand scanning
electronmicroscopy. Detailed petrographic descriptions are given in tabled drid

images of key mineral textures from each sample are shown in figurés4311&13.

Sample JM09/BP02

319/66NE

Fig. 4.4 Photomicrograph of plagioclase with zoned extinction in sample JM09/BP02 (plag =
plagioclase).
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Modal Mineralogy
1 ~50% plagioclase
1 ~40% hornblende
1 ~10% quartz
1

Minor minerals:
0 sub-mm equant epidotes, very high relief and birefringence with straigh
extinction
0 highrelief specklybrown submm equant titanites

~50% plagioclase
1 Irregularxenomorphic~2mm crystals
1 Widespreadsericitisation to varying degrees, lamellar twinning usually still visib
sometimes in what appears to be albipericline twinning
1 Zoned extinction common, sometimes sobncentric(Fig. 4.4)

~40% hornblende

1 Occurdn a sieve texture with quaraspseudomorphs after pyroxengig. 4.5)

1 Aggregates of sulnm equant crystals

1 Crystals within a singleseudomorphundergo pleochroic colour change from gre
to colourless at the sammicroscope stage rotation angtaut this is not the case
between differert pseudomorphs

1 Aggregated with sutlnm equant quartz crystals in the middle of the pseudomor
but only hornblende around the edge

~10%quartz
1 Occurdn a sieve texture with hornblendes pseudomorphs after pyroxene
1 Sub-mm equant crystals
1 Present in thecentre of the pseudomorphsot at the edge
1 Rare xenomorphic ~2mm crystals not associated with sieve texture

General Comments

1 Weaklydevelopedbanding of mafic and felsic minerafisible at the thin section
scale nomineral lineations

Interpretation Comments

1 Although Badcallian gneissic layering is the structural feature in this sample, s
textured hornblende and quartz shows that the Badcallian grantaitées
assemblage has beetafically retrogressed to amphibolitiacies.

1 The sericitisatiomf plagioclase may be linked to the retrogression of pyroxene |
it may also have been caused by fluids associated with the_mtéordian
pegmatitic granite vein which is located <1m from this sample, although other
samples further from the vein (as Wels samples from other localities without a
pegmatitic granite vein) also have sericitised plagioclase.

Table4.1 Petrographic description of sample JM09/BP02.
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Fig. 4.5 Photomicrograph of sievtextured 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 = hornblagtd = quartz).

Sample JM09/BP01

5mm

1298/84N

'XPL FOV=1mm |

Fig. 4.7 Photomicrograph of plagioclase with zonextinction in sample JM09/BP01, dashed
white line denotes crystal boundary (plag = plagioclase).
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Modal Mineralogy
1 ~45% plagioclase
1 ~40% quartz
T ~10% hornblende
T ~5% chloritised biotite

~43% plagioclase
1 1-3mm stubby xenomorphic crystals
1 Patchy sericitisatioto varying degrees, lamellar twinning sometimes well
preserved often possible albitgericline twinning (Fig. 4.7)
1 Zoned extinction common, sometimes vaguely-sohcentric

~40% quartz
1  Sub-2mm stubby xenomorphicrystalsin matrix, larger onesccasionally have
undulose extinction
T Occurdn a sieve texture with hornblendas pseudomorphs after pyroxengib-
mm equant crystalpresent in the centre of the pseudomorphst not at the edge

~10% hornblende

1 Aggregates of subhm equant crystalsvith sub-mm equant quartz crystals in a
typical sieve textur@as pseudomorphs after pyroxene, where quartz and
hornblende are in the middle of the pseudomorphs but only hornblende aroung
the edge(Fig. 4.8)

1 Crystals within a singleseudomorphundergo pleochroic colour change from gre
to colourless at the sammicroscope stage rotation angtat this is not the case
between different pseudomorphs

1 Also occasionally occurs in the matrix as xenomorptudiomorphic 22mm
crystals

~5% chloritsed biotite
9 Clusters of laths/prismat various orientationsindividual crystals up to 1mm long
9 Straight extinction and one strong edgarallel cleavage
1 Slightly pleochroic pale yellegreen in PPL bdirst-ordderdark bluegrey
birefringence indicateshloritisation of original biotit€Fig. 4.9)

General Comments
1 Gneissic layering not obvious at the thin sectsmale

Interpretation Comments

1 Sievetextured hornblende and quartz indicates static retrogression of (Badcalli
pyroxene; this may have oarred in the Inverian tectonothermal event which
would agree with the observation that the planar fabric visible in the field forme
between the Badcallian and intrusion of the Scourie dykes.

I The sericitisation of plagioclase may be linked to the retrogression of pyroxeng
it may also have been caused by fluids associated with the_mtéordian
pegmatitic granite vein which is located <1m from this sample, although other
samples further fom the vein (as well as samples from other localities without g
pegmatitic granite vein) also have sericitised plagioclase.

Table4.2 Petrographic description of sample JM09/BPOL1.
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PPL FOV=1mm
Fig. 4.8 Photomicrograph of sievtextured hornblende and quartz in a pseudomorph after

pyroxene in sample JM09/BPO01, chloritised biotite also shown (hbl = hornblende, gtz =
quartz).

ehloritised
7 biotite

PPL FOV=1mm

Fig. 4.9 Photomicrograph of laths of chloritised biotite sample JM09/BP01 with sieve
textured hornblende and quartz after pyroxene also shown (hbl = hornblende, qtz = quartz).

Sample JM09/BP06

Fig. 410PPL scan of the thin section from sample JM09/BPQ6.
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Modal Mineralogy
1 ~75% plagioclase
T ~20% hornblende
T ~5% quartz
T Minor minerals:
0 submm equant epidotes, very high relief and birefringence with straigh

extinction
0 generally xenomorphic opaques
~75%plagioclase

1 Pervasively sericitise@Fig. 4.12)
1 Sub2mmsubidiomorphiccrystals
I Some larger crystals remain unsericitised in the centre and have zoned extinct

~20% hornblende
1 Elongate but rathekenomorphicstubby crystals, sulnm and often aggregated
1 Different crystals undergo pleochroic colour change from green to colourless g
samemicroscope stage rotation angle
1 1-2 cleavages occasionally visible

~5% quartz
91 Slightly elongatedubidiomorphiarystals up to 1mm long
T Simple extinction

GeneralComments
1 Coarse cnscale banding of felsic and mafic minerals
1 Moderately welldevelopednhornblende and plagioclase aggregataeral
stretching lineations

Interpretation Comments

1 The presence of planar and linear fabrics with an amphibfditees mineralgy is
in agreement with the interpretation from field relationships that this is a
Laxfordian shear zone.

1 The sericitisation of plagioclase is likely caused by fluids flowing along the she
zone. It is possible that it may be associated with the-lasdordian pegmatitic
granite vein which is located ~1m from this sample, although samples from oth
localities without a pegmatitic granite vein also have sericitised plagioclase.

Table4.3 Petrographic desiption of sample JM09/BPO06.

seriticised plag

PPL FOV=1mm

Fig. 4.11 Photomicrograph of sericitised plagioclase (plag = plagioclase) in sample
JMO09/BPO06, the speckly pabeown patches.
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Sample JM09/BP04

LV

141/76SW
Fig. 412PPL scan of the thin section from sample JM09/BP04.

seriticised
plag

' PPL FOV=1mm

Fig. 4.13Photomicrograph of sericitised plagioclase (plag = plagioclase) in sample
JMO09/BP04, the speckly pabeown patcles.
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Modal Mineralogy
1 ~55% quartz
1 ~20% plagioclase
T ~20% hornblende
1 ~5% biotite
T  Minor minerals:
o submm xenomorphic elongate epidotes, very high relief, gy@iow
birefringence, straight extinction

~5%% quartz
T Sub2mm grains, often aggregateldrger crystals have undulose extinction

~20% plagioclase
1 Widespread sericitisatio(Fig. 4.13)
1 Lamellar twinningarelystill visible and concentric zoned extinctisometimes
visible through sericitisation
1 Sublmm stubbyxenomorphiccrystals

~20% horrblende
1 Sub2mm elongatexenomorphiccrystals, often aggregated
1 Different crystals undergo pleochroic colour change from green to colourless g
samemicroscope stage rotation angle

~5% biotite
1 Elongate brown laths to 1mm, occasionally aggregated
9 Lathsstrongly aligned with very consistent pleochroism

General Comments
1 Poorlydevelopedcm-scale banding of felsic and mafic minerals
1 Moderately welldevelopedhornblende andiotite aggregatenineral stretching
lineations

Interpretation Comments

1 Thepresence of planar and linear fabrics with an amphibeftiteéies mineralogy is
in agreement with the interpretation from field relationships that this is a
Laxfordian shear zone.

1 The sericitisation of plagioclase may be linked to the retrogression okegeobut
it may also have been caused by fluids associated with the_mtéordian
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
pegmatitic ganite vein) also have sericitised plagioclase.

1 Although field evidence suggested that this sample is a folded equivalent of sa
JMO09/BPO06, the modal mineralogy of the sample is quite different. This is
interpreted to reflect compositional heterogengitn the rocks over distances a fe
metres.

Table4.4 Petrographic description of sample JM09/BP04.
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Duartmore Point
Field Relationships

The Duartmore Point field area is located on an isolated coastalldwec at NC178359,
~5km WNW of Kylesku village. The mapped area is on awasfeed 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 variatdéformed gey TTG gneiss. The oldest
recognised structure at this locality is a gneissic layering fabric (Fig. 4.14b) v2@mrs
wide layers of mafior felsic minerals. A sample (JM09/DP03) of this was taken 47R&1
35957 Field inspection suggests the paleitgkgrey felsic layers are composed of quartz
and feldspar while the dargrey mafic layers are amphibole or pyroxene. In some places,
the mafic minerals have a brownish colour suggesting the presence of orthopyroxene and
therefore a granulitefacies metarorphic 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 layerinig 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 ~ide northwesttrending Scourie
dyke crosscuts the Badcallian gneissic layeringisTib crossut by a westrending ~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 théear zone. The shear zone clearly pdates the
dyke and is therefore Laxfordian in age. The Laxfordian shear zone has a closely spaced (~2
5mm) planar shear zone fabric with a wedlveloped plagioclase mineral aggregate
stretching lineation. The orientn 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 southwestlipping gneissic layering can clearly be seen to bend back on itself into
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the shear zoneHig. 4.14a&b), indicating a sinistral movement sense. A sample
(JM09/DP02) of the grey TTG gneiss from the Laxfordian shear zone was takelV82RC
35972 On either side of the shear zone, there is a0 wide zone where the brown
orthopyroxene of vible 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
granulitefacies gneiss and retrogressed it to amphibeléeies. A sample (JM09/DP01)

from this zone was taken at NkZ907 35965

Duartmore Point NC178359

a Facing WNW = o
5m 3 '

Amphibolite-facies TTG orthogneiss

26 == = Granulite-facies TTG orthogneiss
Metadolerite dyke
|= Planar fabric, dip in degrees
i

Linear fabric, plunge in degrees, mineral
noted if mineral aggregate stretching lineation

" Badcallian/Inverian fabric form line
" Laxfordian shear zone fabric form line

0 50m Location and name of sample
JM0S/DP03 S & '
Laxfordian foliation, strong planar and // Mean low water springs

linear shape fabric, amphibolite-facies

Fig. 4.14a Photograph of the Duartmore Point locality showing the Laxfordian shear zone
and the Badcallian gneissic layering deflected into the shear bdDetailed 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 chaptefobthis thesis IMO9/DP03,

JMO09/DP01 and JM09/DPOhin sections (Figs. 4.15,18&21) of each sample was made so

that the petrography could be wetlonstrained by opticaland scanning electren
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microscopy. Detailed petrographic descriptions are given in tab®g and images of key

mineral textures from each sample are shown in figures-4.21,69320&22.

Sample JM09/DP03
302/87NE

PPL FOV=4mm |

Fig. 4.17 Photomicrograph of altered pyroxene in sample JM09/DP03 with distinctive brown
staining.
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Modal Minerlogy
1 ~60%pyroxene and alteration products
1 ~30% plagioclase
1 ~10% quartz
T Minor minerals:
o0 Xenomorphic opaques in mafic band

~60% pyroxene and alteration products

1 In the more felsic band on this slide, there are many-2ofm subidiomorphic
eguant pale green clinopyroxenéBig. 4.16)often showing one good cleavage ar
with first-order pink-blue birefringence. There are similar crystals here which ar
browner in colour and have lower birefringendaterpreted to beorthopyroxene.
Some othe pyroxenes have narrow hornblende rims

1 Inthe more mafic band on the slide, crystals aréndm subidiomorphicequant;
there are four types:

o Highly fractured, greewolourless pleochroisniirst-order blue
birefringence, distinctive brown staining in RIFig. 4.17¥; possibly
hornblende replacing pyroxene

0 Colourless and speckly, remnant of one cleavage, spikbprederblue-
grey birefringence

o Pale green and speckly, remnant of one cleavage, spicthprder grey
birefringence, occurs at boundabgtween mafic and felsic bands

o Pale muddy yellow colour, often one strong cleavage, extinction parallg
cleavagefirst-order grey-yellow birefringence; probably epidote replacing
pyroxene

~30% plagioclase
1 Subidiomorphid-2mm crystals
1 Patchy sericiiation
1 Zoned extinction common, oftevaguely sukconcentric
1 Lamellar twinning commarpossible albitepericline twinning common

~10% quartz
1 1-2mmsubidiomorphiarystals with undulose extinction

General Comments
1 Weaklydevelopedcm-scalebanding ofmafic and felsic mineraldsible at the thin
section scalenomineral lineations

Interpretation Comments

1 The patchy/partial retrogression of pyroxenes in the mafic band on this slide
suggests an influx of fluid as the retrogression products (interpreted as hornblg
and epidote) are hydrous phases. Field relationships suggested this sample w
collected froman area with a granulitéacies assemblage, beyond the reach of
fluids from the Laxfordian shear zone lihin section petrography suggests
perhaps some of this fluidid indeed reachand reactwith this sample.

1 The occasional sericitisation of plagas# may be linkedith the fluid which
caused partial retrogression of pyroxene.

Table4.5 Petrographic description of sample JM09/DPO03.
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Sample JM09/DP01

-~ -

P

PTE ‘h.s\f(,

Fig. 4.19 Photomicrograph of plagioclase with zoned extinction in sample JM09/DPO01,
dashed white line denotes crystal boundary (plggagioclase).

Fig. 4.20 Photomicrograph of sievtextured hornblende and quartz in a pseudomorph after
pyroxene in sample JM09/DPO01 (hbl = hornblende, gtz = quartz).
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Modal Mineralogy

1 ~40% plagioclase

1 ~40%quartz

T ~20% hornblende

T Minor minerals:

0 Biotite laths and xenomorphic opaques associated with sieve texture

~40% plagioclase

1 1-2mm stubbyxenomorphiccrystals

1 Occasionally weakly sericitised

1 Occasional lamellar twinningossible albitgericline twinningcommon (Fig. 4.19)

I Zoned extinction common, often stdmncentric
~40% quartz

1 1-2mm equantsubidiomorphiccrystals

I  Undulose extinction common
~20% hornblende

1 Aggregates of subhm equant crystalsvith submm equant quartz crystals in a
typical sievdexture as pseudomorphs after pyroxene, where quartz and
hornblende are in the middle of the pseudomorphs but only hornblende aroung
the edge(Fig. 4.20)

1 Crystals within a singlgseudomorphundergo pleochroic colour change from gre
to colourless at thesamemicroscope stage rotation angtaut this is not the case
between different pseudomorphs

1 Raresubmm biotitesand opaques occuhroughoutthe pseudomorph with rare
remnant pyroxene in the centrélhe pyroxene isolourless in PPL with blue
birefringence Variablyoriented biotite laths undergo a pleochroic colour change
from brown to colourless but at differemhicroscope stage rotation angles

General Comments

1 Weaklydevelopedbanding of mafic and felsic mindsaisible at the thin section

scale nomineral lineations

Interpretation Comments

1 Although Badcallian gneissic layering is the structural feature in this sample, s
textured hornblende and quartz shows that the Badcallian grantaitées
assemblagdas been mtically retrogressed to amphibolittacies.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.

1 The sericitisation of plagioclase may be didko the retrogression of pyroxene bui
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 enoug
sericitise much of the plagioclase.

Table4.6 Petrographic description of sample JM09/DPO01.
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Sample JM09/DP02

Fig. 421 PPL scan of the thin section from sample JM09/DP02.

Modal Mineralogy
1 ~50% hornblende
1 ~45%plagioclase
T ~5% quartz
T Minor minerals:
0 generally xenomorphic opaques

~50% hornblende
1 Sublmm crystals, laths aubidiomorphiachombs, often aggregated and a bit
ragged
1 Different crystals undergo pleochroic colour change from green to colourless g
samemicroscope stage rotation angle

~45% plagioclase
1 Considerable and widespread sericitisat{éig. 4.22)
1 Stubbyxenomorphicsubmm crystals
1 Occasional suboncentric pned extinction
1 Rare faint remnant of lamellar twinning

~5% quartz
1 Elongate aggregates génomorphicsubmm crystals
T Usually simple extinction, rarely undulose

General Comments
1 Coarse cnscale banding of felsic and mafic minerals
1 Welldevelopedhornblende and plagioclase aggregat@neral stretching lineationg

Interpretation Comments
1 The presence of planar and linear fabrics with an amphibéditees mineralogy is
in agreement with the interpretation from field relationships that this is a
Laxordian shear zone.
1 The sericitisation of plagioclase is likely caused by fluids flowing along the she
zone.

Table4.7 Petrographic description of sample JM09/DPO02.
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seriticised
plag

PPL FOV=1mm

Fig. 4.22 Photomicrograph of sericitised plagioclase (plag = plagioclase) in sample
JMO09/BPO04, the speckly pabeown patches.
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Sithean Mor

Field Relationships

The Sithean Mor field area is located at NC149461, ~1.5knofN8&burie village. The

locality is on moorland 8@00m above sedevel 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 gneissesritest from Badcall Point and Duartmore

Point (Fig. 4.23). These schistose rocks have been described by(BE&3hOkeke 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 tsepce of a large
percentage of biotite; other parts are less friable and have a winiégy colour suggesting

they are quartziich. There is a variably developed planar fabric, most notable as
compositional layering in the more biotiteich 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 crosscut the lithological contet (Fig. 4.23). In the grey TTG gneiss, there is a gneissic
layering fabric (Fig. 4.23) with -2®mm wide layers of mafic and felsic minerals. Field
inspection suggests the pale whitgey felsic layers are composed of quartz and feldspar
while the darkgrey 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 northwteshding Scourie dyke passes
~20m to he 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
genenrlly characterised by kilometr@ide shear zones such as the Canisp Shear @ge

Evans, 196Fvans and Lambert, 1977%ensen, 1984Attfield, 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 T9SGgdei

metasediment outcrop both appear to cressat 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).
Sithean Mor NC149461

N
20m S
50 .-
JM08/23
X %
JM08/22

T
31 JM09/ST02 _~

X . 86
Trend of fabric 44:/
cross-cuts lithological * .-~ 460N
contact

| 71 e

\\‘ ‘\‘ )/ 59

ﬁ7\ ------------- 84
41 =
Legend

Paragneiss
Amphibolite-facies TTG orthogneiss
Metadolerite dyke
|= Planar fabric, dip in degrees

Badcallian/Inverian fabric form line

X Location and name of sample

Fig. 4.23Field map of structures and lithologies at the Sithean Mor locality with sample
locations markedNumbered pale grey lines on field maps denote UK Ordnance Survey grid
lines.
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Sample Petrography

Three samples from Sithean Mor are usedhapters 57 of this thesisIJM08/22, JIM08/23
and JM09/STOZ hin sections (Figs. 4.24,27&29) of each sample was made so that the
petrography could be wettonstrained by opticalind scanning electremicroscopy.
Detailed petrographic descriptions are given in tallés10 and images of key mineral

textures from each sample are shown in figures £28%28&30.

Sample JM08/22

-7

PPL FOV=1mm

Fig. 4.25 Variablyoriented laths of pleochroic browoolourless biotite in sample JM08/22.
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Modal Mineralogy
1 ~60% plagioclase
1 ~25% biotite
1 ~10% quartz
1 ~5% garnet

~60 plagioclase
1 Sublmm subidiomorphic equant crystals
1 Widespread partial sericitisation
1 Poorlypreserved lamellar twinning and concentric zoned extinction in rare larg
crystals

~25% biotite
1 Laths and stubby crystals, @15nm
1 No obvious lineation defined by laths (Fig. 4.25)
9 Different crystals undergo plehroic colour change from brown to colourless at
different microscope stage rotation angle

~10% quartz
9 Fairly idiomorphic equant, submm
T Undulose extinction common

~5% garnet
1 Relict porphyroblasts up to 3mm
1 Now broken into fragments which are themselre=avily fractured (Fig. 4.26)
1 Quartz and biotite grow among fragments of garnet but do not define an obvio
reaction texture like a rim

General Comments
1 Weaklydeveloped compositional layering, no mineral stretching lineations

Interpretation Comments
1 Garnets are interpreted to reflect an early metamorphic event but have been
fractured and partially altered in a subsequent metamorphic event. The genera
lack of fabrics indicates that metamorphism was static.
1 The weaklydeveloped compositional banding maave formed in an early
tectonothermal, analogous to the formation of gneissic layering in the surroung
grey TTG gneisses.

Table4.8 Petrographic description of sample JM08/22.

PPL FOV=4mm §&

Fig. 4.26 Broken up and heavilfractured garnet porphyroblast in sample JM08/22, dashed
white line denotes crystal boundary.
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Sample JM08/23

PPL FOV=1mm

Fig. 4.28 Highrelief kyanitecrystalsin sample JM08/23.
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Modal Mineralogy
1 ~40% quartz (in fine groundmass and aggregates)
~25% feldspar (in fine groundmass andbage individual crystals)
~20% muscovite (in fine groundmass)
~15% aluminosilicates
Minor minerals:
o0 Xenomorphic opaques

1
1
1
1

~55% fine groundmass
1 ~0.2:0.2mm equant quartz crystals
1 ~0.20.5mm feldspars, often partially sericitised and occasionally zoned
1 muscovite needles ~0.5mm long which form a wpkarfabric and bend around
larger crystalsfirst-order pink to blue interference colours

~20% Quartz aggregates
1 Aggregates have fairly irregular shapes, occasionally lensoid or arcuate, ~2x5i
1 Constituent crystals are fairly equant, ~0.5mm in diameter

~15%Kkyanite
T generally subdiomorphic equant crystals, ~G&nm in diameter, occasionally
show one faint cleavage, rarely another possible one at right anglesofitset
yellow to orangebrown interference colours, usually have overgths and
inclusions of quartz. Also occursid®morphic needles, 0-4.2mm long with
straight extinction and firsorder brown interference colours (Fig. 4.28)

~10% large feldspar crystals
1 Fairly equant, ~0-2mm in diameter
9 Occasional partial sericitisation, often invaded by other crystals round edges
1 Lamellar twinning prominent, often as possible allptricline twins, indicating
plagioclase

General Comments
1 Weaklydevelopedplanarfabric defined bynuscovite needles

Interpretation Comments
1 The quartz aggregates could be recrystallized porphyroclasts.
1 Generally an unusual rock and difficult to interpret.

Table4.9 Petrographic description of sampid08/23.
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Sample JM09/ST02
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dashed white line denotes crystal boundary.
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Modal Mineralogy
1 ~30% plagioclase
1 ~30% quartz
1 ~30% biotite
1 ~10% garnet

~30% plagioclase
1 Sub2mm equant xenomorphic crystals
1 Usually wekllsericitised but some remnamamellar twinning
1 Zoned extinction common
1 Smallest crystals aggregate with quartz in ébr#n ovoid shape, giving the
appearance of a porphyroclast

~30% quartz
1 Equant xenomorphic crystals, s@mm
I  Undulose extinction common, but no consistemientation
1 Occurs in aggregasavith plagioclase (porphyroclast?)

~30% biotite
9 Laths or xenomorphic crystals, to 1mm
1 Weaklydevelopedfabric defined by laths
9 Pleochroic colour change from brown to colourless; different crystals undergo
pleochroic colour change different microscope stage rotation angles
1 Usually associated with garnet

~10% garnet
1 Relict porphyroblasts up to 3mm (Fig. 4.30)
1 High relief, isotropic
1 Now broken into submm fragments which are themselves heavily fractured
T Quartz and biotite grow amonfgagments of garnet but do not define an obvious
reaction texture like a rim

General Comments
1 Weaklydeveloped compositional layering, no mineral stretching lineations

Interpretation Comments
I Garnets are interpreted to reflect an early metamorphic evieat have been
fractured and partially altered in a subsequent metamorphic event. The genersg
lack of fabrics indicates that metamorphism was static.
1 The weaklydeveloped compositional banding may have formed in an early
tectonothermal, analogous to the fmation of gneissic layering in the surroundin
grey TTG gneisses.

Table4.10 Petrographic description of sample JM09/ST0?2.
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Geisgell

Field Relationships

The Geisgeil field area is located at UK grid refer&@€&79410, ~ 3KiI8E of Scourie
village. The locality is on moorland-620m above sedevel with patchy rock exposures
(Fig. 4.31a). As at Badcall Point and Duartmore Point, the major rock type tiezayipical
Assynt terrane/Central Region variatdlgformed grey TTG gneiss. The oldest recognised
structure is a gneissic layering fabric (Fig. 4.31b) witB0+Bm wide layers of mafic and
felsic minerals. A sample (JM08/GG09) of this was taken at N&Z 47005. Field

inspection suggests the pale whitgey felsic layers are composed of quartz and feldspar
while the darkgrey mafic layers are amphibole or pyroxene. No mineral lineations were
observed. The strike of the gneissic layering is highly var{#id. 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 510m wide member of the Scourigyke Swarm cuts the Badcallian gneissic
layering (Fig. 4.31b&c). This dyke is then cut by a ~2@te westtrending discrete shear
zone (Fig. 4.31b). As it pedates the Scourie dyke, this shear zone will have formed during
the Laxfordian tectonothermadvent. This size of shear zone is a typical structural feature
of Laxfordian deformation in the Assynt terrane/Central Re@ugnn, 1995.

Compodgional 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 fromritswesterly
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 dykéees 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.

Geisgeil NC179410

NS
¥ Shear Zone
AN

b Badcallian gneissic layering, N
> 42 statically retrogressed to Eom f
410N amphibolite-facies
N XoMoesee | N g
i3 T 786

— . = H“stz&":b i
— == ——
- 13; |8l1 Laxfordian shear zone (i )‘
“’wﬁl Y 31
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Legend

‘ | Amphibolite-facies Badcallian/Inverian fabric form line

TTG orthogneiss _~ Laxfordian shear zone fabric form line
. Metadolerite dyke X Location and name of sample
T

Planar fabric, dip in degrees

Linear fabric, plunge in degrees, mineral noted if mineral aggregate
stretching lineation
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Fig. 4.31a Photograph of the Geisgeil locality with the Laxfordian shear zone marked by
dashed white lineb Field map of lithologies and structures at the locakith sample

location marked Numbered pa grey lines on field maps denote UK Ordnance Survey grid
lines c Photograph showing the undeformed Scourie dyke cmgtng Badcallian gneissic
layering in the grey TTG gneiss, notebook is 21cm long.
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Sample Petrography

One sample from GeisgéiIM08/GG09) is used in chapter 5 of tiigsis.A thin section
(Fig. 4.32) of this sample was made so that the petrography could beovetrained by
optical and scanning electremicroscopy. A detailed petrographic description is given in

table 4.11 ad images of key mineral textures are shown in figure 4.33.
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Fig. 4.33 Photomicrograph showing hornblende (hbl = hornblende) in sample GGO09.
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Modal Mineralogy
1 ~40% hornblende
1 ~30% plagioclase
1 ~30% quartz
T Minor minerals:
0 Biotite laths and xenomorphic opaques generally associated with
hornblende

~40% hornblende
1 Prismaticcrystals ~0.8.mm, often quite idiomorphic but do not define a shape
fabric, aggregated into irregularshaped clumps (Fig. 4.33)
1 2 cleavages at 120° occasionally visible
1 Different crystals undergo pleochroic colour change from green to colourless g
different microscope stage rotation angles

~30% plagioclase
9 Fairly equant crystals ~G@26mm
1 Lamellar twinning often well preserved
I Occasional concentric zoned extinction
9 Occasional partly sericitised crystal

~30% quartz
1 Equant ~0.1mm

General Comments
1 Gneissic layeringf mafic and felsic mineralsot visible at the thin section scalro
mineral lineations

Interpretation Comments
1 Although Badcallian gneissic layering is the structural feature in this sample, th
presence of hornblende but not pyroxesaggests that the Badcallian granulite

facies assemblage has bedati&ally retrogressed to amphibolittacies.

Table4.11 Petrographic description of sample JM08/GGO09.
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Scourie Mor
Field Relationships

The Scourie Mor field area is located at UK grid refer&c#1442, ~ km W of Scourie
village.Exposure igenerally wavevashed platforms in the intertidal zone and some above
the high tide line with occasional isolated inland crags anepeents As at Badcall Point

and Duartmore Point, the major rock type here is the typical Assynt terrane/Central Region
variablydeformed grey TTG gneiss. The oldest recognised structure is a gneissic layering
fabric (Fig. 4.34) with ~80mm wide layers ahafic and felsic minerals. A sample
(JIM09/SM09) of this was taken at NC 1484475. Field inspection suggests the pale
white-grey felsic layers are composed of quartz and feldspar while thegtagkmafic

layers are amphibole or pyroxene. No mineragéitions 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 foundthé Badcall Point, Duartmore Point and
Geisgeil localities.

Two northwesttrending <1lmwide 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 orieration by a ~5rrwide 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 posiates the Scourie dyke, this shear zone will have formed during
the Laxfordan tectonothermal event. This size of shear zone is a typical structural feature
of Laxfordian deformation in the Assynt terrane/Central Re@gnn, 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 stretchingditiens 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 callicate gneiss and an Inverian pegmatitic granite vein.

These other lithologies have been degbed previouslyCohen et al., 199X orfu et al.,

1994).
Scourie Mor NC130410
N \
0 50m I
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Legend o
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Granulite-facies mafic orthogneiss t mineral noted if mineral aggregate
. . ) . stretching lineation
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Calc-silicate paragneiss -~ Badcallian/Inverian fabric form line
Metadolerite dyke _~ Laxfordian shear zone fabric form line
Pegmatitic granite vein X Location and name of sample

/ Mean low water springs

Fig. 4.34Field map of structures and lithologies at the Sithean Mor locality with sample

location markedNumbered pale grey lines on field maps denote UK Ordnance Survey grid
lines.
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Sample Petrography

One sample from Scourie Mor (JM09/SMO09) is usethapters 57 of thisthesis.A thin
section (Fig. 4.35) of this sample was made so that the petrography could be well
constrained by opticalind scanning electremicroscopy. 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. 435 PPL scan of the thin section from sample JM09/SM09.

Fig. 4.36 Photomicrograph showing pale green clinopyroxene, redtistwn orthopyroxene
and granoblastic to sugranoblastic texture in sample JM09/SM09 (cpx = clinopyroxene,
opx = orthopyroxene, plag = plagioclase).
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