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Abstract

Zircon in mudstones, sandstones and greenschissfaetasediments has been investigated using
conventional SEM techniques (BSE, CL and SE imggilagd reveals highly variable
microstructures and textures. In these rocks, zireadily responds to low temperature events due
to radiation damage in its crystal lattice whilgstalline zircon remains unmodified. Zircon that
alters as a result of metamictization has a low B@&Ensity (dark BSE zircon) and electron
microprobe measurements show an enrichment of NMjg@C& Fe, Y and a loss of Si and Zr, while
Hf appears to remain relatively constant betweenutimodified parent and the resulting modified
phase. Dark BSE zircon forms via two main mechasisiine dominant dark BSE zircon form
(Group 1) has a microstructure containing an abocel@f pores, cavities and inclusions forming
as a result of a coupled dissolution-reprecipitatieechanism. Electron backscattered diffraction
(EBSD) analyses suggests that the structure is aesatpof randomly orientated nanocrystalline
zircon. The other form of dark BSE zircon (Grogypg2produced by a solid-state diffusion-driven
cation-exchange process in which structural regoeecurs (as determined by EBSD) and where
inclusions or pores are absent in the microstrectirthe product phase. The different forms of

altered zircon are chemically indistinct.

Zircon outgrowths (c.1pm thick) on the margins adtrdal unmodified zircon in clay-rich
sandstones indicate Zr was transported from altgraihs. These zircons crystallised below
100°C. The upper temperature at which metamicominmay be dissolved is constrained by the
annealing temperature of the zircon lattice whergtgtamict areas are repaired aba#b0°C.
Zircon outgrowths are largec.8um thick) and in much greater abundance in slttats have
experienced deformation and temperatar850°C. They have a complex microstructure, pasly

a result of interactions with xenotime that alsonfe outgrowths upto 12um thick on zircon.

Xenotime inclusions and zircon-xenotime complexaghbeen identified within zircon outgrowths



using TEM and LV-STEM. Electron transparent falsthe outgrowth were prepared using the
FIB microscope. Zircon outgrowths have similar cieahcharacteristics to dark BSE zircon but
have distinctly different substitution relationship There are also differences between the
chemistry of dark BSE zircon from sedimentary anelegschist facies rocks where the latter is
considerably more enriched in Al, Y and Ca. Thelioghions of this are that zircon chemistry is

strongly influenced by the local conditions in whnia formed.

Sedimentary processing causes considerable bikg inircon population. Fine-grained sediment
is a sink for high U and Th, heavily radiation dgm®ed, old zircon in comparison to mature
sediment that is likely to contain an abundancéoaf U and Th zircon or young zircon upon
deposition. Small metamict zircon fragments arenprto dissolution and can be readily stripped
from the matrix of fine-grained sediments. Theamniration of zircon outgrowths in fine-grained

sedimentary and metasedimentary rocks is prim#rédyresult of sedimentological processes.

The findings of this work illustrate the importance studying minerals in-situ and within their
petrological context. The wide-spread and abundanire of low temperature zircon is a major
consideration for geochronology, sedimentary pravee studies, the interpretation of zoning in

zircon and has significant implications for the determ storage of radioactive material.
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Introduction

“Zr is not only mobile but zircon can readily crgfitse at temperatures <35T"
from Dempster et al. (2004).

The above quote was the significant finding of wdgtinto zircon in metasediments. This thesis
sets out to explore the implications of this firgliby investigating zircon behaviour in low
temperature rocks. This is significant not onlyr fine meaningful use of zircon as a
geochronometer but also for the safe storage deaugvaste in zircon ceramic containers that has

been proposed.

1.1 Introduction

The Earth’s crust has experienced billions of yeargeworking through melting, weathering,
erosion and metamorphism as a result of tectoniements. As a consequence, little information
remains in the rock record that can be used togreeconditions on early Earth (>4.0Ga). During
these crustal processes most minerals breakdowher a@inechanically or chemically, and can
experience dissolution, alteration, recrystallmator replacement, thereby erasing information that
could help interpret its condition of formation.oWever, some minerals are rather more resistant,
persisting throughout a wide range of environmedtsl able to survive multiple phases of

tectonism, partial melting and erosion.

Zircon (ZrSiQ) is a mineral considered to be particularly resist Zircon genesis typically occurs
in felsic magmas and zircons perceived resistam@dteération is owed to its persistence in a wide

range of environments including its ability to erslthigh grade metamorphic conditions and



survive partial melting events. The discovery w€ans upto 4.4 Gyr old (Foude et al., 1983;
Compston and Pidgeon, 1986; Mojzsis et al., 200ilgé\et al., 2001; Utsunomiya et al., 2004;
Nemchin et al., 2006) is also testament to the riealide durability of crystalline zircon. This
durability has allowed earth scientists an insigtib conditions on early Earth by examining
isotopic information stored within it. This sugtetectonics was established by at least 4.3Ga ago
(Cavosie et al., 2005; Valley et al., 2005; Wataod Harrison, 2005). Zircons most common use
in earth science has been in U-Pb isotopic ageglathere it has played an extremely important
role in advancing our understanding of the timesscadf the Earth. This is both important

culturally as well as scientifically in that it hgiven a context for human history.

The durability of zircon has more recently led ttdoéing proposed as a suitable container for the
safe storage of nuclear waste (Ewing et al., 19&&)con could therefore not only play a
potentially important role in dealing with nucleaaste but could also contribute to global efforts
in seeking to reduce G@missions. Such pertinent issues beg the perteineeactive nature of
zircon to be questioned. As zircon appears toflsich great importance to us, this thesis sets out

to ask is zircon really as refractory and stabli &sconsidered to be?

1.2 Zircon composition and applications

Zircon is the main sink for Zr in most rocks anaiso host to Hf, U, Th, Y, Ti and REE at trace to
weight percent levels (Sawka, 1988; Bea, 1996; @Hd al., 2001; Hoskin and Schaltegger,
2003). However, without these elements that swibstinto the zircon crystal structure, zircon
would be of little use to Earth Scientists. Zircombility to exclude common Pb from the crystal
lattice upon formation (Watson et al., 1997), cameli with the sluggish diffusion rates of these
geochronologically important isotopes in crystalizircon (Cherniak and Watson, 2001) are
properties that have led to zircon being the preroid’b geochronometer (Davis et al., 2003).
Moreover, zircons use as a geochronometer is linkexlystalline zircon being a highly refractory
mineral at the Earth’s surface. Zircon has thditgbto record multiple stages of growth,

dissolution and resorption (Scharer et al., 199@rfiCet al., 2003; Tichomirowa et al., 2005;

Aleinikoff et al., 2006; Harley et al., 2007) thegn be revealed when examined using CL and BSE



imaging (e.g. Nasdala et al., 2006). The presamwatf these features provide isotopic and
geochemical insights into thermal histories andt gewvironments (e.g. Cherniak and Watson,

2003; Hoskin and Schaltegger, 2003).

Zircon is a vitally important mineral for severalasons. U-Pb dates from zircon helped establish
the framework of the first geological timescale®ifHes, 1911; see Davis et al., 2003 for review).
The zircon detrital record has been routinely usedetermine the maximum age of sedimentary
sequences, provenance age and composition, buhalged to reconstruct the palaeogeography
and tectonic evolution of sedimentary basins andtigents (Fedo et al., 2003 and references

therein).

The discovery of detrital zircon upto 4.4 Gyr okb(de et al., 1983; Compston and Pidgeon, 1986;
Mojzsis et al., 2001; Wilde et al., 2001; Utsunoaet al., 2004; Nemchin et al., 2006) is testament
to the remarkable durability of crystalline zircarhe interpretation of théO isotopic signature

of these ancient zircons has led some to belieaktlie Earth had settled into a pattern of crust
formation, erosion, and sediment recycling withive first 200 Ma of its history (Watson and
Harrison, 2005). However some earth scientistsaadethat such a hypothesis is necessary to
explain thed®0 isotopic signature of these zircons arguing amtthat such a signature may be
due to early stage alteration of magmatic zircoostih, 2005; Nemchin et al., 2006). As a
consequence of zircons durability and stabilitytincrystalline state at surface conditions, it has
also been proposed as a potential storage materialeapons-grade plutonium from dismantled
weapons (Ewing et al., 1988; Ewing et al., 1998% such, understanding the effects of radiation
damage on the zircon crystal lattice is crucial determining its suitability as a nuclear waste
container but is also critically important for unstanding its behaviour from a geochronological
view point. Arising from these issues, a largeybofl work now exists which has studied how
radiation damage accumulates within the crystéitka{e.g. Farnan et al., 2003) and the effect this

has had on the properties of zircon (e.g. Geislat. €2007).



1.3 Metamictization

The decay of radioactive elements in the zircotickatcauses the crystal structure to breakdown
and this process has been termed metamictizalibe.main cause of radiation damage in zircon is
via a-decay events where a He nucleuspérticle) is emitted from the nucleus of the radiove
parent atom (Murakami et al., 1991). In respoms¢he a-decay, the daughter nucleus recoils
causing severe damage to the crystal structureamndmorphous collision cascadé&nm in
diameter develops (Geisler et al.,, 2007). Moleedimamic simulations have revealed the
amorphous collision cascade consists of a matgletesl corec.2nm in diameter surrounded by a
zone of increased density (Trachenko et al., 20@R03; Trachenko et al., 2004). Subsequent
recoil events from the decay of the radioactivelidaccause areas of depleted matter to overlap

and become interconnected (Geisler et al., 2003b).

The self-irradiation by actinide elements in U- ahb-rich zircon causes metamict areas to
accumulate on a mesoscopic scale. The point atwériorphous clusters overlap and connect up
over macroscopic scales has been termed theercolation point (Salje et al., 1999; Farnan and
Salje, 2001; Geisler et al., 2003c; Trachenko .e2803; Trachenko et al., 2004). Naercolation
point occurs when the crystalline domains ceadeetoonnected and islands of crystalline zircon
exist within an amorphous matrix (Palenik et a003). Consequently, metamictization in zircon

creates a unique structure of amorphous and digstalomains within the damaged zone.

Isolated amorphous clusters in crystalline zircoaymemain unaltered in a fluid phase and
therefore communication between amorphous clustecensidered necessary to enabling a fluid
phase to migrate through the damaged zone. As suobn damage in zircon reaches tie 1
percolation point, it experiences a significantré@ase in the solubility and uptake of non-formula
elements. When the extent of damage in the zitatlice reaches the"@percolation point, it is
marked by another increase in both zircon solyb#ihd the uptake of non-formula elements
(Geisler et al., 2003c; Trachenko et al., 2004).a Iheterogeneously metamict zoned zircon, the
swelling of radiation damage areas (upto 18%) ahume metamictization can result in self-

induced fracture generation of the crystalline zon&hese fractures provide pathways for fluids



that enable alteration of metamict domains thatldvotherwise remain protected (Lee and Tromp,

1995).

The resulting metamict zircon is less chemicallyd gohysically stable than its crystalline

equivalent causing enhanced susceptibility to aiten by hydrothermal aqueous fluids (Pidgeon et
al., 1966; Trocellier and Delmas, 2001; Geislealet2003c; Hoskin, 2005; Geisler et al., 2007).
Hydrothermal alteration of metamict zircon restutghe structural recovery of amorphous areas
and the enrichment of hydrous species and non-farralements (according to Goldschmidt's

rules) Al, Mg, Ca, Fe, Mn, Y and P (Speer, 1982js(ee et al., 2003a; Geisler et al., 2003b;

Geisler et al., 2007; Schmidt et al., 2007) withdlso noted in altered areas (Utsunomiya et al.,
2007). Metamict areas also experience signifiGanbunts of Pb loss (Geisler et al., 2002)
although there are conflicting reports of consiberd) and Th loss (Geisler et al., 2002; Geisler et
al., 2003a; Geisler et al., 2003d) compared tolamost complete retention of U and Th and even
slight enrichment (Geisler et al., 2003b; Utsunamét al., 2007). Non-formula elements may

substitute into zircon via the following mechanisms

Substituting at two structural sites:
(Y,REE}" + P* =z + SI** (Speer, 1982; Hoskin and Schaltegger, 2003) (1)

M™ + n(OH) +(4n)H,0 = ZF** +(SiQ)* (Caruba and lacconi, 1983; Hoskin and Schaltegger
2003) Where M is a metal cation amis an integer. (2)

Substituting at an interstitial site:

(Mg,Fef s + 3(Y,REE)* + P*= 32" + Sf* (Hoskin et al., 2000; Hoskin and Schaltegger,
2003) (3)

(Al,Fe) *iy + 4(Y,REE)* + P* = 42/ + S (Hoskin et al., 2000; Hoskin and Schaltegger,
2003) (4)

Geisler et al. (2002) demonstrated that the stractecovery of metamict zircon was a result of
water diffusion driving ion exchange and, whentedaat higher temperatures, included solid-state
recrystallization of the amorphous phase. Follgndm from this work, Geisler et al. (2003a & b)

showed that these processes were capable of cawsingstallization at temperatures as low as



200°C and with the first structural changes ocogrras low as 75°C (Geisler et al., 2003d).
However Putnis (2002) disputes a solid state, siffio-driven cation-exchange mechanism
described by Geisler et al. (2002) and favoursraaneous dissolution-reprecipitation approach
that results in the development of a porous proghese but “still preserves the external shape of
the parent”. Recrystallisation of metamict zirairhigh temperatures can result in decomposition
to ZrG, and SiQ in heavily damaged samples (Zhang et al., 206®)wever, lower temperature
alteration of metamict zircon results in a nano@ljise structure of randomly orientated crystals

(Schmidt et al., 2006; Utsunomiya et al., 2007).

It has been argued that over geological time, mietagircon may be partly annealed at
temperatures below 200 (Nasdala et al., 2001) and possibly at Earthaserftemperature
(Meldrum et al., 1998). Fission tracks in zircae &nown to anneal around 200-260(Garver,
2002; Yamada et al., 2003; Rahn et al., 2004) hisdnbay suggest that-event damage in zircon
can be annealed over similarly low temperaturesdilia et al., 2001). However, more work is
required to fully understand both the mechanicslametics involved in zircon annealing (Zhang et

al., 2000; Nasdala et al., 2004).

1.4 Zircons response to metamorphism

The great majority of studies on the behaviouriofan have been conducted on zircon mineral
separates without regard to their in-situ petraabcontext. Investigations of zircon within thin
sections of high metamorphic grade rock routinelpvie evidence that it responds to
metamorphic processes (Vavra et al., 1996; Rulshthb., 2001; Kelly and Harley, 2005; Harley et
al., 2007) and Zr mobilisation in hydrothermal gt suggests that zircon can be taken into

solution and precipitated from such fluids (Fraeteal., 1997; Tomaschek et al., 2003).

Investigations of zircon in greenschist faciesasetliments (Dempster et al., 2004) and prehnite-
pumpellyite metasediments (Rasmussen, 2005b) exeafcon outgrowths that project <3pum
from the margins of detrital grains and were comsd to be metamorphic in origin. Although

metamorphic zircon described by Dempster et aD42@nd Rasmussen (2005b) is on a scale of an



order of magnitude smaller than zircon overgrowihs equivalent higher-grade rocks, it
demonstrates that Zr can be mobilised and form meaon at temperatures and pressures
considerably lower than previously believed possibIlhis notion was also considered over 70
years ago when the discovery of large outgrowths wimilar optical properties to the detrital
zircon onto which it had formed, was made in sediiae rocks from Yorkshire, England
(Butterfield, 1936). Multiple papers describingnar observations were published soon after,
continuing until the late 1960’s but these disc@&ralso prompted debate and considerable
scepticism (for details see Rasmussen (2005b) eéfledences therein). Thereafter, the idea of low
temperature Zr mobility and zircon formation wasast completely forgotten. This is most likely
due to “zirconologists” turning their attentions &ge-determination, as zircons potential as a
geochronological tool was beginning to be realide@ to technological advances at the time.
However, early studies on zircon outgrowths faitedprovide evidence for a source of Zr.
Dempster et al. (2004) provided such proof, obsgrgignificant dissolution of metamict zircon,
although Rasmussen (2005b) stated he found no ewidence in his study. Yet despite these
studies, very little is known about the responseari has to low temperature and pressure events

in geological conditions.

Understanding the low temperature behaviour ofonr@t geological conditions is vital for
providing a suitable container for nuclear wastaagge but also has major implications for the
interpretation of high temperature features in airas they will all have experienced a low
temperature history. Alteration of zircon at logmperatures causes significant disruption to the
concentration of geochronologically important ragipic isotopes but also affects REE
concentrations and can incorporate hydrous spesigish may have a profound effect @O
isotopic signature. Understanding alteration meisms and new growth may also provide earth

scientists with potential age constraints on lomgeratures events.

Xenotime (YPQ) is a common diagenetic- or low grade metamorpbigergrowth on zircon
(Rasmussen and Glover, 1994; Rasmussen, 1996; Mbidauet al., 1999; Fletcher et al., 2000;

Vallini et al., 2002; Kositcin et al., 2003; Rasmmes, 2005a; Rasmussen et al., 2005; Vallini et al.,



2005). The crystallisation of xenotime on zircerwiell established and linked to the isomorphic
relationship between the two minerals (Spear ané, F3002). However, no study to date has

described the complex interaction between low teatpee zircon and xenotime.

1.5 Thesis

This thesis sets out to document the wide randextfires and microstructures in zircon from both
sedimentary rocks and greenschist facies metasatiingerocks. It is also the purpose of this
thesis to provide evidence for the origins of thés&tures and propose mechanisms for their
formation. The thesis has been structured asvislloThe methods and techniques used in this
study will be documented in Chapter 2 and whereessary, any procedures in the sample
preparation. Chapter 3 documents and charactetiseslution and precipitation features observed
in- and associated with- zircon from greenschisiefarocks. The objective of Chapter 4 is similar
to Chapter 3 but details the behaviour of zircosedimentary rocks. A high-resolution study of
the microstructure of zircon outgrowths is undegtakn Chapter 5. The main results of the earlier
chapters will be integrated in Chapter 6 with caeins and suggestions for further work

presented in Chapter 7.



Methods & techniques

To characterise the behaviour of zircon, and misexssociated with its behaviour, a wide range of
imaging, chemical and crystallographic analytieahniques have been used. This chapter details

the instruments employed and conditions of use.

2.1 Imaging techniques

Zircon behaviour was documented using a FEI Qu&t8F field-emission environmental
scanning electron microscope (FEG-ESEM, simplified SEM from hereon) operated at an
accelerating voltage of 20 kV and moderate beaments. Using SEM backscattered electrons,
zircon can be easily identified in thin section doiés high mean atomic number, as can xenotime,
which has a slightly higher BSE intensity than aircdue to a higher mean atomic number.
Secondary electron (SE) images have also been swdbat the textural relationship between
zircon, xenotime and the rock matrix can be exathin@ccasional BSE images were also obtained
using a Cambridge Instruments S360 analytical SEMia stated in the figure caption where this
is the case. Cathodoluminscence (CL) images obaiwgere obtained using a K.E. Developments
Centaurus CL detector attached to the Quanta SENEe CL is fitted with a bialkali type tube,
responding to wavelengths in the range 300-650makipg in the blue spectrum. CL is sensitive

to rare earth elements (REE), U and Th contentdsaadppressed by lattice defects (e.g. radiation



damage) (Rubatto and Gebaurer, 2000). CL canftirereeveal extremely intricate and detailed

zonation patterns not identifiable in BSE.

2.2 Chemical analysis

The Quanta SEM is equipped with an EDAX Pegasu$ 20@rgy dispersive X-ray microanalyser
(EDX) for qualitative element analysis. Spot asaywas operated using 20kV and moderate
beam currents. Setup conditions for EDX scannegsmaried between individual grains and have
therefore been stated in the appropriate figurdiaap where it is different from the above

conditions. EDX scanned maps were typically olgdiat 512x400 resolution.

The electron probe microanalyser (EPMA) was usedjtmntitative element analysis of zircon.
This was conducted on two machines, a Cameca Sat-&iversity of Glasgow and a Cameca
SX-100 at University of Strathclyde. The Cameca®)was used to analyse the host zircon and
zircon outgrowths and the Cameca SX-100 for zirgmwins containing dark BSE zircon. The
setup conditions for both were 20kV and 20nA witl8G second count time on peaks At K
(Kyanite), Mg Ko (Periclase), Ca & (Wollastonite), Fe K& (FeS), Hf la (Hafnium), Si Ku
(CaSiQ), Y La (Yttrium), Zr La (Zircon) and Na I& (NaCl). All standards are given in brackets.
Na was subsequently removed from the data setvessitnot present in any of the zircon studied.
Mg was not analysed during zircon outgrowths anglgad due to human error. The Hf standard
was polished and recoated between the batchesabfsés of zircon outgrowths and dark BSE
zircon due to problems with the carbon coat. Asesult it is possible that there is deviation
between the number of counts for same the Hf stdndahis issue may be amplified due to these
analyses being conducted on different EPMA’s. @&tiect this has on the data will be assessed in

Chapter 6 of the thesis.

The detection limits for EPMA analysis on the eletseanalysed are as follows: Mg 100ppm, Al

100ppm, Si 150ppm, Ca 70ppm, Fe 300ppm, Y 300pdrPBiOppm and Zr 500ppm.



EPMA data has been converted from weight percet®#ojvinto cations per formula unit (c.p.f.u.)
so that chemical substitutions may be identifiedhimi the zircon phase. However, low
temperature zircon may contain variable amountsydfous species and it is not clear whether this
is structurally bound into the zircon lattice ocdted along grain boundaries within pore-rich or
nanocrystalline domains. It is unlikely that theg®nce of hydrous species will significantly affect
the relative trends that element substitution ia@tahips follow but may cause slight changes in the
absolute nature of that relationship. Substitutielationships in element plots have been judged
by eye. This has been done because within plotwisgadata multiple grains, individual zircons
may follow slightly different substitution relatiships and in some element plots there can remain

significant scatter in the data.

The Cameca SX100 EPMA has been modified so thatClulspectra may be obtained during

analysis (see Edwards et al., 2007 for details).

2.3 Determining crystallinity

Crystallographic information of zircon and xenotinteas been obtained through electron
backscattered diffraction (EBSD). The EBSD dete@opart of an integrated system with the
EDAX Pegasus EDX on the Quanta SEM. Samples aengi final polish with colloidal silica for
10 minutes that greatly improves the quality of EB&attern. EBSD analysis of zircon grains in
thin section have been carried out in the Quant¥ SfSing both environmental mode (low
vacuum), where the sample is uncoated, and in Vaglhum mode, with a very thin carbon coat
applied to the sample.(Onm thick). Both were successful. Analysis aotan with no carbon
coat produces a high detector signal pattern. hidgie detector signal pattern allows for more rapid
scans and usually results in high quality pattdsas these advantages are offset by problems
caused by charging. To minimise the charging étbet to still obtain a high detector signal and
high quality pattern, samples are coated with & ¥kbin carbon coat and silver dag is painted
around the site of interest. Samples in the Qu&iE® are then tilted to 70°. The effective

resolution for SEM EBSD analysis is consideredg¢c.60nm (Humphreys, 2001).



The EBSD technique operates by focusing an eletteam on a crystalline material that diffracts
electrons from crystallographic planes in the maker This produces a pattern of intersecting
bands called EBSD patterns. The arrangement séthands is a function of the crystallographic
makeup of the material and the orientation of thestal. This information is converted into an
image by a process known as the Hough transfornchwlgllows the EBSD software to
automatically detect the bands in a diffractiontgrat The position of these bands can then be
used to determine the crystallographic propertieshe diffracted volume that include phase,
crystal orientation and crystal quality. A votisgheme is then used to determine the phase and
orientation of the material analysed, also termiadiéxing”. This is achieved by comparing all
possible solutions from the structural informatiaf the EBSD pattern obtained with a
predetermined file containing structural informatiabout that phase. For a given diffraction
pattern several possible orientations may be fouhidh satisfy the diffraction bands detected by
the image analysis software. The software rangsetorientations (also known as solutions) using
a voting scheme. The solution from the structuiee that closely matches the pattern obtained
from diffracted volume receives many votes whilesth that do not receive very few votes. This
voting scheme is also used to calculate the comfieléndex (Cl) which is done by subtracting the
solution that received the second highest numbevotés from the solution with the highest
number of votes. This value is then divided by tthtal number of votes that is possible from the

detected bands.

The use of EBSD in this study is two fold. EBSDyigically used to determine the orientation of
crystals and therefore EBSD has been used to erathin crystallographic relationship between
zircon and xenotime outgrowths and the host zirddms is achieved through plotting the inverse
pole figures (IPF) of the kikuchi patterns producedn IPF shows the position of a sample
direction relative to the crystal reference frankéowever, EBSD is also sensitive to distortions or
imperfections in the crystal lattice of the difftiag volume. As such EBSD can determine crystal
quality by analysing the Image Quality (IQ) of tBBSD pattern. 1Q is defined as the average
height of the detected peaks that is a direct fanocdf the intensity of the pixel on the Hough

transform. A high density of distortions or impetiens in the crystal lattice will act to reduce



Chapter 2 Methods & techniques

EBSD IQ producing diffraction patterns that are endiffuse than a crystal lattice with few (Fig.1).
Therefore analysing EBSD 1Q has the potential tereine the degree of radiation damage within
crystalline zircon or “crystallinity”. Determiningadiation damage in zircon is typically achieved
using RAMAN spectroscopy (e.g. Nasdala et al., 200che application of EBSD to determining
crystallinity in zircon has been very limited (Haskand Black, 2000 and N.J. Cayzer, personal
communication) and it is therefore one aim of thissis to assess its suitability for determining th

degree of radiation damage in zircon crystals.

Figure 1 High and low image quality kikuch patternsfrom EBSD zircon analysis

2.4 High-resolution imaging

Many of the features of the zircon microstructure tao small to be resolved through conventional
SEM BSE and SE image analysis. Transmission eleatricroscopy (TEM) and low voltage-
scanning transmission microscopy (LV-STEM) are higdolution imaging techniques that have
been used to examine the microstructural featuresamn outgrowths. The application of TEM to
study radiation damage in zircon dates back owvey fgears (Bursill and McLaren, 1966) and is
now an established method for earth scientistsystgdsub-micron sized features in minerals.
Despite the limited use of LV-STEM in the earthesdes (see Lee and Smith, In press), it has been
shown to produce images comparable to those frareM. A brief outline as to how the two

instruments function and form images is covered Ghapter 5 but for a more detailed
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understanding of how these machines operate, searke Smith (In press).

To use TEM and LV-STEM, an electron transparemt filad to be prepared which was achieved
using an FEI 200TEM Focused lon Beam microscopB)(FIThe sample (BAL1B) was coated
with 120nm of Au in order to protect the area deiest from the effects of any potential damage
by the 30kV Gaion beam (Lee et al., In press). The sample wégdrin the FIB microscope by
bombarding the desired area with*Gans. Milling in this way allows very precise §les to be
cut. Firstly, two crosses were milled 20um aparttte surface of the thin section, either side of
the proposed site. These act as reference paintggdmilling. Then, a 1um thick layer of Pt was
deposited on the surface of the area of interesyreng it remains protected from the bombarding
Ga' ions. Two parallel trenches were then excavagedjng a thin slice between them, which was
then milled down to a thickness of <100nm to predac.15 by 5um electron transparent foil.
The foil was then detached at the base and extrasieg arex-situmicromanipulator and placed
on a holey carbon film in the centre of the Cu suppg TEM grid. For further details on the
preparation of TEM foils using a FIB microscopee g8troud et al., 2000; Heaney et al., 2001;

Wirth, 2004, , 2005; Lee et al., In press; Lee 8ndth, In press).

The foil was studied using a TEM FEI T20 instrumepérated using 200kV and then using a LV-
STEM that was conducted in the Quanta SEM at 20k alow beam current. Very high spatial
resolution can also be obtained50nm spot) by chemical analysis of the foil in 8EM due to

the small interaction volume as a consequenceeatiickness of the foil (Coyne, 2004).

2.5 Calculating zircon populations in thin section

To assess the relative proportions of the zircqoufadions in these rocks (e.Bable 1), zircon in

thin sections have been point counted using the aldlving them to be categorised based on
their morphology and texture they preserved. Tweae this, a transect was made perpendicular
to layering in each thin section at x50 magnificatiand the zircons in this transect were
categorised. The total number of zircons in eadah gbction was then extrapolated from the data

from single transect by multiplying it by the widtf the thin section at x50 magnification. For



example at x50 magnification, a thin section may bescreen shot long and 5 wide. Therefore, for
a transect along the length of the thin sectioa,ttiial number of zircons in the thin section would

be multiplied by the width of the thin section tiis instance 5.

Zircon was categorised in following way. Any zircanth internal modification (i.e. dark BSE
zircon or abundance of cavities due to dissolutltag been categorised as dark BSE zircon. Light
BSE zircon is zircon that is entirely unmodifiedtlviin the context of the rock. The percentage of
zircon and xenotime outgrowths is does not take @oinsideration of internal textures of the grain
and only relates to grains that have zircon or kem@outgrowths on their margin. Thus a grain
may be marked as a dark BSE zircon if, interndligas layers that are modified but it may also be

marked as a zircon outgrowth if one is present ba butermost margin of the grain.



Zircon and xenotime behaviour in greenschist

facies conditions

3.1 Introduction

Radiation damage that accumulates in zircon makesnisiderably more susceptible to alteration
and dissolution by fluids (Ewing et al., 2003). is a primary concern to Earth scientists due to
zircons extensive use in geochronology. It may dlsee consequences for the safe storage of
nuclear waste where temperatures can reach singlahose experienced during low-grade
greenschist facies metamorphism. This chapteether investigates the stability of zircon in low-
grade greenschist facies metasediments. It shoatsfdéih from zircon being refractory in low-
temperature rocks, zircon has a wide and variggorese to metamorphism. This chapter reveals
that radiation-damaged zircon may experience ingigsolution and reprecipitation that prompt a
variety of textures and microstructures to devedlopesponse to interactions with metamorphic
fluids. In slates Zr is readily mobilised by flgidfrom zircon that experiences dissolution, to
detrital zircon where it crystallises as outgrowtinsits margins. Xenotime also forms outgrowths
on detrital zircon and may form intricate structuwth zircon outgrowths. These features allow

insights into fluid behaviour in the shallow crdsiring low temperature metamorphism.



3.2 Regional setting and samples

A series of typical, regionally metamorphosed lowee greenschist facies metasediments were
collected from various horizons in the Scottish rBdian Supergroup for investigation (Fig.2).
Localities and rock types were chosen for the fithy reasons: the rock being a typical example
of that lithology at that metamorphic grade; a ladkany obvious late hydrothermal alteration
(Rubin et al., 1993); each group of samples coaa@nge of different lithologies in a continuous

sequence of metasediments.

Well constrained ages for the Dalradian have progedymatic, placing the whole sequence
betweenc.800 Ma — 470 Ma. The Port Askaig Tillite is cldsethe base of the Supergroup and
datedc.720-760 Ma (Brasier and Shields, 2000). The Tdyalolcanics are thought to be
around 600 Ma (Dempster et al., 2002) with the kitedop limit for the Dalradian sequencéd70
Ma, taken from basic intrusions that metamorphbseSouthern Highland Group (Dempster et al.,

2002).

A series of slates, phyllites, psammites and qitestavere collected from various horizons in the
Dalradian that include Ballachulish slate from tAppin Group and Cowal slates from the
Southern Highland Group. These units are integprdd have formed from significant basin
faulting and phases of rapid subsidence creatingiatasin deposits (Ballachulish slate) and deep
turbidite deposits (Cowal slates) (Trewin and RIR002). Most of these units have subsequently

experienced low-grade greenschist facies metansrpband several phases of deformation.

For detailed descriptions and locations of theofglhg samples please see Appendix A. Samples
KLO1-KLO6 are a sequence of quartzites and psarsriiiten the Appin Group (Grid Ref. NN 152
618). The Appin Group is the oldest group samptethis study and predates the Port Askaig
Tillite (c.720-760 Ma). Samples were collected from the ttmmsil boundaries of the Eilde
Quartzite/Schist (KLO1&KL02), Binnein Quartzite/3sh (KLO3&KL04) and the Binnein
Schist/Glencoe Quartzite (KLO5, KLO5h, KLO5L & KLp&ormations within the Lochaber

Subgroup.
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These deposits formed in a low energy shelf tollfidlominated sequence and represent
lithologies deposited during a period of slow sdbace and transgression (Glover et al., 1995).
Some rocks contain biotite (upto 700um) are fouritthiov weakly defined cleavage planes (Fig.
3a) and the presence of occasional very sro@I§mm across) garnet porphyroblasts suggest these

units experienced greenschist facies metamorphisemgperatures.450°C.

Ball(a-d) are samples collected from the Ballaghulslate Formation (Grid Ref. NN 085 583)
within the Appin Group and sample Bal3 is a phglltollected from near the base of the same
formation. Ballachulish samples are dark and \grgphitic and most contain small pyrites that
reveal an anoxic depositional environment (Anderi¥85). The appearance of occasional small
biotites in Bal3 would suggest metamorphic tempeest ofc.400°C although most Ballachulish
samples (Ball(a-d)) are dominated by a muscovitechiorite mineral assemblage which implies

that metamorphic may have been lowe300-350°C.

E1l and EAS1 are samples from the Easdale Slates$ Réf. NS 218 831) in the Argyll Group. E1

is a black graphitic slate with a fine but relalvevell-defined cleavage (Fig.3b) and EASL is a
carbonate cemented slate with a poorly definedvalga These slates are composed of muscovite,
chlorite, quartz and plagioclase with occasionaltpy (upto 3mm across). These slates represent
turbiditic muds and carbonate turbidites respebtjvdeposited as a result of rapid subsidence
controlled by basin faulting (Anderton, 1985). $ées with the prefix Dh1-4, were collected from
the Cove area on the Rosneath peninsula (GridNR&218 831) and are part of a sequence from
the Dunoon Phyllites, a unit within the Southeriglidand Group (Harris et al., 1994). Dh1-Dh3(a-
c) are a series of pale to dark graphitic slateh Wh4 a coarser psammitic bed sampled directly
above Dh3. Dh1-Dh3(a-c) have a penetrative anchglyodefined cleavage that can be weakly
crenulated (Dh2) and are predominately composedusicovite, chlorite and quartz. Dh4 contains
quartz (polycrystalline (80%) and monocrystallirg9%o)), occasional albite grains and rounded
felsic clasts (upto 2mm). A weak cleavage is defify muscovite with patches of carbonate
cement also present. They are part of a sequatare thought to represent.dakm thick pile of

turbiditic sedimentary and volcaniclastic strata(iit et al., 1994). The Southern Highland Group
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is the youngest of Dalradian groups and lies imatetlf above the Tayvallich volcanics making its
deposition younger than 600Ma. Based on the mitgcand chlorite dominated mineral

assemblage of the Dunoon Phyllites and Easdaleesslahey have experienced low-grade
greenschist facies metamorphism that is unlikelyhéwe exceeded 300-350°C. There is no

evidence of late veining in any of the rocks stddie

A total of 22 polished sections of these rocks waapared and examined for SEM analysis. All
the following images have been taken within then teéctions unless otherwise stated. In-situ

analysis has been carried out so that the reldtipsf zircon and associated minerals can be

determined.

Figure 3 Photo micrographs of (a) quartzite KLO2 anl (b) banded graphitic slate E1. Field of view in

both is 3 x Imm.

3.3 Groups within the zircon population

Zircon has been characterised on the basis of sB&te signal intensity and microstructure of the
grain. A wide variety of zircon types are obseriuedreenschist facies metasediments. Zircon that
has a typical high BSE signal intensity, regardlefssoning variations will be referred to as “light
BSE zircon” from hereon. However, many zircons hakeas with a distinctive lower BSE signal
intensity than that of a typical, light BSE zircofkrom hereon, lower BSE signal intensity zircon

will be referred to as “dark BSE zircon”.

Duncan C. Hay August 2007 20



Zircon in greenschist facies rocks can be spli the following groups:

e Light BSE zircon

* Fractured zircon

« Dark BSE zircon

+ Porous zones in zircon

e Zircon with outgrowths of zircon and xenotime

The following examples are essentially a represiemaof the wide variety of textures and

microstructures observed in and associated witoaim the rocks studied.

3.4 General zircon distribution and character

Zircon grains are easily distinguished from therimdh BSE by their high mean atomic number.
The great majority of zircons found in the greemsicfacies metasediments represent originally
detrital grains. Grains composed entirely of li8E zircon indicate that the grain is essentially
unmodified since it was incorporated into the seslimduring deposition. Zircon either has a
random distribution or is concentrated in heavyerahbands and therefore represents the original
sedimentary layering of the rock (Fig. 4a&b). Thigestament to detrital origin of the zircon in
these rocks. The characteristics of the zircorearh of the groups of rocks studied is summarised

in Table 1 and Figure 5.

Slates and phyllites contain an average of 70(agqer thin section (Table 1). Zircon ranges
from 2-40um in diameter and average 5-10um. Iddia zircons in quartzites and psammites, are
not as abundant00 grains per thin section) but are generallydargith an average diameter of
c.30um but ranging 5-120pum. Larger zircons (>30um) tgpically subhedral to well-rounded

with occasional euhedral grains (Fig. 4c) with saineons found as inclusions in large (>100um)
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Figure 4. Images depicting the textural variation m zircon and its distribution in greenschist facies

rocks

a SE image of heavy mineral layer. Arrow pointgzi@ons (KL04). b BSE image of thin section BAL1B
showing zircon distribution.c BSE image of zircon euhedral margins (KLO%). BSE image of euhedral
zircon inclusion in quartz. Inset is high contrasiw brightness image of same zircon showing small
concentric holes and large irregular holes withia interior (Dh4).e CL image showing oscillatory zoning
that has been truncated by fracturing (KLO%).CL image. Arrows point to zircon. Lower zircon sfing
euhedral zoning and upper zircon showing complérimal zoning with outer sector zoning (KLO5h). SE

image of zircon with fractures in-filled with quargKLO05).

Duncan C. Hay August 2007 22



Total no. of Completely %oage of zircon = %age of zircon

Rock type & grain zircons per unmodified = Fragmented with zircon | with xenotime
Sample size section*  Zircon size distribution zircon zircon  Dark BSE zircori outgrowths outgrowths
KL-01 Quarztite, ¢.50-100um 236 5-50pm, Av=20pm 83% 7% 10% Absent Absent
KL-02 Quarztite, 100-200um 92 10-50pum, Av=40pm 87% 4% 9% Absent Absent
KL-03 Quarztite, 100-300um 63 5-100pum, Av = 40pum 76% 5% 19% Absent Absent
KL-04 Quarztite, 30-300um 424 5-50um, Av=30um 78% 7% 15% 1% Absent
KL-05 Quarztite, 100-300um 100 10-100pum, Av=40um 43% 21% 36% 3% Absent
KL-05 heavy Quarztite, 100-300um  n.a.
KL-05 light Quarztite, 100-300um 63 5-120um, Av=20pm 45% 17% 38% 4% Absent
KL-06 Quarztite, <50-300um 73 10-30um, Av=20um 62% 4% 34% Absent Absent
DH4 Psammite, 0.1 - 3mm 350 10-110pm, Av = 30um 37% 18% 45% 18% 5%
BAL3 Phyllite, 5-100pum 900 5-70pm, Av = 20pum 69% 13% 18% 3% 40%
El Slate, <5-10pm 1591 10-40, Av = 20um 23% 2% T4% 42% 7%
EASI1 Slate, <5um n.a.
BAL 1 Slate, <5-10pm 608 <5-30pm, Av = 10pum 42% Absent 58% 58% 63%
BAL la Slate, <5-10um 805 <5-30pm, Av = Spum 43% Absent 57% 48% 61%
BAL Ib Slate, <5-10pum n.a.
BAL Ic Slate, <5-10pm 600 <5-20pm, Av = Sum 0% Absent 100% 17% 42%
BAL 1d Slate, <5-10pm 627 <5-30pm, Av = 10pum 37% Absent 63% 53% 47%
DHI1 Slate, <5pm 684 <5-30pum, Av = 5um 39% 5% 56% 67% Absent
DH2 Slate, <5-10pm 1050 <5-30pm, Av = 10um 63% Absent 37% 73% 3%
DH3 Slate, <5-10pum n.a.
DH3A Slate, <5-10um n.a.
DH3B Slate, <5-10um 750 5-40um, Av = 10um 53% Absent 44% 33% 6%
DH3C Slate, <5-10pm n.a.

Table 1 Rock types and the relative proportion of zcon textures in greenschist facies rocks.

*numdr has been calculated (see text).

n.a. — not &ysed.



Average abundance (%) of microstructures in the zircon population related to lithology
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Figure 5 Distribution of zircon textures with respect to lithology.

quartz grains (Fig. 4d). Smaller zircons (<30urayéh a greater variety of shapes from well-

rounded oval grains to those with sharp, angulagms.

At least 10% of the zircons examined are charasdrby being partly composed of dark BSE
zircon (Fig. 6). Zircon containing dark BSE zircapresents on averag5% of the population
by number, in quartzites and psammites a®®% in slates and phyllites. Slates have a much
lower percentage of zircon that is completely unified (av.35%) i.e. composed entirely of light
BSE, than quartzite, psammite and phyllite samfd®$5%). Zircon outgrowths are present on
average around 50% of the zircon in slates and tiaaooutgrowths are commonly found in
association with these. Xenotime outgrowths capdécularly abundant on the margins of zircon
(over 60% of zircon) in some slates (Fig. 18a-c)l ame occasionally found on the irregular
surfaces of dark BSE zircon (Fig. 18d). Xenotinmgoowths are found on an average of 30% of
the zircons in slates (Table 1) and, although t&samon, on an average 06% of zircons in
quartzites Xenotime can be relatively abundant in psammitegning large outgrowths (upto

12pm) on upto 40% of zircons (Fig. 18e).



In rocks where dark BSE zircon dominates the zirpapulation (BAL1lc, Table 1), zircon
outgrowths are not particularly common. Howevehew dark BSE zircon is found in more
modest amounts e.g. samples E1, BAL1, Dh1, Dh2prioutgrowths are found in much greater
abundance. In a few rocks with particularly highmbers of zircon outgrowths, xenotime is scarce

or absent.

Around 10% of zircon grains in quartzites and ps#esnare fractured. Fractures cross-cut the
internal zoning (Fig. 4e) and are generally foussoaiated with larger (>30um) zircon. Fractures
can be multiple, sometimes forming@®b0° and 120° to one another (Fig. 4g), or isolaiadle

cracks (Fig. 4e). Such fractures are often filleth quartz (Fig. 4g). Zircon grains in slates and

phyllites rarely contain fractures.

BSE and CL images of zircon in both quartzite alatesreveal a range of zoning types including
completely homogeneous grains, those with simgioseoning, concentric and oscillatory zoning

and zircon with discrete cores and thick homogesemas (Fig. 4c, 4e&f).

3.5 Dark BSE zircon

Areas of zircon that emit a low BSE signal equate tower mean atomic number and are easily
identified from unmodified zircon using high corgtalow brightness BSE images. The boundary
between light and dark BSE zircon is typically wedifined. These boundaries can be straight and
follow the euhedral zoning patterns of the graiig(Be&6f) but curved boundaries (Fig. 6a) or
slightly irregular boundaries with thin lathe.Xum thick) of light BSE zircon fingering between
dark BSE zircon (Fig. 6d) are also observed. LBBE zircon in association with dark BSE zircon
is typically fractured perpendicular to the gradge (Fig. 6b&d). SE images show that there is a
topographic difference between light and dark B8Eon on the polished surface with light BSE
zircon standing slightly proud. This is most evitlehen the stage in the SEM is tilted to 70° (Fig.

69). The difference in topography is too small¢cowmately measure but estimated &L00nm.
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Figure 6. Images of zircon containing dark BSE ziron

All BSE images unless stated otherwise. Mod = d&BE zircon, zr = light BSE zircona Zircon shows
weak zoning (arrowed) parallel to grain edge withiark BSE area. Dark BSE zircon has significant
variation in BSE intensity. There are fractured dom of unmodified zircon with some margins thatéha
very fine irregularities. High BSE intensity inslon is xenotime. The grain has light BSE segmesatgin
(Dh4). b Dark BSE zircon with thin laths of concentrichtgBSE zircon that follow roughly the outline of
the grain shape. Dark BSE zircon has highly irragohargins with the matrix and internally has iwregly
shaped pores and contains inclusions (EAS15E image ob illustrating irregular margins with matrix and
inclusion and pore-rich microstructurd.Concentrically zoned zircon with dark BSE core anter layer of
radially fractured light BSE zircon. Inset is ara¥ged SE image of defined areas showing fingergght
BSE zircon within dark BSE core (Dh4e Dark BSE core with concentric outer radially fraed light
BSE zircon zoned. Dark BSE zircon zones on theromargin of the grain are absent of radial fraegur
Dark BSE core has patches of variable BSE interasity very fine pores. Outer dark BSE layer haselarg
pores and contains very thin laths of light BSEcair (Dh4). f Oscillatory dark BSE/light BSE zoned
zircon. Central core has experienced significassalution with large crack into the centre of thairg Dark
BSE zircon has pore-rich microstructure also caitgi xenotime inclusions (Dh4)g SE image of bof
zoned light and dark BSE zircon with SEM stageediltto 70°. This reveals that dark BSE zircon is
topographically polished down in with respect tokdBSE zircon (Dh4).h Light BSE zircon encased by
dark BSE zircon and zircon outgrowth (arrows). tni&e high contrast, low brightness image showing
xenotime inclusion in dark BSE zircon microstruet{BAL1D). i Outer light BSE radially fractured zone
with dark BSE interior. Within dark BSE interior fislly edged higher BSE intensity area that is wnlified

(as determined by EDX analysis). Inset shows pioréght BSE and dark BSE domains (Dh4).Dark BSE
zircon with thin concentric bands of light BSE zincand a light BSE domain in the core. Arrow poittt
rounded bay in margin. Margins are also very irtegon the left side of the grain with but a eulzédr
boundary on the top of the image. High BSE intgnsitlusions are xenotime (BAL 1B)k Concentric
zones of light BSE/dark BSE zircon with zircon aoatgths on the margin. Dark BSE areas have large
cavities as a result of dissolution. (E1)Oscillatory light BSE/dark BSE zones zircon witidial fractures

in light BSE zones. Porous zircon bands in lighEB&con. Dark BSE zircon contains xenotime inausi
(Dh4). m light BSE zircon containing thin bands of dark B&Eeon that follow a euhedral shape. Dark BSE
zircon has a microstructure completely absent ¢édyacavities or inclusions. Light BSE zircon coasts
large irregular features that are the result cdaligion. Irregular margins around the edge ofgten are a

result of dissolution (KLO5h).



Dark BSE zircon characteristically has a mottledEB®ntrast or contain blotches or patches of
higher BSE contrast material (Fig. 6a,b,d,e,g) riatens in the BSE intensity of dark BSE zircon

is also observed as higher BSE intensity bandsrtimparallel to the edges of the grain (Fig. 6a).
Zircon with slightly higher BSE signal intensity ihese areas form irregularly-shaped frilly edged
domains several um’s across (Fig. 6i) but thinastse(Fig. 6a) or nm-sized specks and blotches

(Fig. 6f, 6h, 6j) are also observed.

Dark BSE zircon can contain an abundance of spdlet@ oval shaped pores (<0.3um, after
Rouquerol et al. (1994)), isolated cavities andusions (Fig. 6). Inclusions range from 0.3um
upto 12um long and vary greatly in shape from r@gahd rounded to angular and highly irregular
shaped grains (e.g. Fig. 6a, 6h, 6j,7b). Holesgirlar elongate openings and long thin cracks to
large, very irregular voids have all been in filledlVhere these minerals are large enough to be
identified (i.e. >2um), quartz, mica and FeO hagerbfound. Other inclusions are also present as
but due to their size, they cannot be easily ifiedti High BSE contrast grains (on average
<0.5um) are common inclusions found within dark B&tEon (e.g. Fig. 6a, 6h, 6]) (see section
3.5.4). Generally, cavities are more irregularsivape with increasing size. Very occasionally
greenschist facies rocks contain dark BSE zircat tiompletely lacks inclusions and any other
microstructural discontinuities (Fig. 6m). Dark B&ircon such as this has been categorised as
Group 2 dark BSE zircon in sedimentary rocks wittlusion-rich dark BSE zircon referred to as
Group 1 dark BSE zircon. This is explored furtireChapter 4. However for the purpose of this

chapter, it will simply be referred to as dark BSEon.

Dark BSE zircon is most commonly found in the cavégircon grains or particular growth layers
or between zones of otherwise unmodified zircomy.(Bd, 6e, 6f, 6i, 6k, 6l). In such instances,
dark BSE zircon is usually enclosed within unmaatifzircon and has an overall shape typical of
any other detrital unmodified zircon in that thiecdon. However where dark BSE zircon is in

contact with the matrix, it can be found in a ranfshapes and microstructures.



3.5.1 Dark BSE zircon adjacent to matrix in slates, phyllites and

psammites

Dark BSE zircon displays small irregularities os iihargin where in contact with the matrix in
slates and phyllites (Fig. 7a-d & 6b,c,f,h,j). Usdified zircon can be found within or partly
surrounded by irregularly formed dark BSE zircoig(Fc & 6h). Higher magnification images of
the margins of dark BSE zircon reveal that the ede a succession of very small (<0.1-3um)
jagged undulations, bays or frills (Fig. 8). Bay®.5-3um deep) can be U-shaped (Fig. 7a),
rounded crescents (Fig. 6j), angular (Fig. 7d &8)rregular elongate inlets upto 2um deep (Fig.
7b). Curved or irregularly shaped spines (upto 3pmg, <0.2um wide), sharp serrations (<0.5um
deep), delicate bulbous (<0.2um deep) margins &ty thin wisps of dark BSE zircon finger
between matrix grains (Fig. 3a,d & Fig.8). Incoetpl half hexagons, pyramids and sub-cubic
shapes are also found along the margins with mi&e0nm) undulations on them (Fig. 6a, 6b &
7b). Occasional large (10pum) horseshoe-like l{&ig. 6b) are also observed where the grain
contains predominantly dark BSE zircon. Howevagasionally margins of dark BSE zircon
preserve euhedral edges (Fig. 7d). Despite thgulae features on the margins of dark BSE zircon,

most still maintain a similar shape to that of uaiffied detrital zircons in the rock (Fig. 6a, 6kp). 6

3.5.2 Dark BSE zircon in contact with quartzite matrix

In quartzites, margins of dark BSE zircon are amndledut more rounded than those in
phyllosilicate-rich lithologies (Fig. 9). They apunctuated by a series of <0.5um deep nicks,
slightly deeper (0.5-5um) U-shaped notches (Fi§.a&9dl cove-like bays (2-5um wide and deep)
(Fig. 9c, 9d). Commonly, the contact between light dark BSE zircon does not follow the
internal zoning of the grain (Fig. 9a-c) which is contrast to those in phyllosilicate-rich
lithologies. Zircon containing dark BSE domainsoilsserved in close proximity to entirely
unmodified zircons with little or no difference the surrounding mineralogy (Fig. 9a). Some
grains preserve rounded 2um domains of light BSE&ori within a matrix of dark BSE zircon

inducing a mottled contrast (Fig. 9e) or a patchwie texture (Fig. 9f).
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Figure 7. Images of dark BSE zircon in slates

All BSE images unless stated otherwisa. Almost completely dark BSE zircon with irregulaotohed
margins (arrow) but also very fine and delicategonivth like feature from the margin. Domains ofdsand
pores and domains free of pores or inclusions (BA®1 Zircon fragment showing alternate zoning of dark
BSE/light BSE zircon. Dark BSE zones contain eldedholes aligned to zoning pattern. Bright inidos
of xenotime ranging from <1-10um. Red arrow — selRdgonal margin with minute undulations, white
arrow — angular bay into margin (BAL3) Zircon fragment with xenotime (x) outgrowth, I(gRSE and
dark BSE zircon and zircon outgrowths (arrows). KDREBE zircon has grown out of original growth layer
that has apparently “spilled out” and partly engdlifight BSE laths and forming outgrowth-like fe@s on
the margins of light BSE zircon (arrows). Dark B&Econ contains xenotime inclusions (BAL1AY SE
image of dark BSE zircon with irregular margins amdjular bays (white arrow). Microstructure consaém

abundance of inclusions and pores. Red arrows gheserved euhedral margin (EAS1).
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Figure 8. Higher magnification BSE images of Fig. 6 showing the delicate and irregular nature of the
margins of dark BSE zircon inter fingering with the matrix. Microstructure contains minute

inclusions and pores (EAS1).
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Large irregular channels extend between some d8i Brcon grains and can form elaborate and
extensive networks through what were probably aicgle and complete grains (Fig. 9c). These
channels can be long.25um) and narrow (<2pum) and run between dark agit BSE zircon
(Fig. 9b). Channel margins are generally smooth raunded with occasional angular v-shaped
(red arrows, Fig. 9e) or blocky (white arrow, F8@g) clefts. Matrix minerals, most commonly
quartz, muscovite, biotite and chlorite (Fig. %me identified in these areas. The size of opening
and bays are typically more pronounced, and thgimsuwof dark BSE zircon grains more rounded
with the increasing grain-size of the matrix andrdasing phyllosilicate content in the host rock.
Often grains appear to have broken up along thkaanels between light and dark BSE zircon,
becoming dispersed within a localised area in tlarimn (most commonly quartz) (Fig. 9a-c).
Islands of light BSE zircon are typically roundedsuch instances (Fig. 9e&f). As with dark BSE
zircon in phyllosilicate-rich rocks, these zircotypically retain a rough outline of an original
detrital zircon and can occasionally exhibit eulaédrain edges when adjacent to phyllosilicate

minerals (Fig. 9c¢).

3.5.3 Fractures related to dark BSE zircon

Fractures in unmodified light BSE zircon are ofggratially associated with areas or zones of dark
BSE zircon in the same grain. Multiple fractufesyuently radiate from the boundary between
dark BSE zircon and light BSE zircon and to theeed§ the light BSE zircon (Fig. 6b-f, 6i-l).
Such fractures are generally perpendicular toitie | dark BSE zircon boundary and are absent
from zones with dark BSE zircon (Fig. 6b-f, 6i-Concentric fractures (Fig. 6d) also occur along
the boundary between the dark BSE zircon layerthachext outermost light BSE growth zone.
Multiple radial fractures, very similar to thosesdebed in section 3.5.3, are typically found in
light BSE zircon adjacent to porous zones. Frastare roughly perpendicular to the light BSE
zircon-porous layer boundary and often reach thengrdge. Very dark BSE zircon is often located
in the porous growth zone near the tip of the trect Where this occurs, small zircon outgrowths
(see section 3.7.1) may be found at the point wtierdracture meets the outer edge of the grain

(Fig. 13a).



Figure 9. BSE images of zircon containing dark BSEircon in quartzites. Caption is on next page.



Figure 9. cont.

a Disintegrated dark BSE zircon with abundant is@uns and cavities (mod) with unmodified zircon) (ar
close proximity (KLO5h).b Central zircon contains dark BSE and light BS&aarwith individual rounded
zircon fragments. Unmodified light BSE zircons eft land right of image. Arrow points to quartz-fillong
grain discontinuities (KLO5h)c Dark BSE zircon with large matrix filled cavities a result of dissolution.
All margins are rounded and with small roundedigaxtending from grain margin at the top of thagm
Arrow points to euhedral grain edge preserved (KLGb Dark BSE-light BSE zircon grain with U-shaped
notch (arrow). Internally cavities and inclusior® thave formed as a result of dissolution (KL04.
Enlarged area of c. Shows complex relationship eetwounded light BSE zircon domains and dark BSE
zircon domains. Red arrow shows v-shaped cleftstewdrrow points to blocky shaped bays. Note matrix
filled cavities (KLO5).f Zircon with light BSE and dark BSE complex. Mistaucture of light and dark BSE
zircon complex is inclusion and pore —rich. HighBiBtensity inclusion is xenotime that is also prasas

an outgrowth (KLO5).
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Figure 10. Crushed zircon in quartzites

a SE image with red arrows pointing to dark BSEa@irs crushed along quartz grain boundaries. Yellow
arrow indicates complete, unmodified light BSE aitc(Dh4). b Higher magnification image of area
defined ina. Crushed dark BSE zircon that is partly surrougditocks of light BSE zircon witle an SE
image of the same area. Image shows crushed ddtkzB&n is found between the quartz grain bourmdari

d BSE image of crushed dark BSE zircon biotite-ddne of quartzite KLO5. Red arrow points to eulédr
grain edge preserved against quartz grain. Zirscancchored in quartz grain with trail of zircongnaents

from the parent grain.



Figure 11. a BSE image of veined and fragmented daBSE zircon with irregular edges and cavities.
Red arrow points to preserved zoning and angular gain edge. Grain has been partly broken up. White
arrow points to thin, vein-like inlet (KLO5h). High BSE intensity inclusions are of thorite ((Th,U)SiQ).

b SE image of a showing veins are filled.



3.5.4 Crushed zircon

Crushed grains of dark BSE zircon are found betwdengrain boundaries of quartz and in
cleavage domains of psammites and quartzites. h€dyslark BSE zircon often surrounds small
(<5um), subhedral or equant grains of light BSEair Particles of dark BSE zircon may trail
from larger (>10um) light BSE zircon cores (Fig).1&ome light BSE zircon cores have irregular

broken grain edges and occasionally preserve eahgdtin edges (Fig. 10d).

3.5.5 Dark veins

Occasionally dark BSE zircon in quartzite displayen darker, thin cross-cutting veins (100-
400nm wide) (Fig. 11). Within these veins are aieseof interconnected pores (<1um) and
elongate holes (upto 2um long). Veins have a I&E Bntensity than the zircon and are in filled
(Fig. 11b) although with what cannot be identifiedeining in such zircon is also associated with
numerous, slightly irregular shaped cavities 1-10piche. Occasional zoned bands are observed
(Fig. 11). Dark veined zircons typically have arhedral shape with smooth and rounded margins
punctuated by notches and inlets similar to thasscidbed in section 3.5.2. Around the margins

occasional straight and angular grain edges asepred.

3.5.6 Xenotime and other high BSE contrast minerals

Xenotime is abundant in some of the rocks studieble 1) and is commonly found in the pores
and cracks within dark BSE zircon (Fig. 12, Fig,c{lirig.6a,h,j Fig. 9f). Xenotime inclusions are
typically 0.2-1um in size but have been found ugon long (Fig. 7b). Inclusions of xenotime
generally have highly irregular shapes, often wiiinute (<100nm) frilly edges (Fig. 3b&7c) and
are concentrated in thin linear bands, often atigparallel to zoning in light BSE zircon. Larger
(>3um) xenotimes can be more rounded and blotclshape and may apparently fill cavities (Fig.

18K).

Some dark BSE zircon contains finer xenotime inolus towards the rim of the grain (Fig. 12a)



but generally, xenotime size (within 0.2-1um lirniged distribution appears to be random in dark
BSE zircon. However, even where xenotime is abaondadark BSE zircon, holes and cavities

may remain empty (Fig. 6h). Zircon with marginahetime outgrowths (see section 3.7.2) is also
likely to contain xenotime inclusions within darkSB zircon areas. In xenotime-poor rocks, the
cavities and holes in dark BSE zircon are typicatypty (Fig. 6k, 7d & 8). No xenotime has been

observed as inclusions within unmodified zircon.

Inclusions of thorite (ThSig) and coffinite (USIQ) are rare but have also been found within dark

BSE zircon (Fig. 99, 11, 12a) from slates as welbsammites and quartzites.

Figure 12. BSE images of zircon containing high me@satomic number inclusions.

a Dark BSE zircon with abundance of pores and siohs in the microstructure and highly irregular
margins. Bright inclusions are of xenotime withyeéright central inclusion of coffinite (BAL1C)b Light
BSE zircon grain with fractures and outer dark B&t€on rim. Dark BSE zircon margins are irregular i
shape and contain inclusions and holes. Red armmigto xenotime-filled fracture. Note that fraets do

not continue in dark BSE zircon (BAL3).



3.6 Porous zones in zircon

A small proportion of zircons (<3%) have particulight BSE zones or domains that contain dark
BSE spots (Fig. 13) and these areas are often foumiltiple zones of the same grain. Spots are
generally spherical to oval in shape and upto 300vide. Spots typically have a relatively
constant size within the same growth layer. Howewecasional grading in the spot size has been
observed in some zones, typically coarsening indirection of the grain edge (Fig. 13a). Spots
are normally relatively evenly distributed but thlbundance of individual spots does vary from
very high concentrations where they are almosthimgcto very few, sparsely distributed spots
(Fig. 13a & 6l). The slightly higher contrast anduthe edge of these spots in SE images (Fig. 13c)

would suggest that these may be pores within tioezi
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Figure 13. Images of porous zones in zircon

a BSE image of zoned zircon with porous zones shaiv size grading (red arrow, coarsening in dioecti
of arrow) and band with sparsely distributed pdbdack arrow). White arrows show light BSE areas tire
linked to fractures. Inset shows whole grain withiaeged area. Note zircon outgrowths on the edghef
zircon grain that are spatially linked with dark B3ircon (Dh4).b BSE image of zoned zircon with porous
zones and radial fractures related to porous z{€ed5). ¢ Higher magnification SE image of area defined

in b.
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3.7 Features on the margins of unmodified zircon
3.7.1 Zircon outgrowths on unmodified zircon

In phyllosilicate-rich rocks, zircon outgrowths ¢Fil4) are found on the grain margins of about
50% of the zircons (by number) in the rock. Ziromutgrowths cut across the internal zoning
patterns of the host (Fig. 14a) and also foundhensurfaces of broken detrital zircon grains that
have been fractured in-situ (Fig. 14c). Zircongoowths typically protrude 2-3um into the matrix
but range from <1um to 5um. They can be foundalsiied, individual crystals (Fig. 14g-i) or in
clusters (Fig. 14a, d-g, j-). The latter take then of either an engulfing crust when the hostirgr

is completely surrounded (Fig. 15a&b) or a partigihclosing crust where outgrowths appear only
on parts of the host (Fig. 15c, 14e-g). Zircorgooivths also have a wide range of habits: rounded
sub-hexagonal blocks (Fig. 15d, 14q); bulbous (Higa); jagged, saw-tooth serrations (Fig.
14c,d,h,j); individual euhedral prisms (Fig. 14a&)dwispy and frilly shaped (Fig. 15b, 15e, 14Kk).
A great variety of these forms may occur on theesairton. Only zircon that entirely encloses the
host zircon grain should be referred to as overtiswDempster et al., 2004), with all other

instances described as outgrowths (Rasmussen, 2005b

Fingers of zircon within outgrowths often projenta matrix grains of muscovite, chlorite and
quartz (Fig. 15b, 15c¢, 15e & 14b, 14d, 149, 14utgrowths of zircon with euhedral grain edges
have only been observed when adjacent to phyllasdi minerals (Fig. 15e, 14b). Although
identification is difficult due to the size of indions, zircon outgrowths do contain inclusions of
quartz and phyllosilicate (Fig. 14b) and can ocwaslly be very inclusion-rich (Fig. 15a&b).
Zircon outgrowths are notably absent in some irtgtarwhen the host grain is adjacent to large
(>30pum) quartz grains (Fig. 14g, 15c¢). However,other instances zircon outgrowths form
adjacent to quartz in preference to other surravndrains (Fig. 17). Zircon outgrowths are not
orientated in the direction of the fabric in thekand show no preference for a particular face or
location on the host crystal, irrespective of whgnan boundaries occur in the matrix surrounding
the zircon. High magnification SE images of zir@utgrowths reveal aswell as an inclusion-rich

microstructure, they also contain an intricate mekwof pores (Fig. 15f).



10.0pm

——10.0pm———

Figure 14. Images zircon and xenotime outgrowths othe margins of zircon. Caption is on page 45.
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Figure 14. Images zircon and xenotime outgrowths othe margins of zircon. Caption is on page 45.



Figure 14. Images zircon and xenotime outgrowths othe margins of zircon.

All images BSE unless stated otherwisa. Rounded host zircon with zircon and xenotime oaighs
(xenotime — white arrow). Black arrow shows wheosttzoning is truncated by outgrowth. Red arrowtsoi
to interactions of zircon and xenotime outgrowttap (is transitional boundary and lower a spike erfiotime
points into zircon outgrowth) (BAL1B). b SE image ofa displaying outgrowth interactions with
surrounding mineralogy. White arrow shows zircongoawth enclosing quartz grainc Very fine zircon
outgrowths on the broken margins of a fracturedarirgrain (Dh1).d Zircon with zircon and xenotime
outgrowth. Zircon outgrowths are pyramidal on ledhd side of the grain while the right hand sidse imore
rounded appearance (BAL1Cg.andf are enlarged complementary SE and BSE imagesatasgg of area

in g (EAS1). e shows topographic variations within outgrowths aaldo inclusions within the
microstructure, arrows if show xenotime grains in zircon outgrowths whgeshows sub-hexagonal
outgrowths (black arrow) and lobe like outgrowthsi¢e arrow) and relationship to surrounding mitegs.

h Host zircon with isolated jagged (top and rigtargins) and blocky (left hand side) outgrowths (Ph2
Sub-hedral zircon grain with frilly outgrowths (tayd grain) and sub-hexagonal outgrowth (bottom trigh
margin) on the margin of zircon that has light BSark BSE zone interior. Dark BSE zircon has cakiiti
microstructure and occasional fractures in lighEB&con that have been sealed by dark BSE zirE#S].

j Zircon with homogeneous frilly and jagged zircomgyowths (EAS1). k Rounded detrital zircon with
variable BSE intensity zircon outgrowths. Brightneiial in outgrowths is xenotime (BAL1B). SE image
of k showing outgrowth interactions with surroundingheralogy, m=mica qtz=quartz and inclusions in the

zircon outgrowth microstructure.
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Figure 15. Images zircon and xenotime outgrowths othe margins of zircon.

All BSE images unless stated otherwisa.Host zircon with inclusion-rich, patchy BSE inté@gpszircon
overgrowths. Arrow points to coherent higher BSEenmsity zircon block in overgrowth (BAL1D)b SE
image ofa showing charging effects and overgrowth interactisith surrounding matrix. ¢ Zircon
outgrowth on host zircon adjacent to muscovite (BAL1A). d Sub-euhedral detrital zircon host with
zircon and xenotime outgrowths. Outgrowths showckdoof xenotime within zircon and higher BSE
intensity zircon blocks. Arrow points to dark B3Econ between host and outgrowth (BAL1W.SE image
of zircon with zircon and xenotime outgrowth withrounding matrix. Red arrow points to xenotime on
zircon outgrowth tip. Inset is high contrast BSEage and shows xenotime on tip (BAL1DY. High
magnification SE image showing intricate microstme of inclusions and pores in zircon outgrowth
(BAL1B). g Rounded detrital zircon with zircon and xenotimggrowth. Arrows point to mottled texture
in zircon outgrowth withh an SE image o§ showing mottled appearance is due to charging (B3L

Figures 15e-h are on the follow page.



Figure 15cont. Images zircon and xenotime outgrowths on the margs of zircon.



BSE images shows that zircon outgrowths have arlB8& signal intensity than their host zircons
(irrespective of BSE zoning within the host), samilin brightness to dark BSE zircon. Zircon
outgrowths characteristically have a slightly nesttlappearance in BSE, also similar to that
displayed by dark BSE zircon, and often contaightrBSE inclusions. These high BSE contrast
grains are likely to be xenotime (due to brightneSmineral in BSE) but areas of slightly higher
BSE intensity than the outgrowth areas are zirguhtzve a similar brightness to the host zircon
(Fig. 15d). These take the form of thin (0.2umevahd upto 2um long) bright streaks (Fig. 14f),
roughly spherical bright spots (0.2-1um) (Fig. 13aP-1pm distorted cubes (Fig. 14f) some of
which show euhedral edges (Fig. 15a), and sub-losedghaped domains (Fig. 15d) can also be

identified. The outer tips of zircon outgrowthswaonly appear bright in BSE (Fig. 15a,b,e,g,h).

Bright areas within zircon outgrowths are commoriund in conjunction with xenotime
outgrowths (Fig. 16, see sections 3.7.2 & 3.7Z4jcon outgrowths in xenotime-poor slates appear
more homogeneous in BSE images than their coumtsrparocks where xenotime is abundant
(Fig. 16¢). On rare occasions, zircon outgrowthgehbeen found to be homogeneous in BSE
images in xenotime-rich slates and are in closeimity (c.100um) to zircons with patchy

outgrowths despite apparently little differenceha adjacent mineral assemblage (Fig. 14)).

Zircon outgrowths are seldom found on zircon inrtgies and psammites (Table 1) but where
outgrowths are present, they are often smaller f®3han those in slates (Fig. 17). Typically the
rocks that contain zircon outgrowths have a highteyllosilicate content than the other quartz-
dominated samples, although simply containing npdrgdlosilicate minerals is not necessarily an
indication the rock will contain zircon outgrowthdzurthermore, where zircon outgrowths have
been found in quartzites and psammites, these areksften from a sequence dominated by slates,
most of which contain zircon outgrowths. In sla(B&\L1, BAL1B, BAL3, EAS1) containing
alternating phyllosilicate-rich and fine-grainedagiz layers (upto 1mm in thickness), zircons
outgrowths are only ever found on zircons in plgilloate-rich bands. However, there is a
possible bias in this observation as the numbdrost zircons in the quartz-rich areas is upto an

order of magnitude lower than in phyllosilicatedas.
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Figure 16. BSE images zircon and xenotime outgrowshon the margins of zircon.

a Zircon with zircon outgrowths. High BSE intensiy the tips of outgrowth is result of xenotime @st
Xenotime also forms outgrowth at the bottom of itmage (BAL1D). b Rectangular detrital zircon with
inclusion-rich and sub-hexagonal zircon outgrowid &arge xenotime overgrowth (BAL1BY Zircon with
large homogeneous BSE zircon outgrowth and frilljgoowth projecting into the surrounding matrix @h

d Enlarged area frorh showing xenotime blocks in zircon outgrowth. Almows the heterogeneous BSE

intensity of the zircon outgrowths.
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Figure 17. Images of zircon with zircon outgrowths.

a Zircon outgrowth serrations on host zircon adaigsartz with inset high magnification image of
outgrowth (BAL3) andb shows pyramidal zircon outgrowth serrations (Dhd).SE & d BSE images of
zircon showing difference between outgrowth andngesige. Outgrowth has formed adjacent to quartz

(Dha).



3.7.2 Xenotime outgrowths on zircon

Xenotime has a higher mean atomic number than atbst minerals, including zircon, allowing it
to be easily identified using high contrast BSEgmg. This property of xenotime also allows it to
be distinguished from zircon in areas where theeecamplex, sub-micron intergrowths between

the two minerals (Fig. 16).

In slates and phyllites, xenotime project§um on average from the host zircon. Xenotime
occasionally completely encases the host zircoanasvergrowth (Fig. 18g) but otherwise forms
outgrowths of partially surrounding crusts or isethgrains on the margins of the host zircon (Fig.
18a-f). Where the host zircon retains an octagematub-octagonal shape, isolated xenotime
outgrowths may be found on opposing corners ofhibst (Fig. 18h&i). Xenotime outgrowths

more commonly form two, three or four separate mwghs on the different faces of the host
zircon as opposed to a single continuous outgrovtkarge xenotime outgrowth can be present on
a single host zircon whilst all neighbouring zirsdack outgrowths (Fig. 19h). In such instances,
the zircon with the outgrowth is in communicationthwthe phyllosilicate matrix whereas

neighbouring zircons are entirely surrounded byrigua

There is a good correlation between the habit abtieme outgrowths and host lithology and grain
size. Xenotime in quartzites and psammites (coagsgined rocks) is generally smooth and
rounded where rounded subhedral blocks are comramn {8f, j & k) as are larger (>5um)
pyramidal-shaped outgrowths (Fig. 18e). Howewverphyllosilicate-rich lithologies (which are
typically finer grained), xenotime is much moresgularly-shaped, forming jagged outgrowths and
frills (Fig. 18a-c,i). The exception to this isetleccasional euhedral xenotime outgrowth where it
forms against the cleavage plane of a mica (FiQ&t®. Very thin (<100nm) spines of xenotime
may occur between the cleavage planes of micas (Eh) and xenotime may also partially
surround matrix quartz grains (Fig. 19d). Finewggd (<2pm) quartz is the most common
inclusion in the xenotime (e.g. Fig. 19f) as deteed by Si peak on EDX analysis spectra,
coupled with a very low BSE intensity. Xenotimeaiso larger when adjacent to mica (Fig. 19e)

and outgrowths are generally more rounded besidexwpartz (Fig. 18c).
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Figure 18. Images of xenotime outgrowths on zircorCaption is on page 54.



Figure 18. Images of xenotime outgrowths on zircorCaption is on page 54.



Figure 18. Images of xenotime outgrowths on zircon

All BSE images unless stated otherwisa. Subhedral concentrically zoned host zircon wi#notime
outgrowths that show three textural phases. Inghssappear along the margin between zircon andtixe®o
outgrowth and within zone 1 of the outgrowth. Tihg@ts of zone 1 are defined by a high BSE intgnbiind
(black arrow). The second growth zone is more hgemeous with a third phase of growth (white arrow)
mantled to zone 2 (BAL1B)b SE image o& showing outgrowth relationship with matrix. Arropwsint to
thin spines of xenotime along matrix boundariesfrita, qtz=quartz).c SE image of zircon with irregular
xenotime outgrowth showing association with matAr.ow points to zircon outgrowth. Xenotime forms o
four faces of the host zircon (BAL1B)d Streaky dark BSE/light BSE zircon with high BSensity
xenotime forming on light BSE and dark BSE zircolark BSE zircon contains abundance of pores.
(BAL1C). e Large pyramidal shaped xenotime outgrowth formamgzoned zircon (BAL3).f Fractured
host zircon with four separate xenotime outgrowthsall sides of host. Note absence of fracturdsiriger
xenotime outgrowths (BAL3). g Dark BSE zircon with pores surrounded by xenotimesrgrowth.
Xenotime contains fractures that radiate from theon-xenotime boundary. Xenotime margins protrirde
matrix (BAL1B). h Sub-rounded zircon with xenotime outgrowths amr fopposing corners of grain. Some
xenotime outgrowth grain boundaries are rounded r@ateé inclusion-rich boundary between zircon and
xenotime (BAL1A). i Euhedral zircon with concentric zoning and darlEB&terior. Radial fractures in light
BSE zircon are associated with dark BSE zones. ¥aeoutgrowths are attached to four opposing faces
zircon. Inset shows relation to matrix (BAL1A)j Rounded zircon with blocky xenotime outgrowths.
Phyllosilicate coating around host zircon and betweenotime outgrowth (BAL3). k Zircon with

xenotime infilling cavities in dark BSE interiorlgo xenotime outgrowth on zircon grain edge (BAL3).
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Figure 19. Images showing examples of xenotime ouwtgvths on zircon. Figure captions are on

following page.
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Figure 19. Images showing examples of xenotime outgvths on zircon

a BSE image of light BSE zircon with radial fragtarand thin concentric dark BSE zircon zones. Xt
forms outgrowths on the margin of the zircon arelxBnotime inclusion in the centre of zircon (BAD1/A

SE image of zircon with straight-edged xenotimegomith adjacent to muscovite (musc) and growing
around quartz (q) (BAL1A).c BSE image of zircon with zircon and xenotime oatghs. Arrow points to
euhedral shape of xenotime outgrowth (BAL1AJ. SE image ofg showing xenotime growing around
quartz grain (BAL1A). e SE image of Fig. 18d showing xenotime outgrowtthvpreferential growth
adjacent to muscovite (musc) over quartz (qfz)SE image of Fig. 18g showing qtz inclusion in ok&me
outgrowth. g BSE image of rounded zircon host with zircon aedotime outgrowth. Arrow points to
zircon on xenotime outgrowth (BAL1Ah Combined BSE & SE image showing zircon in phylBAL3.

Arrow points to the only zircon with xenotime outguth.
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Using BSE images, three distinct domains can betiitkd within xenotime outgrowths on zircon

in slates and phyllites (Fig. 18a,h,i). The innesin domain is frequently inclusion-rich,
particularly along the xenotime-host zircon bougdafthough outgrowths appear to be less
inclusion-rich in quartzite and psammite. A brigdaind can be traced between the first and second
domain and is roughly parallel to the edge of thasthzircon. This second domain
characteristically lacks inclusions and is weakbned with a slightly more intense BSE signal
towards the edge of the outgrowth (although carstrha taken to avoid this being mistaken for
charging). The outer margins of this second ploftem have fingers of xenotime that protrude out
into the matrix. On the fringes of some outgrowtisolated euhedral pm-sized xenotime
represents a third phase of growth and are sepdrat® earlier xenotime by a thin (<0.2um) high

intensity BSE band.

Occasionally, where xenotime completely surrourws host zircon as an overgrowth, fractures

radiate from the contact between the xenotime asd kircon to the outer edge of the xenotime

(Fig. 189).

3.7.3 The relationship between of zircon and xenotime

outgrowths

Xenotime and zircon outgrowths on the margins otan are often contiguous, frequently
surrounding one another (Fig. 14a and see sectibh)3 The shape of contact between zircon and
xenotime varies from straight (Fig. 19g, 15d) tigtsly irregular and curved to jagged (Fig. 14a).
The boundary between zircon and xenotime outgrovsthisually sharply defined but occasionally
there can be a gradation in BSE signal intensitynfrxenotime into zircon (Fig. 14a). Thin
(<0.2um) spines of xenotime may also protrude th&zircon outgrowths (Fig. 14a) and isolated
crystals of xenotime are partially (Fig. 14a, 16drompletely (Fig. 16d) surrounded within zircon
outgrowths. However, regardless of abundance, xarobutgrowths generally protrude further

into the matrix than zircon outgrowths.



Very thin (<0.5um) strips of dark BSE zircon haveeb observed between the host zircon and
xenotime (Fig. 15d & 19c). Phyllosilicate coating@ptm thick and partially surrounding the host
zircon, have also been noted between the hostrezand the xenotime outgrowth (Fig. 18j and c.f.
(Watt et al., 2000) although these are rare. Naomrhas been observed within xenotime

outgrowths.

3.8 Other occurrences of xenotime

3.8.1 Overgrowths on detrital xenotime

Small €.10um in diameter) well-rounded to subhedral xenettores are encased by upto 5um
thick xenotime overgrowths (Fig. 20). Although omomon, these features have only been
observed in slate samples and are absent from tithelogies. It is likely the well-rounded to

subhedral xenotime cores are of detrital origifne Thargins of these xenotime overgrowths range
from smooth and rounded subhedral blocks to iragahd jagged with spines that project along
cleavages of individual micas in the adjacent matriOvergrowths of xenotime on detrital

xenotime appear almost identical in form to thasentl on zircon and can also be divided into
three distinct domains (c.f. section 3.7.2). Homrewvo subtle differences are observed. Firstly a
slightly darker BSE, 2um wide band exists withie tkenotime that immediately surrounds the
host zircon (Fig. 20b). Secondly, xenotime outgtsaron xenotime are characterised by a more
irregular-shaped and discontinuous bright stripclwhaccurs between the first and second domain

of the xenotime overgrowth (Fig. 20b).

3.8.2 Discrete xenotime within the matrix

Discrete, flattened oval xenotime (3-10um alongletsgth) is found within the matrix of slates
(Fig. 21). They are rare and only ten grains wessgnt in thin section of a slate with abundant
xenotime outgrowths. Discrete xenotime has smedties when adjacent to quartz and irregular,

frilly and spikey margins when adjacent to phyllicsites.
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Det Spot W WA |l 1°10)1 11 | — el 100V 11 | b—

Figure 20. Xenotime overgrowths on xenotime

a SE image of detrital xenotime with xenotime overgth showing relationship xenotime outgrowth has
with the surrounding matrix. (qtz=quartz, m=musteyichl=chlorite) (BAL1A). b High contrast BSE
image of detrital xenotime with xenotime overgrowfteveals inclusion-rich rim around the host xeneti

with a thin bright BSE band that surrounds inclasiiwh area (BAL1A).

Det | Spot| WD it —20.0pm————
20.0 kV|ETD| 4.0 10.6 mm ) 7

Figure 21. BSE image displaying discrete xenotimggarrows) adjacent to quartz grain within a slate

matrix (BAL1A).
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3.9 Chemistry, CL and EBSD of zircon and xenotime

3.9.1 Light BSE zircon

Zircon generally has a composition 065% ZrQ, ¢.33% SiQ and 1-1.5% Hf@ with small
concentrations of Y, REE’s and actinide elementssigih and Schaltegger, 2003) and light BSE
zircon typically has a composition similar to thisight BSE zircon is generally strongly
luminescent in cathodoluminescence (CL) but is comlynzoned in CL (Watt et al., 2000) and
can display a range of CL intensities within thensacrystal (e.g. Fig. 4f, 24c). CL spectral
analysis of light BSE zircon (Fig. 22a) gives athigtensity peak at 340-380nm. Between 400 and
750nm is a broad low intensity area that plated&ifls@/5nm. At the end of the plateau is a broad
hump at 685-735nm. Sharp, single line intensitgkgseare a result of cosmic rays hitting the
detector and do not represent luminescence frooorzi(P.R. Edwards, personal communication).
Light BSE CL-intense zircon produces high Image IQu@Q) Kikuchi patterns when analysed

using EBSD that have a high Confidence Index (CGlewindexed by EBSD software (Fig. 23).
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Figure 22. CL emission spectra of from multiple anlyses of unmodified light BSE zircon (a) and dark
BSE zircon (b). Locations on the grains from wheré&L analysis was obtained from is shown in Figure

26.
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High EBSD IQ pattern

Figure 23. Characterisation of concentric light BSEand dark BSE zoned zircon.

Oscillatory light BSE/dark BSE zoned zircon withdia fractures and porous zircon bands in light BSE
zones. Dark BSE zircon contains xenotime inclusi@an8SE of zoned light and dark BSE zircanith
complementary CL image. CL intensity is always liomcorresponding dark BSE zones. EDX and EBSD
spot analysis of light and dark BSE zircon showkd@8E zircon is enriched in Ca, Fe and Al on andXED
spectra, noting the difference in Zr to Si peale sipmpared to light BSE zircon. Dark BSE zirconvgio
corresponding low IQ EBSD patterrh EDX element maps ad show modified growth layers enriched in
non-formula elements and U & Th whilst deplete®in& Zr. ¢ High magnification BSE and SE images of
area defined ira. High BSE intensity, small irregular xenotime gmaican be observed within dark BSE
zircon and the microstructure also contain an ahnod of pores with porous zones in the light BSeaias

are also observed (white arrows). (Dh4). Figuids-@ follow this page.
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Figure 23.cont.
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Figure 24. Characterisation of zircon containing dek BSE zircon. Figure caption follows images on

next page.
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Figure 24. Characterisation of zircon containing dak BSE zircon

a EDX element maps of figure 6d showing dark BSEar is enriched in non-formula elements while
depleted in Si & Zr. Amounts of Mg, U and Th engchin dark BSE zircon are close to the detectimnitdi

of EDX but maps show very slight enrichment. Qu#8i-rich parts within zircon grain in Si map) has
filled radial fractures as has occasional phylloates (Al-rich). Fe-rich inclusions in dark BSE&n
represent FeOb Confidence Index (Cl) — Image Quality (IQ) EBS&asned map of figure 6d. ClI is the
intensity of the colour brightness with bright hayia high CI. 1Q is shown by colour warmth witld teeing
highest and black lowest. Step size = 0.15um. tLBBE zircon can shows a range of crystalline state
indicating that some light BSE zircon is partiathetamict. Dark BSE core has a low EBSD IQ although
some variation exists within that may correlatehvalightly higher CL intensity i which is a CL image of
figure 6d showing complex oscillatory zoning witHight BSE zircon but also some intensity variation
within the equivalent dark BSE ared. CL of figure 9b and adjacent unmodified zircoscon containing
dark BSE zircon (centre) has a greatly reducedr@&niity signal by comparison to unmodified zirc¢z3
that exhibit complex zoning.e Higher magnification CL image of area defined dnwith increased
brightness. Note bright CL “blotches” within darlSB zircon. f & g CL of figure 9C showing the same

overall low CL emission levels but with bright @lotches around and throughout the grain.
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Cl-1Q EBSD Step = 0.1um

Figure 25. Characterisation of dark BSE zircon in fgure 8 containing thin laths of light BSE zircon

a EDX element maps with curved unmodified band shgwio enrichment in non-formula elements and
higher concentrations of Si & Zr. This unmodifieone correlates with light BSE zircdm.Complementary
CI-1IQ EBSD scanned map of same area with unmodifigtit BSE zircon producing higher CI-IQ EBSD
patterns compared to very low CI-IQ dark BSE zitcKikuchi patterns show EBSD difference in quality
between dark BSE and unmodified zircon. Blue asraw EBSD map point to matrix grains. CL image

of same area with unmodified showing high CL enoissievels. Dark BSE zircon displays some CL

intensity variations that may correlate slightlydifferences in non-formula elements.



3.9.2 Dark BSE zircon

Energy Dispersive X-ray Spectroscopy (EDX) SEM spulysis of dark BSE zircon show that it
is enriched in non-formula elements (according md&chmidt's rules) Mg, Al, Ca and Fe (Fig.
23,24,25). There is considerable variation in ¢bacentrations of these elements in dark BSE
zircon from analyses that contain easily identiali-ray peaks, equating ml1-2wt%, to those
with no identifiable peaks. This variation is séiem grain to grain and even within the same area
of dark BSE zircon. EDX SEM scans reveal that B8E zircon is depleted in Zr and Si (Fig.
23b, ,24a, 25c). Dark BSE zircon is also chargsdrby a higher Zr/Si ratio than light BSE zircon
and, although this may be subject to large ermwes determined by measuring their relative peak
heights on the energy dispersive spectra. EDXsso#ten show that dark BSE zircon is enriched
in U and Th relative to light BSE zircon within teain (Fig. 23c, 24a). However, BSE images of
U and Th rich areas frequently show numerous hi§k Bitensity <500nm size grains likely to be
xenotime inclusions (Fig. 23d). As xenotime cantam several weight percent U and Th, it may
be that the enrichment in these elements is remiasee of xenotime grains rather than the
composition of the dark BSE zircon. The xenotirhemistry may also be masked by zircon in
EDX analysis because the Y land P Kt both occur very close the Zulpeak causing significant

overlap. This may also result in a slightly eledbZr peak and therefore higher Zr/Si ratio.

Ten zircon grains with dark BSE areas, were sdlefttam five thin sections: a phyllosilicate-rich
psammite (Dh4); two quartzite samples (KLO5& KLOSmd two slates (EAS & EAS1); for
analysis by EPMA. Elements analysed were &r &i Ka, Hf La, Mg Ka, Al Ka, Ca Ko, Fe Ko,

Y Lo and Na k.. Na was analysed because EDX scans showed dlegssak in dark BSE zircon
(Fig.23a). However no Na was detected in EPMAymigaland apparent Na enrichment is thought
to be the result of peak interference from the Mgg€ak in the energy dispersive spectra. P was
not analysed as the Zalpeak interferes with the Ripeak in EPMA. Mn (Speer, 1982), U and Th
were also excluded from the analysis because dfatheof suitable standards. Several dark BSE
zircon areas were analysed by line scan with a &igmsize in an attempt to correlate variations in

composition with BSE signal intensity, CL intensétgd EBSD 1Q. The remaining data has come



from single spots analysis of light and dark BSEE@i. Light BSE zircon was analysed as a
reference “standard” at the end of each analysismorder to check any drift in the analysis tetal

The zircons analysed and the location of analysighese zircons is presented in Fig. 26.

3.9.2.1 Anomalous data points

Reasonable trends and clusters of data points e@edn in most element plots of EPMA data but
there is also a significant scatter of data withlingraphs (Fig.27). The trends observed probably
represent variations due to chemical substitutisnglark BSE zircon but some analyses are
inevitably contaminated by small inclusions as sulteof the dark BSE zircon microstructure.
Contaminated analyses can be identified as they shoonsistent and predictable deviation from
the overall trend in different graphs. It is thienaof this section to justify removal of these

contaminated data points from the dark BSE zircata det.

Inclusions within dark BSE zircon are normally ahgar composition to the surrounding matrix,
as determined by BSE images and EDX analysis aackftire quartz (Si), feldspar (Si, Al),
chlorite (Si, Al, Fe, Mg), muscovite (Si, Al), bit& (Si, Al, Fe, Mg), carbonate (Ca, Mg) and pyrite
(Fe) are likely contaminants. Xenotime inclusi@¥¥ have also been identified in BSE images of
dark BSE zircon and consequently are a predictethatinant. The effective trends that analyses
with inclusions will be predicted to follow have dreidentified in the relevant element plots in
Figure 27. For simplification, muscovite, biotdaed chlorite will be referred to as phyllosilicates

(abbreviated to phyllo) in these plots unless d@etbtherwise.

Data points encircled in red indicate the influen€ghyllosilicate and feldspar minerals (Fig. 27a-
c). Figure 27a also shows unusual Zr-rich pointsreled in gold. The composition of these Zr-
rich contaminants is not entirely clear but may gildy represent some baddeleyite (O
inclusions, although this seems unlikely as baddteletypically forms in silica-depleted
environments. In Figurg7c, a further group of points (encircled in greeah @lso be identified
that have a slight phyllosilicate or feldspar iihce. Fig27d&e identify points encircled in blue

that are contaminated by xenotime. Besides theiéit points highlighted in red in Fig@.7d that



have an obvious phyllosilicate influence, some Aliehed points also appear to be contaminated
by inclusions of a different composition and arghighted in grey. These same points are also
Ca-rich (in grey, Fig27e) and two of these points are the same Zr-ricipoSr anomalous points
highlighted in gold in Figur€7a. The nature of these inclusions these inclusisn®ot clear,
however these points are clearly not representafidark BSE zircon. Figur27f identifies points

in purple that are Fe-rich and likely to be contaaiéd by biotite or chlorite as they also show
relative enrichment in Al (Fig27c&d). Point 98, is also encircled in purple in F&jf, is

particularly Fe-rich but does not show Al-enrichmisrikely to be contaminated by FeO or FeS.

B KLO5hzr16
Gt KLO5hzr16 light BSE

Dh4zr32
ka4 Dh4zr32 light BSE

;—? Dh4zr14
h4zrl4 light BSE

Figure 26. BSE images of zircons analysed by EPMAnd the locations on them where analysis was
collected via line scan analysis (red arrow), spanalysis (red spots) and CL spectra (blue spots)On

each grain shows the symbol that refers to elemeptots in figures 27-31.
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Figure 27. Element plots from dark BSE zircon EPMAanalysis and weeding of anomalous data points.

Units are c.p.f.u.
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Figure 27.cont. Element plots from dark BSE zircon EPMA analysis ad weeding of anomalous data

points. Units are c.p.f.u.
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The contaminated data points identified were rerdamd on plotting the rescaled graphs from the
reduced data set (Fig. 28), it was apparent thdicpkar data points still persisted to deviatenfro
the overall trend. These deviations followed thedjted trends identified in Figure 27 but were
likely not obvious because of the scale of theslot Figure 28a&b identifies a point circled in
green that is likely the result of a quartz inatusanalysed. The Y-rich point circled in yellow in
Fig. 28c&d probably due to a xenotime inclusion g@aéhts encircled within the black line (Fig.

28d-f), the result of minute FeO inclusions.

3.9.2.2 Chemical analyses
Chemical compositions of the zircons analysed wwiththe above anomalous points removed is
presented in Table 2 with concentrations givendtions per formula unit. This data has been

reproduced as element weight percent (wt%) in AgpeB.

Overall, light BSE zircon that contains dark BSEcan has a typical zircon composition but has a
relatively low Si content for all greenschist faci®cks studied. This results in a high Zr/Sicati
compared to stoichiometric zircon and is most ag@iain zircon from KLO5 and Eas samples. Hf
is concentrated around 1wt% in light BSE zircon\auries from 0.7 to 1.5wt% while Fe and Y can
be present in trace amounts. Light BSE zirconehfigical average analysis total close to 100%
but dark BSE zircon analysis totals are signifibatdwer, averaging 89.75%:t(4.3). Dark BSE
zircon can be depleted by several wt% in Zr angdnpared to the light BSE zircon. When
plotted as c.p.f.u., Zr and Si display a wide sgreadata and are relatively poorly correlated
(Fig.29a). Dark BSE zircon exhibits an increas&iif8i ratio but this shows no correlation with

Hf, which appears to be in similar concentrationight BSE and dark BSE zircon (Fig. 29b).

Non-formula element enrichment would appear to dugpted to Zr and Si depletion in dark BSE
zircon (Fig. 29c&d). Trends in both plots exhibitrelationship that closely follows a 1:3 (Zr or
Si:Sum of non-formula elements) substitution (F28c&d). Non-formula elements enriched are

Mg (upto 0.015 c.p.f.u.c(0.08wt%)), Al (upto 0.08 c.p.f.uc.5wt%)), Ca (upto 0.07 c.p.f.u.



(c.0.8wt%)), Fe (upto 0.03 c.p.f..c.@.6wt%)) and Y (upto 0.1 c.p.f.uc.Bwt%)). Y enrichment
exhibits a strong correlation with Zr depletion F29e) and Si depletion (Fig. 29f), closely
following a 1:1 substitution trend in both instasce This 1:1 substitution trend with Zr is
replicated by the other non-formula elements Aj(R9g) and Ca (Fig. 29h). The only truly linear
relationship (where®r0.8) in dark BSE zircon is Ca-Al (Fig. 29f=0.82). However, Si:Al and

Si:Caratios are 3:2 and 2:1 respectively (Fig&RY)j

All the substitution trends in this study have bestimated visually. Regression lines have not
been used because they do not take into accoumatiaion within individual analyses and due to
minor contamination by inclusions that cannot beséded out”. This is because it is not the

primary aim of this study to determine the atomibstitution mechanisms in zircon.

Zr depletion follows a relatively poorly defineetrd with Mg (Fig. 291) but roughly follows a 10:1
Zr:Mg substitution relationship. Mg is concentchie dark BSE zircon in amounts often below
the detection limits of the EPMA and may explairs thoor correlation with Zr. However, Mg
does exhibit a reasonable correlation with non-fdemelements, particularly Ca (Fig. 29m)
appearing to follow an exponential curve. Si angldisplay a similar 10:1 relationship as Zr (Fig.
29n). Fe displays a fairly broad spread of datannpietted against Zr but there is an overall rough
correlation of 2:1 with Zr depletion and Fe enrigm (Fig. 290). Similarly, there is reasonable

spread in the data as Si depletion and Fe enrichiokow a 4:1 respectively (Fig. 29p).
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When plotted together, non-formula elements displaglatively good correlation with one another
in dark BSE zircon zones (Fig. 29q). Y is typigdthe most enriched of the non-formula elements
although Al and Ca closely follow a similar distitton and concentration to Y. Fe is considerably
less enriched than these non-formula elementswgthdlg is least enriched of all non-formula
elements. However, it is noticeable that individgahins exhibit uniqgue non-formula element
distributions and non-formula element relationshiglement plots also display similar patterns
where there is variation within the overall trenBata from analyses of individual grains appear
define slightly different substitution trends. Axaenple that illustrates this point, is data from
Dh4zrl4 (green triangle) defines substitution trahdt follows 1:6 Zr:Sum of non-formula
elements (Fig. 30) whereas the Zr:Sum of non-foaneléments relationship trend in KLO5hzr16 is
1:2 (purple plus sign and Fig. 31). In Dh4zrl4;Afr Zr-Ca and Zr-Y all roughly exhibit 1:2
trends (Fig. 30) compared to 1:1 for KLO5hzrl6 (Fg). Si-Y plots however show that Dh4zrl4
follows a 1:2 SitY trends while KLO5hzr16 that fol¥ a 1:1 substitution trends. Further variation
can also be observed in the non-formula elemers piere individual grains follow distinctive

substitution trends.

The variability between individual grains indicatést the chemistry of dark BSE zircon may be
influenced the local conditions in which it becamedified. The variation in conditions may be
environmental or caused by differences in the iiddial properties of the grain itself. The overall
CL and EBSD qualities of dark BSE zircon are to raestablished so that a relationship between

BSE, CL, EBSD and the chemical properties of irdiral grains can be investigated.
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3.9.2.3 EBSD, CL and BSE

EBSD analysis of dark BSE zircon produces very weikichi patterns (low 1Q) (Fig. 23b, 24a,
25b). Variations in BSE intensity within the da@ISE zircon do appear to have some relation to
the quality of EBSD pattern with slightly bright&SE areas giving slightly higher IQ EBSD

patterns (Fig. 24a).

In general, light BSE zircon is easily identifiedthin dark BSE areas by having normal zircon
BSE emission levels, strong CL signal, high EBSDp&terns and typical zircon composition

(Fig. 25).

Typically, dark BSE zircon has a very low intensityCL when compared to light BSE zircon
(Fig. 23a, 24b-f, 25c). Some dark BSE zircons iartgites have an overall very weak CL signal
but with bright specks near and around the gragesdFig 24c-f). SE imaging confirms this is not
due to charging effects around the grain. Light BE8Eon in Figure 24d is also particularly low in
CL but despite this, very weak CL zoning can $tdlseen. However, the variable CL intensity of
light BSE zircon in these grains mean that whenii@énsities are low in light BSE zircon, the

boundary between light and dark BSE zircon is hgags obvious in CL images (Fig. 24b).

CL spectra of dark BSE zircon shows a major reducin intensity at the peak 340-380nm
(Fig.22b). Unlike light BSE zircon, dark BSE zircbas a small peak at 470-485nm with a larger
peak at 575-580nm and is due to the emission cehdy. The broad plateau area is also slightly
depressed compared to light BSE zircon but stilintains the hump at the end of the plateau.
However, Dy appears to be the main activator fonrCdark BSE zircon. It should be noted that U
also quenches CL in zircon and may be a causevirath low CL (2005b (Rubatto and Gebaurer,
2000)). The remaining peaks do not correspond amission bands from other known CL-active
REE or other causes of luminescence in zircon. détails of CL emission centres in silicate

minerals, such as zircon, is extremely complex $20@nd outwith the scope of this study.

There is considerable variation both in the CL BBSD properties of dark BSE zircon. To assess



whether these variations are related to differerineshemistry, and to examine if there is a
relationship with BSE signal intensity (which varis dark BSE zircon), is best determined by

examining individual zircons in greater detail.

3.9.2.4 Zircon Dh4zr14

Zircon Dh4zrl4 has a dark BSE core with multipldiahfractures in the outer light BSE zircon
and concentric fractures along the light-dark B8Eon boundary (Fig. 24a&b). The dark BSE
core displays variations in BSE intensity and cimsteseveral large (>5um across) inclusions
within the microstructure. EDX scans of the gra@veal that most inclusions are quartz (Si-
element map, Fig.24a) but also contains two 5-1@z@ad FeS inclusions (Fe element map, Fig.
24a). Bands of light BSE zircon are present in daek BSE core and follow parallel to the
euhedral zoning pattern of outer light BSE grovetyers. As such they are considered to represent

bands of the original zircon.

A line scan with a 2um step size intersects thd& @&8E core that, along the line of analysis,
contains numerous sub-micron sized high BSE intgnisclusions, patches of particularly low
BSE intensity and a faint dark BSE band that foiquarallel with light BSE zoning at the outer
margins of the core (Fig. 32a). The light BSE airdas a typical, unmodified zircon composition
(Fig. 32a). Patches of very dark BSE zircon typycabincide with analyses that are considered to
be anomalous and are therefore unlikely to reptegam BSE zircon. An Y-rich point coincides
with the domain containing multiple sub-micron sizégh BSE intensity inclusions and it is likely
this is the result of a small xenotime componenhiwithe analysis that was not removed during
the weeding process. Otherwise Y, Ca and Al areammnated in very similar amounts and share a
similar relationship. The substitution of Fe and Mglark BSE zircon is less but they both follow
a similar profile to Y, Ca and Al. Hf varies vengtle from the light to the dark. There is some
small variation in the concentration of non-formelaments in dark BSE zircon but this does not
appear to be reflected BSE intensity that is reddyfi homogeneous along the line of analysis.
Where BSE intensity does vary considerably, it wloappear to relate areas containing inclusion
that are anomalous points (analysis numbers 7&&i@n27d and analysis numbers 11&12 in

Fig.28d).
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Figure 32. Detailed analysis of EPMA traverse areaf zircon Dh4zrl4

a High magnification BSE image of Dh4zrl4 (Fig. Ztowing EPMA traverse (red line) with EPMA
c.p.f.u. data profile from line scan. Blank datdnts in traverse represent anomalous data remduedg
weeding procesd CL image of area in BSE image &n ¢ CL spectra of light and dark BSE zircon in

Dh4zr14. CL points defined in figure 26.Cl-IQ EBSD map of area of BSE imageain



CL and EBSD with BSE and chemistry

CL images of the core show an overall low CL intgnéFig. 32b&c). Where BSE intensity is
particularly low within the area of analysis, itnche broadly related to areas of low CL intensity.
CL intense areas in this core are as a consequémeelusions and thin bands of light BSE zircon.
Slightly more intense CL parts of the dark BSE @ircan also be correlated to a slight increase in
EBSD IQ (Fig. 24a, green colour). Unfortunatelgraj the line of EPMA analysis, EBSD IQ is
too low to determine any variations with BSE inignapart from where xenotime inclusions are
present (very high Y concentration) which can beetated to a slight increase in EBSD IQ. As a
general comment, non-formula elements incorporaiedzircon will alter its crystalline properties
and may reduce the Cl when indexed against therzidata files in the EBSD software. However

this should not affect the IQ pattern of the zircon

Large variations in the BSE intensity within darB zircon therefore appear to mostly relate to

areas concentrated in inclusions and do not r&datee true chemistry of dark BSE zircon.

3.9.2.5 Zircon KL0O5hzr16

Zircon KLO5hzr16 is a fragmented grain within a gmanatrix (Fig.33a). Individual fragments are

typically rounded with few sharp grain edges. h&n is broken up along what would appear to
be original growth zones within the zircon. Indival fragments typically have bands of dark BSE
zircon and the central part of the grain has a &8k zircon core surrounded by light BSE zircon.
Dark BSE zircon is again characterised by an enrett in non-formula elements and a low EBSD
IQ pattern (Fig. 33a). The zircon to the bottoghtihand of the image in Figure 33a has a high
EBSD IQ pattern (Fig. 33c) whereas by comparisigt IBSE zircon has a lower EBSD IQ in a

high-resolution EBSD scan of KLO5hzr16 (Fig. 33hjlowever, Figure 33b reveals some small
slivers of high EBSD IQ domains (yellow-red colowithin light BSE zircon but is not reflected

in a change in BSE intensity. Within the centrale; light BSE zircon has a moderate EBSD 1Q

that forms a well-defined boundary with low EBSDd@rk BSE zircon.



A CL image (Fig. 24a) reveals that the fragmentedomn has a significantly reduced in CL
intensity when compared to the strongly lumines@mon in the bottom right of the image. A
higher magnification CL image (Fig. 33d) shows blha&s of strongly luminescent zircon round the
margins of individual fragments of the broken grhirt this has no correlation to either BSE or
EBSD 1Q (Fig. 33a&b) and is not due to chargingvef@ll the more weakly luminescent areas
display some variation that is slightly darker e of the dark BSE zircon. Slightly stronger

luminescent areas within zircon can be correlatel avslightly higher EBSD 1Q (yellow colour).

An EPMA line scan, with 2um step size intersects dlark BSE core and the surrounding light
BSE zircon (Fig.34a). Higher magnification imagégshe core (Fig. 34) reveal dark BSE zircon
has several higher BSE intensity blotches2um across). In general, the line scan shows that
slightly higher BSE intensity areas in the coreéhavower concentration of non-formula elements
than the darker BSE areas of the core. Zr and &iraersely coupled to this and show a small
depletion when non-formula element concentratidovsbut a large depletion in dark BSE zircon
where non-formula concentrations are higher. BS&nsity varies considerably across the line of
analysis but this in not replicated by a consiswmichment of non-formula elements and neither
do chemical variations appear to be related tosysyematic change in EBSD 1Q or variation in

CL.

In summary, dark BSE zircon is enriched in non-folanelements but individual grains appear to
have slightly different substitution relationshifbet can result in slight variation in the relative
amounts of non-formula elements. Within individgahins there is little variation in the relative
amounts of non-formula elements in dark BSE zircétowever, areas of particularly low BSE
intensity in dark BSE zircon are generally heawilyiched in Y and Fe. However, these areas do
not represent the true composition of dark BSEozirare likely to be other mineral phases that
have developed with dark BSE zircon as it formedwElver, variations in the relative amounts of

non-formula elements do not appear to have angtadfe BSE intensity, CL intensity or EBSD IQ.
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Figure 33. Characterisation of zircon KLO5hzr16

a BSE image of figure 9b with EBSD and EDX analygi®ts (i) Dark BSE area showing no EBSD pattern
and enrichment in non-formula elements comparddjtd BSE zircon which has a high IQ kikuchi patter
(ii). b CI-IQ EBSD scanned map of area defined.itshows dark BSE zircon with no EBSD IQ but also
identifies moderately metamict light BSE zirconggn colour), yellow colour indicates slightly raiba
damaged zircon while red colour indicates crystellzircon. Step size = 0.1pune. CI-IQ EBSD scanned

map of area shown i@, displays homogeneous high CI-IQ unmodified liBI®E zircon. d CL image ofa.
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Figure 34. Detailed analysis of EPMA traverse of rton KLO5hzr16

a High magnification BSE image of dark BSE zircarein KLO5hzrl6 from figure 34a, showing EPMA
traverse (red line) line scan location and datdilprplotted in c.p.f.u..b CI-IQ EBSD map showing EPMA
line of analysis wittc a CI EBSD map ob. d CL image showing location of EPMA analysis CL spectra
of dark and light BSE zircon in KLO5hzr16 with ldimas of CL points defined in figure 2&-d continues

on the following page.
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Figure 34.cont.

KLO5hzr16

— 20 sec kl05hzr16un

— 20 sec klO5hzr16m

Intensity (coun

Wavelength (nm)

Overall | Dhdzrl4 | KLO5hzrl6

Zr:Al 1:1 1:2 3
Si:Al 32 3:2 i (i)

Zr:Ca 1:1 3:4 241

Si:Ca 22 gl | 3:2
Zr:Fe 2 1:1 -

Si:Fe 4:1 34 5:2
Zr:Mg 10:1 30:2 30:2
Si:Mg 10:1 30:2 30:2
Y 1:1 121 3:2
SitY 1:1 15 3:4
Zr:NFE 1:3 1:6 1:2
Si:NFE 153 1:2 1:6
(Zr+Si):NFH 2:3 2:3 2:3

Table 3 Estimated substitution relationships in dak BSE zircon. NFE = Non-formula

elements.



3.9.3 Light BSE, low EBSD IQ zircon

The subhedral to well-rounded grain shown in FigdBds concentrically zoned in BSE. The core
has a relatively low BSE intensity (although BSkeisity is still considerably higher than dark
BSE zircon) and apparently randomly orientated kgathat are almost completely contained
within the core. Immediately surrounding the ctsea high BSE intensity growth layer and
multiple fractures radiate from the outer boundafryhis zone to the edges of grain. Fractures are
generally rare in this zone apart from a fractuvacentric with zoning. Within this high BSE
intensity band small cavities (upto 10um long) glted to the zoning pattern, are present
particularly around the tips of fractures (Fig. BSaractures that radiate from this band are in
communication with the grain edge around the wigsken with the exception of an area at the
bottom right of the grain in Fig. 35. Radial fraets, present in the inner lower BSE contrast
growth zones, are absent in the high BSE intemsitgr margin. These fractures terminate at the
low-high BSE intensity boundary and around theaetéres small cavities can also be observed in
the high BSE contrast area. A zircon sliver onrtteggin of the grain projects into the matrix and

around a quartz grain (Fig. 35b).

The EBSD map (Fig. 35c) of the grain identifiesaadb of low EBSD IQ around the high IQ core
of the grain. This band correlates to the high B8&nse zone but in particular, relates to theasire
where small cavities are observed. The remainiditrechigh BSE contrast area produces moderate
EBSD IQ patterns. The high BSE contrast margikifagradial fractures also has a low EBSD IQ
that again correlates to the band where cavities @rserved. EDX scans revealed no

compositional variations.
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Figure 35. Characterisation of zircon KL05zr22

a BSE image of rounded detrital zircon showing thelangate cavities (white arrows) aligned paraltel t
zoning and associated with fractures to the grdgee Cavities are thought to be the result ofaligeon

(KLO5), SE image is inseh SE image of sliver of zircon protruding from thangin and between quartz and
mica. ¢ EBSD IQ-inverse pole figure (IPF) map showingrar IQ metamict band that correlates with high

BSE intensity growth layer where cavities have dgved.
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3.9.4 Porous zones in zircon

Zircon Dh4zrl7 was analysed using two EPMA linenscavith a 1um step size (Fig. 36a). The
data from this analysis is presented in Table 4E&X scan of the area in Figure 36a identifies a
2-3 um wide band enriched in Fe and slightly degleéh Zr and Si (Fig. 36¢). This band is
intersected by EPMA line scan a. Line scan a $eies a zone where pores are sparse, a zone
where pores are heavily concentrated and a liglg B&he (Fig. 36a&b). Line scan a shows Fe is
concentrated within areas where pores are bothdamirand sparse. Fe enrichment would appear
to correlate roughly with increasing size and coiredion of pores. Other non-formula elements
do not show enrichment in porous zircon. Light B&t€on contains trace amounts of Fe and Y,
although Fe is lower than in porous zones. Zr arateSslightly depleted with Fe enrichment in the
porous zircon by Zr:Fe 1:4 and Si:Fe 1:4. The iZid80o in porous zircon is the same as light BSE
zircon and the also have similar weight percerdlsodf close to 100%. EDX analysis of porous
zones in other zircons grains in these rocks gepeatedly similar results as to porous zircon

analysed in Dh4zrl7.

Scan b intersects light BSE and porous zircon lsat dark BSE zircon located around the fracture
tips in elongate lobes within porous zones (Figa)36The trace of these fractures associated with
dark BSE zircon, is usually connected with the rimagd zircon. EDX scans show that the areas
where dark BSE zircon is present in these poronesz@re markedly depleted in Zr and Si and
enriched in Fe, Ca and Al (Fig. 36¢c). EDX scansoateveal that cracks within the grain
microstructure are Al-rich where they are not @llby quartz (Si-rich cracks). Porous zircon
identified in scan b is relatively enriched in Ynadl as Fe in comparison to porous zircon scan a.
However, as shown by scan a, light BSE zircon ¢oat&race amounts of Y and therefore Y
enrichment in porous zircon may also be in parttratled by the chemistry of the host zircon.
Where pores in zircon are particularly abundamtozi is heavily enriched in similar amounts of Fe
and Y (0.017 c.p.f.u.) but is also slightly enridha Ca and Al. The enrichment of Y and Fe is
likely to reflect the composition of the porouscazin but enrichment of Al and Ca could indicate

contamination from dark BSE zircon that is assedawith the porous zones. This would also



increase apparent Fe and Y concentrations.

Fe enrichment in porous zircon is correlated witbss in Zr and Si of 1:4 (Zr or Si):Fe (Fig. 36b).
The uptake of Fe and Y in dark BSE zircon in scamtied to enrichment of the other non-formula
elements Al, Ca and Mg and these show a reasorablelation with Zr and Si depletion (Fig.

36a&b). However, the Zr/Si ratio does not changeither porous or dark BSE zircon. All porous
zones give slightly lower weight percent totats99wt%) than light BSE zircon but dark BSE

zircon analysed in scan 2 gives total€ #36wt%.

Generally, EBSD IQ increases as the size and ctratiem of pores decrease (Fig. 36d). Bands
with few, sparsely distributed pores have a mediQnEBSD pattern (Green colour, Fig. 36d).
Where pores are larger and in higher concentraB®§D 1Q is low and often has a low to zero
EBSD CI. Not all dark BSE zircon associated wiiis tporous zone shows a low IQ EBSD

pattern, indeed, some dark BSE areas have a Highittan surrounding porous area.

CL intensity in heavily porous zircon is weak but @tensity increases slightly in less densely
porous zones (Fig. 36e). However, CL intensityvghaignificant zonation differences in light
BSE zircon and can be of similar CL intensity askddSE zircon. CL spectra of porous zones is
very similar to unmodified light BSE zircon but Wit significantly lower intensity peak at 340-
380nm and a less pronounced hump around 700nm Z6fy. Overall however, porous zones in
zircon correlate to a reduced CL intensity and Iol@EBSD pattern which become more reduced

and of lower 1Q respectively with the increasingnoentration of pores in zircon (Fig. 36 d&e).
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Figure 36. Characterisation of zircon dh4zrl7 withcaption on page 106.
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Figure 36. Characterisation of zircon dh4zrl7 withcaption on page 106.
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Figure 36. Characterisation of zircon dh4zrl7

a BSE images of the EPMA lines of traverse fromairén figure 13a and EPMA data profiles in
c.p.f.u. Areas of line scan analysis are displage8lSE image of the whole graim Element plots

of porous zircon from data in Table £ EDX element maps showing porous zones enrich&ein
(red arrows) and depleted in Zr & Si. Dark BSE aircan also be seen to be enriched in Al and
Ca. d CI-IQ EBSD scanned map of area defined in BSEyemiac. Shows high CI-IQ patterns in
unmodified light BSE zircon and lower CI-IQ in poio areas. Areas where pores are heavily
concentrated show lower CI-IQ than areas wherespare sparsely concentrated. Step size =
0.1um.e CL image of area defined sixshowing lower emission levels in porous areas\arg

low levels in dark BSE zircon of porous zondsCL spectra of porous, light BSE and dark BSE

zircon with locations defined ia



3.9.5 Zircon Outgrowths

Thirty zircons with outgrowths were chosen for s by EPMA from thin sections BALL,
BAL1B and E1. These samples were chosen becaagectimtain the largest and most abundant
zircon outgrowths. However, the problem with asadg zircon outgrowths using the EPMA is
that the effective spot size.{.5-2um) is around the average size of the outdrda2um). In
order to acquire chemical information about thegomwths without the interference of the matrix
or the host zircon, the following strategy was dedi. A series of analysis points was taken in
1pm increments from the unmodified light BSE hostan, over the outgrowth and into the
matrix. It was hoped that by using this strategyns information could be obtained about the
chemistry of the outgrowths. A problem associatgth this strategy was that some of the data
collected was contaminated due to the matrix bamglysed. As such the following section sets
out to systematically identify and remove anomalouscontaminated points in the data set.
Multiple iterations of “weeding” the data have beequired because of the inclusion-rich nature of

zircon outgrowths.

3.9.5.1 Anomalous points

A group of data points encircled in red are siguaifitly depleted in Zr and are so far displaced from
what might be considered a reliable zircon analisis they are believed to contain contaminants
(Fig.37a). Contamination by matrix minerals mearadpoints plots in predictable trends as
depicted in Figure 37a&b. The data points highkghin red in Figure 37a&b are dominated by
xenotime and phyllosilicate inclusions. A Zr-ricloipt circled in gold plots considerably away

from the overall cluster of data (Fig. 37a &b). Tiheeral inclusion that has caused this deviation
is uncertain but may possibly be baddeleyite Xi@lthough this appears to be unlikely as silica is
readily available in these environments. Pointshiighted in blue in Figure 37b-d indicate Y

enrichment from xenotime inclusions that are nati@lbs in Figure 37a. Figure 37d also reveals a
group of points encircled in Fe (circled in greespme which have been identified as
phyllosilicates from plots in Figure 37a&b but teopoints not identified as contaminated by

phyllosilicates are likely to be some Fe-rich ph@sg. iron oxides, pyrite).
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The data points highlighted above have been remdxmd the data set. With these points
removed, the plots have been rescaled and agaatysas plot trends that follow predictable
deviations due to contaminants. Figwga&b identifies data points that probably contain
xenotime or Fe-oxide (encircled in blue) and thtise contain quartz, feldspar or phyllosilicates
(encircled in red). There may be some overlap éetwthe points in the encircled areas (e.g. data
points encircled in blue in Fig8a may be encircled in red in Figgb), and this may be caused by
some data points containing both xenotime and ps#itate inclusions. Points highlighted in gold
are Si-poor, Y- and Ca- rich and consistently grauy from the overall trend of data (Figa-

d). However, it is unclear as to the identity loége inclusions due to the relatively elevated Zr
content (Fig:38a). Data points highlighted in green in Figdgel would appear to indicate some

carbonate contamination.

Refinement of the data set shows there remain gonéats that are probably due to the influence
of mica or feldspar (Fig.39a&b). Figure 39a alssptays the influence of quartz grains (dashed
line) although some of the more Al-rich points e tdashed line are likely to be both quartz and
mica or feldspar phases. A xenotime contaminamibgdnly also remains (highlighted in blue, Fig.
39b-d). The point highlighted in green (Fig. 39b&tiy be some point slightly enriched in
xenotime as it is also Si-poor (Fig. 39a). Thenpdn the black triangle (Fig. 39b) appears

unusually enriched in Zr and may represent a poalyais.

The above analyses have all been removed from #te skt as they show a consistent and

predictable deviation from the data set.



3.9.5.2 Zircon outgrowth chemistry

Weeded zircon outgrowth data is presented in Tabldost zircons to outgrowths have a normal
zircon composition giving around 100wt% totals. osiH zircons are relatively enriched in Fe,
ranging from 0.0048 c.p.f.u. (0.14wt%) to 0.015@.fcu. (0.48wt%). Zr/Si ratios in host zircons
average 1.12, slightly above that of ideal zircdmere is a wide spread of Hf contents within the

host zircons.

In a similar pattern to dark BSE zircon, zircongryatvths are depleted in Zr and Si upto 0.1 c.p.f.u.
(7wt% and 4wt% respectively). On average, zircotgmwths have a slightly lower Zr/Si ratio

than the host zircon. Zr and Si depletion showlatixely poor correlation when plotted against
one another (Fig.40a). There would appear to loetténds here although they are poorly defined.
A group of points plot fairly closely to a Zr:Sillrelationship trend where zircon outgrowths are
depleted in Zr and Si while another group of popits a 2:1 (Zr:Si) depletion (Fig. 40a). Despite
a variable Hf content in zircon outgrowths (Figh#€here is an indication some zircon outgrowths
reflect the Hf concentration of their host (Fig.cOHf exhibits no consistent overall correlation

with either Zr or Zr/Si ratio (Fig. 40b&d) or any the other elements analysed.

Zircon outgrowths are enriched in non-formula eletaat the expense of Zr and Si. Zr depletion
follows a relatively well-defined 3:2 (Zr:Non-forrfau elements) substitution trend with non-
formula elements (Fig. 40e). Si depletion exhilditslightly greater spread in the data set with
some points following a 1:2 (Si:Non-formula elengngubstitution trend and others a 1:1 (Fig.
40f). Non-formula elements Al (upto 0.012c.p.{(0.-8wt%)), Ca (upto 0.025c.p.f.u. (1wt%)), Fe
(upto 0.035c.p.f.u. (Awt%) and Y (upto 0.015c.p.{L.5wt%) (Mg was not analysed in zircon
outgrowths) are enriched in zircon outgrowths. €hechment of Al in some zircon outgrowths
plot along a relatively well-defined 10:1 (Zr:Aljenhd with Zr loss (Fig. 40g). However some
scatter in this may suggest that some outgrowtlggelot along a 5:1 Zr:Al substitution trend.
Si-Al plots shows considerable spread but plot @langeneral 4:1 substitution trend (Fig. 40h).
Note that zircon outgrowths that plot along a stéep\l slope mark a trend that follows a shallow

slope in the Si-Al graph and vice versa (compage #0g&h). Ca enrichment for Zr plots along a



6:1 (Zr:Ca) trend (Fig. 40i) however Si:Ca markent indicating a 1:1 substitution relationship
(Fig. 40j). Y enrichment in zircon outgrowths rdiigdefines a 20:3 substitution relationship with
Zr (Fig. 40k.) and a 3:1 (Si:Y) substitution retatship (Fig. 40l). Fe in zircon outgrowths shows
considerable spread when plotted against both &rSarfFig. 40mé&n). Zr:Fe plot a wide range of
substitution trends 1:1-10:1, while slightly leggesad is observed in Si:Fe plots (1:1-5:1). Zircon
outgrowths that appear to plot along a 5:1 Zr:Eadr follow a 1:1 trend in the Si plot. Hf and Fe

show no discernable trend.

Non-formula elements in zircon outgrowths show &erall correlation with one another when
plotted although all show considerable variatioiy(B1 a). Zircon outgrowths are typically most
enriched in Fe, followed by Ca and Y with Al usyathe least enriched of the non-formula
elements. Ca and Y vary quite considerably whexecg&h be significantly more enriched than Y
and vice versa. This is not a simple substitutiomever as Ca and Y show considerable and
apparently unrelated variation (Fig 41b). Wherei€most enriched in zircon outgrowths, Fe is
often relatively depleted although this relatiopsisi poorly defined (Fig 41c). Y-Al, Y-Fe, Al-Fe
and Al-Ca (Fig. 41) all display a similar relatiyepoorly defined general trend of coupled

enrichment.

The above weeding method is only capable of rengpaimomalous points displaying an obvious
and predictable deviation from the overall tremtbwever, due to the thickness and inclusion rich
nature of zircon outgrowths there are likely to agmpoints in the data set that are still slightly
influenced by minute inclusions or very small quized of matrix. Although the effect on zircon

outgrowth chemistry is very small it may cause Hgligeviations in the non-formula element
distribution of zircon outgrowths. Therefore itlikely that zircon outgrowths have a rather less

varied chemistry than described here.



Sample Analysis no Al Si Ca Fe2+ Y Zr Hf Cpfu total Zt/Si Zr/Hf  Total wt%
Host zircon

'ballbz8a 1 0.000 |' 0.881 0.001 0.007 0.000 0.997 0.024 " 1911 1.132 40.798 99.86
'ballbz8c 2 0.000 0.883 0.001 0.007 0.000 0.995 0024 " 1910 1123 40.901 99.39
'ballbz8d 3 0.000 " 0.883 0.001 0.007 0.001 0.994 0023 7 1.909 1.126 42.777 99.52
'ballbzr23a 16 0.000 ' 0.894 0.000 0.010 0.000 0.974 0034 | 1913 1.090 28.949 99.46
'ballbzr23b 17 0.000 ' 0.897 0.001 0.010 0.000 0.972 0.034 " 1913 1.084 28.919 99.07
'ballbzr23c 18 0.000 " 0.896 0.001 0.008 0.000 0.972 0035 " 1913 1.084 28.146 98.77
'ballbz25-4a 21 0.001 " 0.889 0.001 0.010 0.001 0.978 0027 7 1.908 1.100 36.306 100.07
'ballbz26a 25 0.000 " 0.888 0.001 0.006 0.001 0.988 0.023 7 1.908 1:113 42.703 99.72
'ballbz26b 26 0.000 |' 0.894 0.001 0.005 0.001 0.981 0.024 " 1.906 1.098 41.094 98.67
'ballbz26¢ 27 0.000 |" 0.889 0.001 0.007 0.001 0.987 0.023 " 1.908 1.110 42.318 99.48
'ballbz28c 35 0.000 |' 0.905 0.003 0.008 0.002 0.959 0.026  1.903 1.059 37.446 99.48
'ballbz30a 39 0.000 ' 0.887 0.000 0.009 0.003 0.980 0022 " 1902 1.105 44.191 99.43
'ballbz32a 44 0.001 " 0.896 0.001 0.014 0.002 0.965 0.030 " 1909 1.078 32.066 99.97
'ballbz34a 52 0.000 |" 0.887 0.001 0.007 0.000 0.991 0021 " 1.907 1.118 47.852 100.20
'ballbz34d 55 0.000 | ' 0.885 0.001 0.007 0.001 0.991 0.025 " 1.909 1.120 39.019 99.67
'ballbz34e 56 0.000 " 0.885 0.001 0.007 0.001 0.991 0023 ” 1907 1.119 43.785 99.40
'Ballbz36a 59 0.000 " 0.886 0.001 0.006 0.001 0.990 0.026 ~ 1.909 1.118 38.019 99.43
'Ballbz36a 60 0.000 " 0.880 0.001 0.008 0.002 0.993 0.024 " 1907 1,129 40.908 09959
'ballbz36a 61 0.000 |' 0.880 0.001 0.007 0.002 0.992 0023 " 1.906 1.126 42.579 99.52
'ballbz39a 65 0.000 " 0.883 0.000 0.010 0.001 0.990 0.025 " 1910 1.121 39.510 101.39
'balbz39a 66 0.000 |' 0.884 0.001 0.011 0.001 0.989 0023 " 1.909 1.119 42.808 100.43
'ballbz39b 67 0.001 ' 0.892 0.001 0.011 0.002 0.976 0.026 © 1907 1.095 37.878 99.74
'ballbz42a 71 0.000 ' 0.885 0.000 0.008 0.001 0.986 0032 " 1912 1.114 31.191 100.09
'ballbz42b 12 0.002 ' 0.875 0.001 0.008 0.001 0.993 0032 " 1912 1.135 30.668 100.93
'ballbz43a 79 0.000 |' 0.878 0.000 0.011 0.002 0.991 0028 " 1910 1,128 35.165 100.49
'ballbz43b 80 0.000 ' 0.882 0.000 0.010 0.002 0.985 0.029 7 1.909 1.117 34.228 100.03
‘ballbz45a 83 0.000 ' 0.884 0.001 0.010 0.002 0.984 0.031 ~ 1.91] 1.113 31.985 99.93
'ballbz45b 84 0.000 |' 0.879 0.001 0.009 0.002 0.991 0.030 1911 1.128 33.398 100.40
'ballbz45c 85 0.000 ' 0.876 0.001 0.009 0.002 0.992 0031 " 1911 1.133 32.491 99.71
'ballbz47a 91 0.000 |" 0.892 0.001 0.005 0.001 0.985 0022 7 1.905 1.104 45.522 100.09
'ballbz37a 105 0.001 ' 0.882 0.005 0.014 0.001 0.985 0027 | 1915 1.117 36.413 100.07
'zr8-1d 109 0.000 ' 0.885 0.001 0.016 0.001 0.984 0026 " 1913 1.112 38.514 99.77

Table 5 EPMA analyses of zircon outgrowths and theircon hosts to those outgrowths. Presented in cfpu. calculated to 4(O).
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Figure 40. Element plots of EPMA analyses of zirconutgrowth data from Table 5.
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3.9.5.3CL and EBSD
Determining the CL intensity of zircon outgrowtlssdifficult due to the small size. Images taken
using CL show that zircon outgrowths are weaklyiheacent compared to the host zircon (Fig.

42a&b).

Zircon outgrowths produce very low 1Q patterns whealysed using EBSD (Fig. 42c¢). However,
xenotime inclusions in outgrowths produce high I@SP patterns and therefore xenotime
domains in zircon outgrowths can be readily idedifusing EBSD techniques (Fig. 42d, see

section 3.9.7 and Chapter 5).

3.9.6 Chemical comparison of zircon microstructures

Dark BSE zircon and porous zircon display a sintglamposition in most plots. This is expected as
some dark BSE zircon is often associated with poaitcon. The comparison will therefore focus
on the composition of dark BSE zircon and zircotgoawths, drawing attention to variations in

porous zircon chemistry where applicable.

Zr-Si plots (Fig.43a) reveal that zircon outgrowtre more depleted in Zr than dark BSE zircon
but zircon outgrowths are more Si-rich. Zircongvatvths data clusters roughly along a 2:1 Zr:Si
trend whereas dark BSE zircon data generally aglsistiong a 1:1 relationship. Zr/Si is lower in
zircon outgrowths compared to its hosts but darke BBcon has a higher Zr/Si in comparison to
the parent composition. Hf concentration in ziraigrowths and dark BSE zircon are distinct
(Fig. 43b). Hf concentration varies considerabt&enn zircon outgrowths in comparison to dark
BSE zircon where Hf contents vary much less. Zirocotgrowths contain appreciably more Hf
compared to dark BSE zircon, as do their hostss eems unusual as Hf does not seem to be
involved with any particular substitutions in eith@rcon outgrowths or dark BSE zircon. The
grain E1zr2 was analysed both as a light BSE hastaag a light BSE zircon containing dark BSE

zircon. The two points are highlighted in Figurgc4 Despite analysing light BSE zircon at
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different locations on the grain, the two data poare from the same growth layer indicating there

is significant deviation in the Hf concentratiortween the analysis sets. It would therefore appear

HV WD 10/1/2006 | Mag |Spot|X: 19.6 mm
20.0 kV[11.9 mm|3:51:40 PM|2043x| 3.9 | Y: 0.3 mm

b

71772006

12.5 kV111.8 mm|2:42:41 PM 9 °| 3. BAL1AzrCL

Figure 42. Character of zircon outgrowths. Figure aption is on 127.
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Figure 42. Character of zircon outgrowths. Figure aption is on following page



Figure 42. Character of zircon outgrowths

a CL image of zoned dark and light BSE zircon (8¢). Equivalent light BSE zircon shows predomimant
high CL intensity while equivalent dark BSE zircbas very low CL intensity. Inset shows complemgnta
SE image with zircon outgrowth along the top maugfithe grain. Note outgrowth cannot be observetthén
CL image. b CL image of figure 14d with host zircon with zirc¢o/g) and xenotime (x) outgrowths. Shows
xenotime is considerably more luminescent thanonir&ircon outgrowths have low CL intensity BSE
image of zircon with zircon and xenotime outgrowthZircon outgrowths have low 1Q EBSD kikuchi
patterns compared to its host zircahLeft hand image is BSE showing zircon with a zira@utgrowth that
contains xenotime (arrows). Right hand image immlementary CI-IQ EBSD map, step size = Qud3
White arrows point to xenotime grains that indexlwe comparison to zircon outgrowthe.SE image of

host zircon and polished down outgrowth with SE&psttilted (70°) (BAL).
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that Hf concentrations are not distinct and thabiigrowths have Hf concentrations similar to

dark BSE zircon. This is likely due to problemshwthe Hf standard as outlined in Chapter 2.

Overall Zr and Si depletion in dark BSE zircon maeasonably well-defined 1:3 substitution
relationships when plotted against the sum of tbe-formula elements (Fig. 43d&e). Zircon
outgrowths plot along a 3:2 (Zr:Sum of non-formalaments) trend however and Si loss marks a
general 2:3 substitution relationship (Si:Sum oh4#fiarmula elements) with enrichment of non-
formula elements in zircon outgrowths. Dark BSEan is enriched in non-formula elements by
as much as three times that of zircon outgrowtiespajority of which is accounted for by the high
Al and Y contents in dark BSE zircon and to a lessg¢ent Ca. The strong correlation of Y and Al
enrichment in dark BSE zircon (fig 43f & h) suggesiat available Y promotes the uptake of Al.
This is not observed in zircon outgrowths and issgay due to the majority of available Y being
readily incorporated into xenotime which also faasoutgrowths in these rocks. Al, Ca and Y all
display a 1:1 substitution relationship with Zrdas dark BSE zircon as does Si:Y (fig. 43g-)).
This contrasts with zircon outgrowths where thersignificant variability in element substitutions
(Zr:Ca = 5:1, Zr:)Y = 20:3, Zr:Al = 10:1). Si:Ca @&rBi:Al in dark BSE zircon display a 2:1
relationship while Si:Ca is 1:1 and Si:Al is 2018 zircon outgrowths (fig. 43k & I). Zircon
outgrowths and dark BSE zircon do however contairy wimilar concentrations of Fe. Although
there is considerable variation in the Fe with #d &i in both zircon outgrowths and dark BSE
zircon, broadly speaking Zr:Fe data spreads betvie®i2:1 trend lines in dark BSE zircon and
1:1-10:1 in zircon outgrowths while Si:Fe in darB zircon broadly display a 3:1 substitution

trend compared to a 1:1 Si:Fe substitution trerarizon outgrowths.

EPMA totals of zircon outgrowths produce totalsopel97%. Dark BSE zircon EPMA totals
average 89.8%¢.3). Other than those elements analysed in EPMAfunther elements were
identified in EDX spectra of dark BSE zircon orczin outgrowths. This strongly suggests the
presence of some hydrous component. However, ¥tisuion into the zircon structure is strongly
coupled to the uptake of P . The R Heak is at the same position as 4rdn the EDX spectra

and therefore P would be masked by the presen&&. & was omitted from EPMA due to the



strong interference of the Zralpeak with the P K. As Y is considerably enriched in dark BSE
zircon compared to zircon outgrowths, this woukelly be coupled with a significant increase in P
which may account for the considerable differenath lin wt% totals and total molar volume. It is
also possible that some of the low totals may hesead by the non-uniform surface of zircon
outgrowths. Zircon outgrowths and dark BSE zirpofish down relative to the host grain which
stands proud (Fig. 42e) and give close to perfeatyéical totals. To minimise this effect, all the
thin sections analysed have been polished witlvictall silica for 5-10 minutes. Despite polishing,
achieving a finished polish where the outgrowtllark BSE area is level with the host grain is not
always possible. The absence of P from EPMA aralgsonly likely to have a slight effect totals

and still suggests a hydrous component is resplerisibthe low wt% totals.

The higher average of total c.p.f.u. in dark BSEa@i 1.93 £0.02) compared to light BSE 1.88
(£0.002) indicates that the substitution of some fosmula elements occurs at interstitial sites in
the lattice. Zircon outgrowths have similar cip.fotals (1.89%0.02)) to light BSE hosts (1.91

(+0.005)).

In summary dark BSE zircon is the most non-formeliement rich zircon, owed mainly to the
relatively high concentrations of Y and Al. Zircamitgrowths are distinct by having relatively
little Si lost and containing high levels of Feataéle to the other non-formula elements. Porous
zircon has a similar chemistry to light BSE zirdmut enriched in Fe. The chemical properties of

all these features are summarised in Table 6, abatig other crystallographic and luminescent

properties.

BSE intensity EBSD 1Q CL intensity Composition
Light BSE high high high Unmodified
Dark BSE low low low NFE rich, esp. Y & Al
Porous high mod low Fe rich
Outgrowths low low low NFE rich, esp. Fe

Table 6 Summary of greenschist zircon textures



3.9.7 Xenotime

Preliminary EPMA analysis of xenotime outgrowthssvearried out. The results are not presented
as it is not the purpose of this study to analieedetailed chemistry of xenotime and its complex
substitution mechanisms. However the concentratfdh and Th in xenotime outgrowths gives an
important indication of their availability duringerotime growth. Large errors are expected on both
U and Th because of a lack of a good standardlemdalues quoted here are to act only as guide.
Despite this, rough values have been obtained liegethat xenotime contains upto 0.5wt% U
with an average of 0.05wt%. These concentratibhs are unusually low when compared to other
diagenetic and metamorphic xenotime which is 0.42Wk (this value is the average of data from
Table 1 in Rasmussen (2005a)). Th is concentrapéd 2wi% in xenotime with an average of
0.2wt% and is comparable with the average Th ofjehatic and metamorphic xenotime in
Rasmussen (2005a) which is 0.23wt% Th. Howevemfthe xenotime EPMA data, U/Th ratios
for xenotime outgrowths in greenschist rocks frdms tstudy is below 1 which is unusual for

xenotime (typically U/Th>1, (Rasmussen, 2005a)).

Xenotime is strongly luminescent in CL, and is Isfig more luminescent than unmodified zircon
(Fig. 42c). Xenotime has a high 1Q EBSD patternd BBSD inverse pole figure maps show that
xenotime forms epitaxial overgrowths (Fig.44). Bg@nbination of BSE intensity, CL intensity
and EBSD IQ, it is therefore possible to identifjyoanicron xenotime domains within zircon (Fig.

42e) which is not always possible through chemacallysis (see Chapter 5).
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Figure 44. Image with zircon and xenotime outgrowtlon detrital zircon

a BSE image of host zircon with crack through thaigithat is sealed by dark BSE zircon and leadsarttircon outgrowth.
Higher BSE intensity outgrowth is xenotime tha&liso present as minute inclusion in dark BSE zirdoiQ-Inverse pole
figures (IPF) EBSD map of same grain showing epalasenotime outgrowths. Zircon outgrowths giveEBSD pattern. Step

size = 0.um.
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3.10 Interpretation

3.10.1 General zircon character

Overall, larger zircons >30um are subhedral towmihded and indicate they have undergone a
degree of processing by transportation as a sedinfeismall proportion of zircon grains.{-2%

of zircon population) preserve an original euhetiait and could represent input from proximal
volcanic horizons that are found within the Southdrghland, Appin and Argyll Groups (Harris et
al., 1994) while other euhedral grains may havenl@metected as inclusions in large (>100um)
detrital quartz grains (Fig.4c&d). Of the small@rcons <30um, some are well-rounded, oval-
shaped grains reflecting significant sedimentawyorking. However, although most grains have
some rounded features many also have sharp, angatgins. The rounded edges of these grains
indicate some sedimentary reworking but the angetiges are likely to represent the broken
fragments of larger grains. Slates and phylldestain a large proportion of such zircons with
large (>30um) complete, rounded zircon rare indghvegks (Table 1). Psammites tend to have a
more varied zircon population containing many lavggdl-rounded grains but also some smaller
rounded and fractured zircons but quartzites tylyideve a fairly limited size range of larger (30-

60pum) rounded zircons. As a result the great ntgjof zircon in these rocks is originally detrital

In general, light BSE zircon with a strong CL sigiafully crystalline, as determined by high
EBSD IQ, and has a typical zircon composition (eampare with Hoskin and Schaltegger (2003)

is considered to be unmodified from when deposited sediment in the rock.

3.10.2 Dark BSE zircon

Dark BSE zircon is observed in all the samplesistuidnd commonly found in association with
light BSE zircon that defines the original growtbnes of the grain (e.g. Fig.6). However in
contrast to light BSE zircon, dark BSE zircon extsila modified composition, enriched in the non-

formula elements Y, Ca, Al, Fe and Mg which is &dkto a depletion in Zr and Si. Dark BSE



zircon also consistently produces low EBSD IQ pateand a low CL signal intensity.

3.10.2.1 Metamictization

The presence of zircon in high-grade rocks is iastd to its durability when crystalline. Therefore
it is highly unlikely that zircon in its crystalknstate has become chemically modified to dark BSE
zircon in typical low-grade metasediments. Furthamen zircon in close proximity to zircon with
dark BSE domains has remained completely unmoddredl the process that produces dark BSE
zircon generally affects particular growth zoneglomains in the grain while other growth layers
remain unmodified. The process generating dark BBEon must therefore be related to the
original chemistry of these growth zones but atssttuctural defects within these zones. In its
metamict state, zircon is 2-3 more times more su#de to dissolution in the presence of
hydrothermal fluids than when fully crystalline (g et al., 2003). Metamict zircon forms from
the recoil of radioactive isotopes from alpha péatidecay. This generates localised amorphous
areas in zircon lattice (c.3nm in diameter, (Geige al., 2007)) around the decaying actinide
elements. The accumulation and overlap of amorplotusters in the lattice results in metamict
zircon. Therefore, below the annealing temperatfreircon, c.<250°C (Geisler et al., 2003a;
Garver et al.,, 2005; Nasdala et al., 2005; Siyamlsdl al., 2005), zircon accumulates radiation
damage (Murakami et al., 1991). The amount of danhbgt is accumulated is both a function of
time and the concentration of U and Th. The hegmeous distribution of actinide elements
within zircon, and the possible different agesiofan zones, can lead to range of crystalline state
within a single crystal. The result is that somewgh zones can be patrticularly susceptible to
dissolution (completely metamict), other growth esrare slightly more resistant to dissolution

(partially metamict) and other parts of the zircemain insoluble (crystalline zircon).

3.10.2.2 Process of dark BSE zircon formation

Minute irregularities along the margins of dark B3iEcon exposed to the matrix in slates are
observed to have intergrown with matrix minerals métamorphic origin (e.g. chlorite and
muscovite, Fig.6c, 7 & 8). In some instances, dA8E zircon appears to have grown out of

original zoning layers defined by light BSE zircamgulfing the light BSE zircon fragment as it



formed (Fig. 7c). The fragile nature and minuteesif the dark BSE zircon intergrown with the
rock matrix strongly suggest that they have a metahic origin, having formed at or below peak
metamorphism conditions (<350°C). This can be taimged further by the likelihood that soon
above the annealing temperature for zirca250°C), radiation damage accumulation diminishes
and metamict zircon may at least be partly repair&tierefore, it is most likely that dark BSE
zircon developed around temperatures or below tinealing temperature of zircon. It should be
emphasised that there is some debate as to these@mealing temperature for zircon and the
temperature at which zircon anneals is thoughtet@drtly controlled by the amount of radiation
damage in the zircon. Zircon with little radiatidamage apparently anneals at lower temperature
to zircon that is heavily radiation damaged (Geisteal., 2003a). Therefore the general annealing

temperature of ¢.250°C is assumed (Nasdala e0@bly).

The abundance of holes and inclusions in many &8k zircon suggest a significant volume
change that may occur during the alteration oftlI§BE zircon (e.g. Putnis, 2002; Tomaschek et
al., 2003) and the preservation of the overaligshape (e.g. Fig. 8) would suggest that dark BSE
zircon has recrystallised from previously metanigton. The amorphous areas in radiation
damaged zircon are likely to be out of equilibriwnth fluid phases and therefore susceptible to
dissolution (e.g. Geisler et al., 2003a). The ghous areas of the zircon exposed to the fluid will
dissolve provided the fluid phase is under-satdratith respect to Zr or Si (the main components
of zircon). If enough zircon is dissolved to satarthe fluid in Zr then the fluid may also become
supersaturated causing dark BSE zircon to pretpi{the issue of supersaturation will be
discussed in greater detail in Chapter 6). Thikesefore a dissolution-reprecipitation process,th

in effect, “recrystallises” the metamict regionstbé zircon. The micro-porosity generated during
this dissolution-reprecipitation process indicatest the fluid is on the cusp undersaturation and
supersaturation throughout. Where porosity sizarge, it may that there is lag time between when
the zircon was dissolved and when precipitatiork tolace. In dark BSE zircon with virtually no
pores, it would suggest that precipitation is aliresultaneous with dissolution. The very low
total weight percent totals of dark BSE zircon sgig hydrous species are also gained in the

precipitating phase. Instances where the volumeirobn dissolved would appear significantly



more than the volume of dark BSE zircon precipitafe.g. Fig. 9¢) indicates that a net loss of

zircon may occur during this dissolution-repre@pdn process.

It is important that some crystalline componenthaf original zircon remains onto which dark BSE
zircon can nucleate as it is improbable that daBERircon will crystallise onto an amorphous
medium. Either the metamict area undergoing dlteras not heavily damaged (i.e. beyond tfie 1
percolation point but not the"% in which case the crystalline remnant structuriéhiw the
metamict area may provide a focus for nucleatignaod more likely in most cases, crystalline
growth domains in the zircon provide points forkdBSE zircon nucleation. Without suitable sites
for nucleation, zircon may be completely dissolvéthout reprecipitation and Zr mobilised from
the site of dissolution. There are very rare ooraswhere there is no light BSE zircon in grains
that have altered to dark BSE zircon. This mayelplained by the crystalline skeleton in
moderately damaged zircon providing a medium fok &SE zircon to precipitate on. It should
also be considered that imaging of grains in tleictiesn only provides a 2-D view. In 3-D,
apparently entirely dark BSE zircon may contain Isergstalline areas on which dark BSE zircon

nucleated.

3.10.2.3 Variation in microstructure

Since there are often several different populatmindetrital zircons in sediments and sedimentary
rocks, the U and Th contents and ages of zircohvaily considerably. As a function of the time
the zircon has spent below its annealing temperathis leads to significant variability in the
behaviour of the zircon population coupled to ageamf crystalline states (crystalline to fully

metamict zircon).

The wide range in dark BSE zircon chemistry maygsstthat the crystalline skeletal framework
within metamict areas remains with only the amorghe@olume going into solution. In zircon
where radiation damage has just reached theetcolation point, the amorphous volume will be
less in comparison to a heavily damaged zircon lfegond the ¥ percolation point). Zircon with

a higher amorphous volume has a greater volume witch non-formula elements can be



concentrated than less damaged areas. Howeveg thikildegree of metamictization is likely to be
the main control on the overall amounts of non-falarelements concentrated in dark BSE zircon,
it is unlikely that metamictization dictates whatnAformula elements are substituted into the
zircon structure, i.e. different substitution treriabtween the chemistry individual zircons is more
likely controlled by conditions in the local envinment rather than the grain itself. It is also
conceivable that the degree of metamictization afilect the microstructure of the recrystallised
areas. Heavily damaged zircon may experience nagiel dissolution which may cause the fluid
to become supersaturated in Zr faster. In suchanmess, the time between dissolution and
precipitation is reduced, producing a microstruetilmat is less porous. However, as the U and Th
contents of the zircons studied remains unknowe, dbcay dose cannot be determined and
therefore these features cannot presently be aterkto the radiation damage. These features may

also be dependent on other factors that are explor€hapter 6.

3.10.2.4 Crystallinity

The textural evidence presented above suggestsdtréit BSE zircon formed as a result of
dissolution-reprecipitation and this would appeame well founded. However, low IQ EBSD
patterns suggest that dark BSE zircon has a paatatiinity and this contradicts the textural
evidence. This is also the case for zircon outgilewThe formation of new zircon crystals by
precipitation should result in a high EBSD 1Q anaynalso be expected to show an increase in CL

intensity (e.g. Geisler et al., 2003a). Neitherpemty is observed in dark BSE zircon.

Images show variable BSE intensity within dark B&t€on whilst containing bright BSE (likely
to be xenotime) and dark BSE (possibly quartz)usicns only a few nm to tens of nm across. This
indicates significant heterogeneity at the mesascggale. Zircon outgrowths also display
significant heterogeneity at the mesoscopic scateheve similar properties to dark BSE zircon.
Zircon outgrowths can be spatially linked to dar@Bzircon in some grains and therefore their
structure must be similar. TEM analysis of ziraarigrowths (Chapter 5) reveals that outgrowths
are composed of multiple mis-orientated nanocriysékircon. It is therefore likely that dark BSE

zircon shares a similar nanocrystalline structéitewever the mis-orientation of nanocrystals is



key in this interpretation because this would aztstgnificantly degrade the EBSD signal.
Extremely finely nanocrystalline zircon may also tbe small to give a reliable EBSD analysis
using the SEM due to the diameter size of the ledbeam (electron beam interaction area for
EBSD isc.50nm (Humphreys, 2001)). Grain boundaries and tieonentation of these grains
over the analysed area are also likely to suppféss Without the nanocrystalline structure, the
formation of dark BSE zircon would act as an impeable and insoluble barrier that prevents
fluids from communicating with the alteration froAt nano-crystalline dark BSE zircon structure
not only offers a possible explanation to both ¢hasalytical discrepancies but also provides a
mechanism by which fluid can communicate with thteration front. Furthermore, the grain

boundaries within nanocrystalline dark BSE zircaayract as a sponge for fluids.

The retention of U and Th within dark BSE zircong(E3c,24a) suggests that dark BSE zircon is
likely to become metamict again. Therefore to latiie the low EBSD IQ pattern of all dark BSE
zircon domains to nanocrystallinity would be wromgis therefore necessary to assess whether
dark BSE zircon may become metamict again (i.e.rphuus volume reache$ fiercolation point)
making it susceptible to subsequent alteration. détermine this the U and Th contents from
zircon in Dalradian metasedimentary rocks usedravgnances studies has been used (Nemchin
and Cawood, 2005). These analyses came from idmeppoints that are likely to give a rough
approximation as to the actinide concentrationhi@ zircons examined in this investigation. It
should be noted that although a wide range of igeticoncentrations were measured, they are
probably not representative of the entire zircopybation in the rocks analysed by Nemchin and
Cawood (2005). This data came from analyses obuailseparates from a semipelite in the Ben
Lawers Schist from the Argyll Group. However, litosild be strongly emphasised that U and Th
contents obtained by these authors may only reprdke actinide concentration comparable to
unmodified light BSE zircon and unlikely to be tyal of dark BSE zircon. This is because dark
BSE zircon represents domains that have becomeamniwttand experienced alteration. Therefore
they are likely to have higher U and Th concentragithan unmodified zircon. Consequently, U
and Th contents from a group of Sri Lanken zirdogrge also been included (Nasdala et al., 2004).

These zircons have been selected as they contaimga of radiation damage doses with a genesis



age comparable to the deposition age of the Dalnadicks (570Ma compared to 800-470Ma

respectively).

Table 7 displays the age at which a zircon of amiW and Th concentration will reacf' 1
percolation point (i.e. P= 3.5x10° from Salje et al. (1999)). This illustrates tipairticularly U-
and Th- rich zircon may become metamict severatsiauring the history of the rock and may be

susceptible to multiple phases of alteration.

Zircon age (Ma) U (ppm) Th (ppm) |Notes

1063 869 197 Zircon 474-1A, Nemchin and Cawood, 2005
1570 541 191 Zircon 474-1B, Nemchin and Cawood, 2005
610 1558 471 Zircon 474-21A, Nemchin and Cawood, 2005
3210 204 97 Zircon 474-25B, Nemchin and Cawood, 2005
3785 158 42 Zircon 474-18, Nemchin and Cawood, 2005
493 1945 625 Sri Lanken zircon C27, Nasdala et al., 2004
319 3087 810 Sri Lanken zircon K6, Nasdala et al., 2004
188 5568 344 Sri Lanken zircon N 17, Nasdala et al., 2004
940 1000 200 Theoretical

300 1200 200 Theoretical

Table 7 The age at which a zircon with a given actide content will reach the ' percolation point (D,

= 3.5x10° from Salje et al. (1999)).

3.10.2.5 Protection

Metamict zircon encased by unmodified light BSEair will remain protected from fluids during
metamorphism. However, metamictization in zircanses a volume swelling of amorphous areas
upto 18% (e.g. Lee and Tromp, 1995; Ewing et &03}. If the stress from the swelling metamict
growth layers is sufficient to break the surrougdilght BSE zircon, a series of radial and
concentric fractures are generated. These fracturavide pathways for fluids to communicate
with metamict areas in the grain enabling them éodme modified into dark BSE zircon. The
growth of quartz, muscovite and chlorite along ¢éh&sctures is common and evidence of fluid
infiltration. The growth of these minerals canoatesult in the zircon becoming dispersed locally

within the matrix (e.g. Fig. 9b).



Metamict zircon that is exposed to the fluid eamlyhe rocks history will readily alter to dark BSE
zircon during prograde metamorphism. However mathnircon may be initially protected from
fluids either as an inclusion in a larger grairg(equartz) or encased by light BSE zircon. The
metamict zircon will be exposed to the fluid ifditated from enclosing grain (i.e. the quartz grain
recrystallises) or metamictization is sufficient itmluce fracturing of the protecting light BSE
zircon shell. Young (relative to the age of seditndeposition) U-rich zircon may also become
metamict during prograde metamorphism. Metamigtari in the above instances will probably
alter to dark BSE zircon provided metamict areaghaot annealed (i.e. the temperature of the
rock is below 258C). Alteration to dark BSE zircon may be enhandee to the increased

temperature at these which metamict zircon is eegh¢s the fluid.

Above 250C (the annealing temperature for zircon), radiadamage in zircon may begin to be
repaired and any further alteration will decreagé the rate at which damaged zircon is annealed.
Consequently, zircon either not metamict enoughalter (i.e. interconnection of amorphous
clusters has not reached thépkrcolation point) or metamict zircon that is paied may become
repaired whilst above the annealing temperatureuring uplift and exhumation after peak
metamorphism, radiation-damage will accumulateragazircon once below 250°C once the rock
is below the annealing temperature. However, #réod of uplift and exhumation is unlikely to
provide time for zircon to accumulate enough radimtlamage to alter. Alteration during uplift
and exhumation is therefore difficult in comparigorprograde metamorphism as radiation damage
would be required to accumulate rapidly and woultl de possible in a U-rich zircon. This is
made more unlikely as most U-rich zircon would haitered to dark BSE zircon during prograde
metamorphism, unless protected fluid phases. Reivetrdeformation at higher grades may cause
grains to be exposed to fluids that were previoysigtected and such instances may allow
metamict zircon to alter in the retrograde cycletloé rock. Once the rock is exhumed, the
temperature will be too low to alter metamict arbas damage will continue to accumulate. This
indicates that a considerable amount of low tentpegazircon in greenschist facies rocks probably
formed during prograde metamorphism. The presefideydrous species in dark BSE zircon

formed during prograde metamorphism is an intrigudibservation that is in contrast to most



reactions during prograde metamorphism.

If a rock experiences temperatures in excess cdntinealing temperature of zircon, the majority of
dark BSE zircon is likely to form during progradetaimorphism. If metamict zircon does not alter
during this period, it is unlikely to develop daBISE zircon during that metamorphic cycle. The
various times at which dark BSE zircon may preféadly alter during metamorphism may provide
an explanation as to the considerable variety énntiicrostructures that exists in dark BSE zircon.
Furthermore, variations in chemical substitutioms dark BSE zircon may also reflect the

multistage formation of dark BSE zircon during nmetaphism.

3.10.2.6 Crushed and fragmented zircon

The mechanical strength of zircon is reduced bynash as 40% in its metamict state and is
coupled to a 29% decrease in its elastic modulimK@umakos et al., 1991). Therefore zircon
grains with a metamict component are susceptibldramking under tectonic stress (Fig.10).
Crushed or fragmented zircons such as these awmiyrabsent from slates (Table 1) and found
only in courser-grained rocks. This is probably doi the larger grain size of matrix in quartzites
and psammites which are likely to exert greateairston individual zircons. It may also be a
lithological constraint whereby a more homogenequartz matrix would cause more stress on
zircons at grain boundaries than a rock with a n@terogeneous mineral assemblage. Typically
the metamict component of the crushed zircon viilrato dark BSE zircon during this process,

recrystallising around the light BSE zircon fragitsefi-ig.10b).

3.10.2.7 Shape of dark BSE zircon margins

In quartzites, dark BSE zircon is usually assodiateth anhedral bays that cross-cut internal
zoning features of the zircon grain (e.g. Fig.2dyht BSE zircon particles that have been broken
off from zircons during metamorphism are often asged with dark BSE zircon and commonly
have rounded grain edges. Embayments, now filleshéilyix minerals, are likely to be the result of
dissolution as are the rounded margins of the mgdn these rocks. Rounded margins to broken

fragments of light BSE zircon are not observedhe other lithologies studied. Quartzites have



experienced slightly higher grade metamorphic aiovi (upto 450°C) and the zircons in these
rocks would appear to have undergone slight disisolas a result. In contrast, the margins of dark
BSE zircon in lower temperature slates, phyllited asammites (c.300-350°C) are very irregular

and have formed delicate intergrowths with the ixatr

3.10.3 Metamict zircon

Metamict zircon is thought to alter to dark BSEcain during metamorphism upto the annealing
temperature of zircon 28C. However after the metamorphic event zircon wibintinue to
accumulate radiation damage. Metamict light BSEairis produced and can be observed in
EBSD scans (Fig. 33, 35). The dominant light B&Ean exhibits moderate EBSD 1Q patterns
(green colour, Fig. 33), indicating it is partiattyetamict. The grain contains dark BSE zircon that
probably developed as a result of being more metaimin the surrounding zircon during prograde
metamorphism. Although the partially metamict ti®dSE zircon may have accumulated some
damage during prograde metamorphism, it was ireefft for the zircon to alter. Therefore once
the rock experienced temperatures above the zanoealing temperature any damage in unaltered
areas were repaired. However, once the rock reatdraperatures below the zircon annealing
temperature, damage could begin to accumulate .afjhis damage has continued to accumulate
long after the rock has been tectonically actisilteng in partially metamict zircon with only thin

bands of crystalline zircon preserved.

Fully metamict zircon has been identified (Fig..35) this instance, small elongate cavities around
the tips of fractures generated by the radiatiomatged growth layer represent dissolution of the
metamict zone. However, the metamict zircon lagenains chemically unmodified. This may

indicate that metamict zircon can still be dissdlvperhaps even at ambient temperatures but

without the production of dark BSE zircon.

As a general point, there would appear to be vigthe fully metamict zircon found around the
margins of dark BSE zircon. This indicates that dissolution-reprecipitation process is relatively

efficient and is perhaps a relatively rapid procasse initiated.



3.10.4 Porous zones in zircon

As pores in zircon are confined to particular glowones in the grain, this feature must relate to
the original composition of that zone. Radial fuaes in the surrounding light BSE zircon are
commonly associated with porous zones and mody lik@used by the swelling of these porous
zones. Dark BSE zircon is also found within pora@rewth zones where fractures are in

communication with the edge of the grain (Fig. 23).

Porous zircon zones have a reduced CL intensitylawdr EBSD IQ patterns than light BSE
zircon. Furthermore they are also enriched in k@& possibly Y but show no other chemical
modification. Zircon with a high concentration pbres strongly correlates to low EBSD IQ
patterns. However, care must be taken in attrigu reduced EBSD IQ pattern to a loss of
crystallinity because EBSD analysis on a pittedasigr (caused by pores) is likely to degrade the
EBSD pattern. As a consequence, it is difficulatsess whether porous zircon zones with low
EBSD IQ patterns actually represent a loss in alysity (i.e. partially metamict) or due to an
increase in the size and concentration of the phwsselves. However, radial fractures spatially
linked with porous zircon that is also in assooiatwith dark BSE zircon, make it likely that low
EBSD IQ patterns are in part a result of radiaiamage. This may suggest that the formation of
porous zircon is another response to metamictizalibe degradation of EBSD IQ is still likely to

be exaggerated by the pitting on the polished sarfd the zircon.

What the actual pores themselves represent iculiffio assess. The consistent enrichment of Fe
in porous zircon and the association of feature$ $trongly relate to metamictization possibly
suggest some solid-state recrystallisation mechanislowever, the size of the microstructure of
porous zircon is at the resolution limits of theMsHsing conventional methods and analysis of
these zones using higher resolution techniquesdaired to gain a better understanding of the

composition and microstructure of porous zircorobefiny definitive conclusions can be reached.



3.10.5 Zircon and xenotime outgrowths

Zircon and xenotime outgrowths can be observedherrdunded margins of the host zircon and
outgrowths cross-cut the internal zoning patterfnthe host (Fig.14a). The delicate structure and
minute size of zircon outgrowths indicate that theguld be unable to survive sedimentary
reworking. Similarly, the thin spines of xenotinf&t protrude between micas in the matrix would
disintegrate during sedimentary processing. Zirgotyrowths are also observed on the edge of a
broken zircon (Fig. 14c) indicating that zircon @tbh has post-dated the fracturing of the grain
within the rock. Consequently zircon and xenotimggrowths are thought to have a post-
depositional origin. Since outgrowths contain irsibns of matrix minerals and project into and
finger between muscovite and chlorite suggestingt thircon and xenotime growth, is

contemporaneous with the growth of metamorphic naiseor more likely post-dates it.

3.10.5.1 Zircon outgrowths

The adjacent mineralogy has little obvious contmolwhere zircon outgrowths nucleate and grow
on the host grain based on textural observatioRfyllosilicates adjacent to the zircon may
promote more new zircon growth than quartz (Figc)1but many zircon outgrowths still form
adjacent to quartz grains apparently in prefereaagher matrix minerals (Fig. 17). Similarly, the
surrounding mineralogy has little influence on #mape of the zircon outgrowth. Euhedral zircon
outgrowths are rare but have been observed adjamequartz aswell as phyllosilicates. Zircon
outgrowths also do not appear to have any prefesreshtation or show any relationship to the
cleavage in slates (either parallel or perpendidalaleavage or in pressure shadows linked to the

host zircon) (Fig. 16¢) and neither do they fornamy particular location on the host zircon.

Zircon outgrowths on the margins of some host riscoan be related to internally modified areas
that display evidence of dissolution. However tisi©only observed in larger zircons where the
protolith zircon can still be recognised (Fig. 88a, 14i). In these instances, modified areas are
linked to zircon outgrowths through a series ofan@tt generated fractures in the light BSE part

of the grain. These fractures provide pathwaydliids to mobilise Zr from the modified interior



to the outer edge of the grain with dark BSE ziroften observed in these fractures apparently
sealing them. However, most zircon outgrowths #mend on the margins of completely
unmodified zircon and implies Zr is transported fhyids from zircon that has experienced
dissolution elsewhere in the rock. No proximal limdtween these features has been identified i.e.
unmodified zircon close proximity to a zircon expeacing dissolution often does not have zircon
outgrowths, even if outgrowths are relatively abamtdn the rock. Although the source of Zr is due
to the dissolution of zircon elsewhere, the exactree is not entirely clear. However, the link

between similar Hf contents of the host zirconh® zircon outgrowth may suggest a local source.

The preservation of very fragile zircon outgrowthat finger between matrix grains does suggest
that they formed relatively late in the rock histas it is unlikely they will survive deformatiom a
higher grades. This may indicate precipitationfruids present in the rock that may become
supersaturated with Zr as temperatures fall dutimgretrograde part of the metamorphic cycle.
However it also possible that a very low tempemvent, perhaps by shallow burial some time
after metamorphism, allowed a small amount of Zibé mobilised in the rock and zircon to
crystallise. The most likely source of Zr in tiistance is from dark BSE zircon which is shown

to be the most U and Th of the zircon studied asmth, the most likely to become metamict again.

Care must be taken when analysing differencesarB®BE intensity of zircon outgrowths as high
BSE signal intensity on some of the outermost tpzircon outgrowths may be due electron
charging where the outgrowth does not have a smoaotitact with the matrix (Fig. 15a&b,e).
Therefore SE images should be taken of all graumied to accompany BSE images. This means
that these features can be quickly resolved asgigifiiem to either the physical attributes of the
zircon or due to electron charging from topograpbeciations in the thin section. In order to
minimise any such charging effects it is recommenti@t all thin sections be given a final polish

using colloidal silica.

3.10.5.2 Xenotime outgrowths

In the Ballachulish slates (samples BALla-d), whereotime appears to be especially abundant as



outgrowths on zircon, upto three separate geneatif xenotime can be identified within
outgrowths. Xenotime outgrowths from samples ottlemn Ballachulish typically display a
homogeneous xenotime outgrowth when analysed iniBfaging indicating only a single phase of

growth.

In xenotime outgrowths from Ballachulish slate, muous <0.5um spherical silicate inclusions
(probably quartz based on its mean atomic numbBSiB images) are concentrated throughout the
first stage of xenotime growth and implies growthswelatively rapid. Despite xenotime being
absent from quartzite rocks, medium to course-gaisamples Dh4 and BAL3 contain xenotime
outgrowths where inclusions are less common imglyirat the size of inclusions is controlled by

the grain size of the matrix.

Inclusions in xenotime outgrowths are confined withn area marked by a very thin bright band
implying a change in xenotime composition, presugnaictated by a change in fluid chemistry.
The second part of the xenotime outgrowth is masitjusion free but the outer margins can be
seen surrounding larger matrix grains. This suggaschange in the rate at which xenotime has
grown or perhaps marks a point where matrix migsehalve grown larger as a result of increased
metamorphic grade or recrystallisation after defram. The final phase of xenotime growth is

defined by small (<2um) xenotimes that grow ondbter margins of the second xenotime phase.

Phyllosilicates, and in particular muscovite, appeapromote xenotime growth more than quartz
(Fig. 19e) with larger xenotime outgrowths moresnffound growing around and engulfing small
(<10pm) quartz grains (Fig. 19d). Xenotime hambagserved forming on the 4 opposing faces of
a host zircon crystal instead of forming one smattemplete overgrowth and so the surrounding
matrix plays no obvious role in controlling the &ion of outgrowths (e.g. Fig. 18i). In rocks
where xenotime outgrowths are not as abundant fEsgmmites), xenotime outgrowths are
typically much larger where present and appareotjistallise on one particular host zircon in
preference to numerous other potential zircons. (E8h). This is possibly due to the relative

mobility of Y and P in the fluid phase.



The xenotime outgrowths described here are anatogothose described by Rasmussen (2005a)

where xenotime outgrowths were studied in rocks similar type and grade.

3.10.5.3 Interactions of zircon and xenotime outgrowths

Zircon outgrowths that form in xenotime deficieatks (Easdale Slates and Dunoon Phyllites) are
generally more homogeneous in BSE and do not exthilei mottled BSE contrast of zircon
outgrowths that have formed in rocks where xenoisren abundant phase (compare Fig. 14j and
Fig. 15a). The mottled BSE contrast in zircongooivths is produced because of a difference in
mean atomic number and BSE intense areas in tb@nzautgrowth have a similar BSE intensity to
xenotime outgrowths. Furthermore, homogeneousozirgutgrowths produce low 1Q EBSD
patterns whereas xenotime outgrowths have high BSE patterns. Areas in zircon outgrowths
with a mottled appearance in BSE produce internted@ EBSD patterns indicating that there is
probably a xenotime component within these partthefoutgrowth. This feature is analysed in

greater detail in chapter 5.

Dark BSE zircon is occasionally observed betweerbtbundary of the unmodified host zircon and
the outgrowing xenotime (Fig. 15d) indicating tdatwas mobile before at least the final phase of

xenotime growth.

3.10.6 Xenotime and dark BSE zircon

Xenotime is found as spherical to irregular eloagdtaped inclusions within the cavities and holes
of dark BSE zircon and also observed sealing frastin zircon. Unmodified light BSE zircon is
completely free of xenotime implying that some x@&me precipitates from fluids that are also
responsible for the alteration of the dark BSE sreldowever, the production of porosity in dark
BSE zircon may imply that in some xenotime is pneses a later pore filling phase that is not

synchronous with the formation of dark BSE zircon.

Xenotime outgrowths mostly form on the edge ofliB®&E zircon grains but on rare occasions are



also found on margins of dark BSE zircon. Evenmkenotime is found on dark BSE margins, it
typically grows on the most BSE intense part of zireon (Fig. 18d). This is probably due to
xenotime requiring a relatively similar crystallihest. A zircon structure containing non-formula

elements may not be as favourable for xenotime tiras unmodified crystalline light BSE zircon.

3.10.7 Linking zircon features and behaviour

Dark BSE zircon occasionally lacks cavities ang ghiggests that fluids can cause metamict areas
to recrystallise in-situ with little or no Zr lo$tom the grain (e.g. Fig. 6m). However, cavities
present in dark BSE zircon can usually be assatiaith zircon outgrowths on the unmodified
light BSE margins of the grain. In some caseswlusld appear to be a relatively balanced process
i.e. volume of zircon outgrowths equals the volulost in cavities (Fig. 6k&14i). Metamict
generated fractures that provides communicatiorwdsst these features in the zircon are
apparently sealed by dark BSE zircon (Fig. 13a&14hhis is further evidence that Zr can be
mobilised in localised environment from the modifimterior to the outer margin of the grain
through a series of metamict generated fractuv¥bere cavities are abundant in dark BSE zircon
but have no outgrowths on the margins (Fig.9)mplies that Zr taken into solution has been
mobilised from the grain. Porous bands in zirctso @ppear to have an intimate relationship to

dark BSE zircon.

3.10.8 U, Th and Pb concentration in low temperature zircon

Despite not analysing U, Th and Pb due to a ladugable standards, some general comments can
still be made about the likely concentration ofstéheslements in dark BSE zircon and zircon
outgrowths. The benefit of this is that one capmfit to assess the usefulness of low-temperature
zircon with respect to future analytical work. Expeents on the hydrothermal alteration of
metamict zircon consistently reveal altered area® lundergone substantial Pb loss (Geisler et al.,
2003a) and it likely that dark BSE zircon has eigrered similar Pb loss. However, while some
studies have been found altered areas to be dépletd and Th with respect to unaltered zircon

(Geisler et al., 2003b), other studies have witeggso such change in U and Th, and in some



instances, altered areas are even slightly enriffoed the starting material (Utsunomiya et al.,
2007). EDX scans of dark BSE zircon in the rockslied here consistently show a higher U
content in comparison to the rest of the unmodi§iegin. Although dark BSE zircon formed from
metamict zircon, its retention of U within the stiure means that dark BSE zircon is the most

likely to become metamict again.

Actinide concentration in zircon outgrowths is lik¢o be very low as xenotime outgrowths will
act as a sink for U and Th. A low U and Th cont@ntircon outgrowths is made all the more
probable by the fact that little U and Th is litechduring the alteration of metamict zircon tokdar
BSE zircon. Xenotime outgrowths may potentiallpsa localised radiation damage within the
host zircon or zircon outgrowths due to He particdgectory froma-decay events in the xenotime
(Nasdala et al., 2005). If the decay dose in xemis sufficiently high to cause extensive alpha
particle damage in the zircon (host or outgrowth damaged zircon may alter or Zr may be

mobilised in a fluid phase.

3.11 Summary

Zircon has a wide and varied response to low teatper greenschist facies metamorphic events as
a consequence of radiation damage that accumutagsinide-bearing zircon. The key findings

from this chapter are:

« The formation of dark BSE zircon via a dissoluti@precipitation process

» Zris mobilised from zircon that has experiencessdiution and precipitated as outgrowths

on the margins of unmodified zircons

e Metamict zircon has a self-inducing fracture medésrmnwhich allows fluids to access

these domains which catalyses the above processes.

e Porous zircon appears to be intimately linked ik @&SE zircon as they are both found in
the same growth zones in zircon and porous zircay therefore be another response to

metamictization.



« Xenotime has an intimate relationship with low-tergiure zircon.

« The chemistry of dark BSE zircon varies betweelviddal grains possibly as a result of

the local environment in which they formed.

» Dark BSE zircon and zircon outgrowths have differesubstitution relationships,

particularly with respect to Si.

However, outstanding questions remain. When duttiegmetamorphic cycle do the processes of
dissolution, reprecipitation and new growth in#gfat Chapter 4 sets out to determine this,
investigating the behaviour of zircon in diageradticaltered sedimentary rocks. Other important
questions are what is the microstructure of ziroatgrowths and dark BSE zircon and is the low
IQ EBSD pattern from these textures a functiorhefrtmicrostructure? Chapter 5 seeks to address
these issues by studying the microstructure ofomiroutgrowths at the sub-micron level using

high-resolution techniques.

The unstable nature of radiation damaged zircdovintemperature rocks and the abundance low
temperature zircon features have consequences dimble age dating of whole grains.
Misinterpretation of dissolution-reprecipitation afares may lead to false ages of events.
Understanding the processes that produce theserdsats essential for the reliable and correct
interpretation of U-Pb ages in zircon. Howeverimdazircon outgrowths and dark BSE zircon
ages may provide information on timing of fluid Wloevents during metamorphism. The
dissolution of radiation damaged zircon by low temgture fluids is also a concern for the safe

storage of nuclear waste.



Zircon and xenotime behaviour during diagenesis

4.1 Introduction

Investigations of zircon in greenschist facies metiments reveal an abundance of in-situ low
temperature secondary features with detrital ziicoslates preserving zircon outgrowths on their
margins (Chapter 3). However it remains uncleaemkhe processes that form these features
initiate. The principle aim of this chapter is tteerefore resolve this question by studying the

behaviour of zircon in sedimentary rocks.

This chapter identifies abundant dark BSE zircothivizircon in these rocks. The majority of

such textures are identified to form via dissolutreprecipitation reactions (Group 1 dark BSE
zircon). However evidence for a diffusion-driveinustural recovery cation exchange process is
also observed (Group 2 dark BSE zircon). Sub-misiged zircon outgrowths are observed on the
margins of detrital zircon as are larger xenotimeggmwths. Occurrences of zircon outgrowth are
rare however, indicating Zr is not mobilised on theme scale as it is in greenschist facies
metasediments.  Still, these findings provide cdlimge evidence that, as a consequence of
radiation damage, processes of zircon alteratimsotition and precipitation are well established

at temperatures <100 and Zr may also be mobilised.



4.2 Methods, regional setting and samples

The characterisation of the textures and microsires found in zircon and xenotime from
diagenetically altered sedimentary rocks has besdmnewed using BSE, SE and CL imaging
techniques.  Zircon has also been chemically aedlyssing EPMA and SEM EDX.
Crystallographic properties of zircon have beerehined using EBSD. These techniques have
been applied to establish the textural, microstmatf chemical and crystallographic properties of
zircon and xenotime in sedimentary rocks so thairaparison can be made between with those in
greenschist facies metasediments described in @haptMany of the textures and microstructures

described in this chapter are similar to thosehajiier 3.

Rock samples were collected from the South Eadtifef in Scotland, along a coastal section
located between Kirkcaldy and Leven (Lower Larg&jg@d5). Here, an almost continuous
sequence of upper Carboniferous sedimentary rokdngerbedded with occasional tuffaceous
horizons and basaltic lavas (Read et al., 2002)canic vents, which are interspersed throughout
the region, are further evidence of late Carboaiferigneous activity. These rocks provide an ideal
natural laboratory for studying zircon behavioutlasy have been extensively characterised due to
coal and oil-bearing units found throughout thisaar This includes vitrinite reflectance work that
allows the maximum temperature these rocks expaztbto be determined. The outcrop of strata
along the Fife coastline also represent a widestyanf lithologies which are exposed as an almost
continuous sequence allowing easy sampling andadtselection of rock types to be collected the
stratigraphy to be easily determined. Perhaps mgsdrtantly, this area was chosen for sampling
as rocks from the Millstone Grit series outcropsehdhe equivalent unit in Yorkshire, England
has been shown to contain zircons with large anoh@dnt xenotime outgrowths, projecting out

upto 100um, (Butterfield, 1936; Rasmussen, 2006d)Zx mobilisation has also been postulated.

Vitrinite reflectance work has been carried outhmrehole samples of Carboniferous age from
many points around the Fife and Lothian area (Raygrend Murchison, 1991). The purpose of
this work was to observe the effects exinitic matsehave on vitritine reflectance and, among

other boreholes studied, this was conducted on legnmom two boreholes located in the Firth of
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Forth (grid reference of boreholes is not stategproximately 5km south from where the samples
were collected for this study. The boreholes (Fat Forth Tower Borehole No.1 and No.2) pass
through several units including the Upper Limest@reup. Vitrinite reflectance data from this
unit indicate a value 0.70 — 0.80 %okhich Raymond and Murchison (1991) interpret faresent

a maximum temperature around®°@5based on work by Murchison et al. (1985). Thdgite
reflectance values for the Upper Limestone Group aso replicated from other boreholes the
around the Fife and Lothian area (Raymond and Msoch 1991). This indicates that the
maximum temperature for diagenesis is also aro&i@ 9vhich significantly below the annealing
temperature for zircon (28Q) (Nasdala et al., 2004). This means that no mietezircon in the

rocks studied in this chapter can have undergoneaimg by temperature alone.

Two sets of samples were collected and made irito dbctions. The first sample set, prefix
KULM, was collected from a sedimentary sequencéhen Upper Limestone Group that outcrop
along the Kirkcaldy beach beside the castle in Resmaig Park (Grid Ref. NT 291 923 to NT 301
926). A siltstone (KULM2) and four quartz arenif@@JLM1, KULM3, KULM4 and KULM5),
varying from very fine (30um, KULM1) to coarse grad (200pum, KULM5) were sampled. All
have been cemented by micrite and occasionallydisitontinuous bands.(mm long) of organic-
rich matter are also preserved. Most samples cobtanding defined by muddier layers with 100-
200um illite and chlorite grains present. Quartztyisically recrystallised and found as both
monocrystalline and polycrystalline. Only occasidietdspar grains are also present. For detailed
thin section descriptions see Appen@ixThe second sample set, prefix LmillG, was codidobn
the coastal section at Lower Largo, Leven (Grid. R&D 437 021) and are also rocks from the
Upper Limestone Group. The rocks range from fB@ | m) to very coarse grained (1mm) quartz
arenites with a micritic cement. An organic-riclicritic limestone (LmillG2) was also sampled
but zircon was absent from this rock. No originatgsity is present in any of the rocks. A brief

summary of thin section characteristics is givemaihle 8.



AeH 'O ueoung

/00Z 1snbny

9GT

0/ 00 Oag
BRELIE Lhmplely Fragmented ziiiie\:ifth 7ir/::?}iev:’)iih
Sample Rock type and grain size zitcons per  Zircon size distribution unmedified ; Dark BSE zircon . ) .
section® . —_— Zircon Zlrcon Xenotime
outgrowths  outgrowths
K-ULM-1  Quartz arenite, ¢. 100um 1040 10-50pum, Av=20pum |  38% 4% 58% io1s% 0%
K-ULM-2  Siltstone <30pum 533 <5-30um, Av = 20pm Po31% 8% 61% 0% T%
K-ULM-3  Quartz arenite, ¢. 50- 100um 297 5-50um, Av=20pum 36% 0% 64% 9% 0%
K-ULM-4  Quartz arenite, ¢. 50-100pm 442 5-100pum, Av =25um 46% 8% 46% 0% 15%
K-ULM-5  Quartz arenite, ¢. 500pm 102 20-200pum, Av = 20pum 67% 33% 0% 0% 0%
L-MILLG-1 Quartz arenite, ¢. 0.5-1lmm 192 10-200pm, Av = 30pm 67% 33% 0% 0% 0%
L-MILLG-2 Marl, <5um Absent - : = = - . = =
L-MILLG-3 Quartz arenite, ¢. 100-200um 504 20-100pm, Av = 50pum 79% 14% 7% 0% 0%
L-MILLG-4 Quartz arenite, ¢. 0.1-1mm 540 10-100pum, Av=40pm 60% 0% 40% 0% 0%
Averagei  53.0% 12.5% 34.5% 3% 3%

Table 8 Rock types and associated zircon textures sedimentary rocks. *number has been calculatedég 2.5)

¥ 1o1deyd

sisauafelp BulinNp JnoIABYS(J SWI0USX PUe UodIIZ



4.3 General zircon distribution and character

Thin section examination shows that zircon is galhedistributed evenly throughout finer grained
layers but is concentrated in heavy mineral banitlsirwcoarser grained quartz arenites. A typical
thin section containe.400 zircons although this varies from as littlecd90 grains per thin section
to as many as.1000. Finer grained rocks contain more but sm&#e30um) zircon than coarser
grained samples. A large proportion of zirconthimfiner grained quartz arenites are fragments of
previously larger grains as indicated by their phangular grain edges (Fig. 46). A significant
proportion of well-rounded zircon is also observebh coarser grained rocks, zircons are less
numerous but are larger (20 — 60um). They varyhiaps from subhedral to well-rounded and
many of these zircons are fractured. Whilst a #gwwons are homogeneous in BSE, most show
some weak simple or sector zoning or more compgeillatory or concentric zoning (Fig. 46).
Virtually all zircon in these rocks is considereml have undergone a degree of sedimentary

reworking before incorporation into the rock.

The relative proportions of zircon textures and rostructures found in individual samples are
presented in Table 8, with values displayed asgo¢age by number of grains. Fine-grained rocks
contain a significantly larger percentage of zicaith a low BSE intensity areas or zones, termed
dark BSE zircon. As such, these rocks have a mowdiler percentage of completely unmodified
zircon. Rocks with a large percentage of dark B&f€on generally contain some zircons
(unmodified or dark BSE zircon) with zircon or xéinte outgrowths on their margin. However,
zircon and xenotime outgrowths on zircon are mijuakclusive. Coarse-grained rocks contain
the highest percentage of unmodified zircon bub ads greater proportion of fractured or
fragmented zircons. However, dark BSE zircon waseabfrom the zircon population in 2 of the
11 rocks. These samples showed no discernablkerddiffe in lithology, grain size of the rock or

zircon grain size to those containing dark BSEazitc
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Figure 46 BSE images of zircon in sandstone

a Zircon fragment with some rounded margins. Iréooncentric euhedral zoning (KULM3h Sub-
euhedral zircon with weak BSE zoning and roundiseatclusion(KULM3). ¢ Simply zoned zircon with
sub-euhedral margins and slight cracking. Scale=t#20um, BSE image from Cambridge SEM (KULM3).

d Cracked zircon as an inclusion in cracked qugram (KULM4).



4.4 Dark BSE zircon

Dark BSE zircon is found in the majority of the isbkd rock sections studied, averagit®6% of

the zircons in the rock, and above 60% in some k(@ able 8). However, dark BSE zircon in
chapter 3 has been broadly generalised as a gogldation. On the studying the dark BSE zircon
in sedimentary rocks it is apparent that the micuature of dark BSE zircon can be divided into
two groups. Group 1 dark BSE zircon is charaateristernally by holes, cavities and inclusions,
sometimes in great abundance and by irregular-shap@egins where in contact with the matrix
(Fig. 47 & 48). It is Group 1 dark BSE zircon tlainost completely dominates the dark BSE
zircon in the greenschist facie metasedimentarks.ocBy contrast, Group 2 dark BSE zircon
shows almost perfect preservation of the shapéefptrent detrital grain, regardless of whether
Group 2 dark BSE zircon is in contact with the mxattGroup 2 dark BSE zircon is defined by an
absence of holes, cavities and inclusions (Fig. 32)the sedimentary rocks studied, Group 1 dark
BSE zircon is the more abundant than Group 2 d&E Bircon in a ratio of about 4:1. Although
uncommon, Group 1 and Group 2 dark BSE zircon aath be found in the same grain (Fig.
47j&K). In these instances, Group 2 dark BSE zirbmrms a boundary with Group 1 dark BSE

zircon parallel to light BSE zircon zoning.

4.4.1 Group 1 dark BSE zircon

Group 1 dark BSE zircon is often observed in cotraerings within zircon that is parallel to light
BSE zircon zoning but is also found in larger ikeg domains or within the core of the zircon
(Fig. 47). Group 1 dark BSE zircon usually fornmsadorupt and well-defined boundary with light
BSE zircon (Fig. 47a-h) although the boundary is alvays parallel to the zoning of light BSE

zircon within the grain (Fig. 47i, 47k, 48a).

Light BSE zircon is frequently preserved in Grougatk BSE zircon in variety of microstructures.
Thin shards, laths or bands of light BSE zirconfatad in Group 1 dark BSE zircon that replicate
the zoning structure in the adjacent light BSEair¢Fig. 47c, 47d, 47h). Where light BSE zircon

fails to match the zoning structure of the surrangdight BSE zircon, it is usually present as Isbe



Figure 47 Images of the varying microstructure of drk BSE zircon. Caption on page 162.
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Figure 47 Images of the varying microstructure oflark BSE zircon

All images are BSE unless stated otherveisgircon with group 1 dark BSE zircon confined nigito
euhedral zoning. Margins have large embayments M8)L. b Group 1 and 2 dark BSE zircon within
euhedral zones (KULM3), higher magnification ame@nage of. ¢ Fragmented zircon with laths of light
BSE zircon in dark BSE zircon domains (KULM4]).Well-defined light BSE zircon zones with group 1
dark BSE zircon domain. Red arrows point to grbufark BSE zircon at the fracture tip within a pggo
zone. (KULM3).e Sub-euhedral shaped zircon with outer light BB&on layer displaying radial
fractures. Group 1 dark BSE zircon core with itdeg cavities and contorted light BSE zircon in teatre.
Light BSE zircon in dark BSE zircon further fronethentre, repeats zoning with outer light BSE zirflo
millG3). f Zircon fragment with radial fractured outer ligy$E zircon layer and group 1 dark BSE zircon
core (KULM4). Scale bar = 20ung Sub-euhedral shaped zircon with dark BSE corecaner radially
fractured light BSE zircon. Dark BSE core pressrsmall light BSE domains (KULM3)h Zircon
fragment with dark BSE zircon outer domain. Smalhatime inclusions are within and form on the margi
of dark BSE zircon (KULM1).i Sub-rounded zircon contain group 1 and 2 dark Big&®n. Area defined
in white box is shown ib. Red box shows light-dark BSE zircon complex.d Rerows point to notches in
the margin and white arrows point to smoothed uatibis (KULM3). j Schematic drawing of textures
present ifi. k Sub-euhedral zircon with inward penetrating atierafront. Light and dark BSE zircon
display a boundary roughly parallel to euhedralizgmpunctuated by v-shaped clefts (white arrowjoup 1
Dark BSE zircon at the bottom of the image has @atroutgrowth features (KULM1). Schematic drawing
of textures present ik. m Dark BSE zircon outer layer surrounding light B8Eon core. Segment light

BSE zircon rim surrounds dark BSE zircon (KULM1).



or contorted bands in Group 1 dark BSE zircon damérig. 47d, 47e, 47g) and in some instances
light BSE zircon is displaced by Group 1 dark B&€an (Fig. 47e). More occasionally, light and
dark BSE zircon form a mosaic-like microstructufesab-angular to rounded light BSE zircon
domains set in a matrix of dark BSE zircon or ctoss by thin (<0.1um) dark BSE veins
(Fig.48a). In such grains, light and dark BSE@irtas a poorly structured relationship that does
not follow any obvious zoning patterns. Furthereqaromplexes of dark-light BSE zircon, where
concentric euhedral zoning in light BSE zircon lha@®n disrupted, give rise to a mottled BSE
contrast (Fig. 47i, red box). This occurs parteiyl when Group 1 and Group 2 dark BSE zircon

are present in the same grain.

Group 1 dark BSE zircon confined within light BSEcen is usually associated with radial
fractures in the outer light BSE zircon (Fig. 479e-gThese fractures are orientated roughly
perpendicular to and extend from the dark-light B&€on interface through light BSE zircon to
grain margin. Occasional concentric fractures ds® aoted along this interface. Where the
fracture is in communication with the grain edgeal cavities have been observed at the fracture

tip in dark BSE zircon (Fig. 47¢€).

Some zircon grains are composed predominantly otied dark BSE zircon with little or no light
BSE zircon (Fig.48). Zircon dominated by dark BStew has small thin (<2um) blocks or
segmented crusts of homogeneous, light BSE zircouna the margin of the grain (Fig. 48, blue
arrows). Segmented crusts have been examined an&his confirms that the effect is not due to
charging (Fig.48d). Although most commonly found zircon composed predominantly of dark
BSE zircon, segmented crusts may also appear nrbémds of Group 1 dark BSE zircon where it

surrounds light BSE zircon (Fig.47m).

The margins of Group 1 dark BSE zircon vary comnsibly in shape where they border the matrix
(Fig. 47,48,49). Overall most margins are smoathdi higher magnification are very irregular
and punctuated by rounded shallow (upto 3um deemhas (Fig. 47f, 47i, 47m, 48a, 48d) or

deeper (>3um) inward penetrating channels. Theteifes are associated with irregular shaped
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Figure 48 Grains containing predominantly dark BSEzircon

a Mosaic zircon containing light BSE zircon blockighin a dark BSE zircon matrix. Margins have ries
(red arrow) and large embayments with large intecagities and inclusions. Blue arrow points ghti BSE
zircon rim (KULM3). b Almost entirely group 1 dark BSE zircon with sifigant internal heterogeneity.
Blue arrow points to segmented light BSE zircorstrdreas defined in boxes correspond to areasgata
in the stated figures (KULM3)c Almost entirely group 1 dark BSE zircon internaabntinuities. Blue
arrow points to light BSE zircon crust (KULM3J Group 1 dark BSE zircon with heavily embayed masgi

and light BSE zircon crust. Scale bar = 20pm, (KLUB)M
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Figure 49 Images of zircon containing dark BSE ziron with porous, cavities and inclusions in their

microstructure.

a SE image of Fig.47h. Dark BSE zircon forms itleg margins with carbonate cement (cbnt) but
smoothed margins with quartz (qtz, arrow) (KULM®).SE image of Fig. 47i. Grain exhibits internal
cavities and inclusions (KULM3). Cavities may reg@et grains that have been plucked during polishting
SE image of Fig.48a which displays large matrilefllinclusions with the grain (KULM3)d SE image of
blebed microstructure in area defined in Fig. 48blusion is of quartz. Also note homogeneous béoak
zircon on the rime Enlarged BSE image of Fig. 47h showing complexrastucture of group 1 dark BSE
zircon. Irregular and spherical shaped holes acldsions dominate the microstructure as do veie-lik
features. Small inclusions of high BSE intensitpoime can also be seen (KULM3)BSE image of pores

within well-defined zone in zircon (KULML1).



holes and channels that extend into the interimmfthe margins of the grain (Fig. 47a, 47i, 48).
The margins of these channels inside the zircoralse highly irregular with <1pum deep notches
and clefts yet have an overall rounded and smoadippearance (Fig. 48a, 48d). Channels have
been filled by matrix minerals, mostly carbonatel atay (Fig. 49). Despite these disruptions to
the grain microstructure the original outline oétparent zircon is still recognisable in all cases,
even grains dominated by Group 1 dark BSE zirad@noup 1 dark BSE zircon is also occasionally

found as sub-euhedral outgrowth-like features whreoentact with the matrix (Fig. 47k).

4.4.1.1 Internal features and macrostructure of Group 1 dark BSE zircon.

On a macroscopic scale, Group 1 dark BSE zircorcoatain an abundance of 0.3-3um holes and
inclusions (Fig. 47,48,49). These occur as welpaorly- shaped spheres (Fig. 47a-f, 48b-d, 49a-
e) but may also form highly irregular shaped indaos (Fig. 47a, 47e, 47f, 48b, 49b, 49c, 49e).
The latter include very thin and elongate vein-lfkatures that are aligned parallel to light BSE
zircon zoning (Fig. 49e). Only the compositiorlafer inclusions (>2um) can be determined and
show they are often comprised of material simitathte surrounding matrix. High BSE intensity
xenotime inclusions are observed in Group 1 dark BBcon (Fig. 49e) and range from minute
specs (<30nm) to.1um long. Matrix-filled cavities within the zircamacrostructure can be large

(3-12um long), uneven in shape and slightly roundadyins (Fig. 48, 49).

High magnification BSE and SE images reveal theostescture of Group 1 dark BSE zircon to be
exceedingly intricate (Fig. 49d-f & 50). Grouplark BSE zircon often has a mottled appearance
in BSE caused by irregular patches of slightly wagyBSE contrast. Dark spherical blebs (<50-
300nm) are often prevalent in Group 1 dark BSEozrirand some display a slightly brighter BSE
ring around them (Fig.50a). These brighter ringsret observed in SE imaging and are therefore
not caused by charging although it remains incaietuas to whether the dark areas represent
mineral inclusions, nano-sized voids or zircon dfifferent composition. High magnificatio. (
x12000) BSE images of the edges of topographicijyressed areas in Group 1 dark BSE zircon
exposes an intricate and elaborate cross cuttibgonle of slightly darker BSE nanometre-thin

veinlets (Fig. 50b).
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Figure 51 BSE images of dark BSE zircon cemented byenotime. Caption on following page.



Figure 50 High magnification images of porous micrstructure in dark BSE zircon for images on page

167

Areas of images are defined in Fig.4&bSE image showing complex microstructure of grbutark BSE

zircon. b BSE image showing intricate microstructure. SEgemgs inset.

Figure 51 BSE images of dark BSE zircon cemented byenotime for images on page 168

a Fragmented dark BSE zircon with thick xenotimesiaround fragments. Xenotime has also filled along
cracks (KULM4). b Enlarged image of area definedaidisplaying the blocky nature of xenotime rints.
Enlarged image of area definedanShows thin light BSE veins with irregular margingroup 2 dark BSE
zircon. d Fragments of dark BSE zircon cemented by blockpkene. Xenotime is also present as

inclusions and thin veins in dark BSE zircon (KULM1



Group 1 dark BSE zircon that contains abundantgichs and holes, display minute irregularities
on their margins with the matrix (Fig.48 & 49e)hig’is more pronounced when adjacent to a fine-
grained carbonate or clay matrix than when adjaterthe relatively coarse quartz (Fig. 49a).

Blocky and pyramidal xenotime, of similar size b tinclusions, is also found on these margins
where they are contact with the matrix (Fig. 49€urthermore, fragments of Group 1 dark BSE
zircon can be cemented by large amounts of xendtiaiealso seals fractures or cracks within the

zircon (Fig.51 and see section 4.6.2).

4.4.2 Group 2 dark BSE zircon

Grains containing Group 2 dark BSE zircon retainaimost perfect shape of the parent zircon
(Fig.52), however, some margins also appear sligithcave adjacent to feldspar and quartz (Fig.
47i, 52b, 52e). The boundary between light ank ®&8E zircon is observed as an irregularly
shaped, inward penetrating front usually roughlsapel to zoning and punctuated bylpm deep
v-shaped clefts (Fig. 52 & 47k). Group 2 dark B®Ean preserves thin laths, fingers and lobes of
light BSE zircon with irregular boundaries and aften isolated. The boundary can however form
straight euhedral margins (Fig. 52c-e) and whereSsoup 2 dark BSE zircon commonly display
thin streaks of light BSE zircon, aligned roughbrallel to the light-dark BSE boundary giving a

stripped appearance (Fig. 52c-g).

Fractures and cracks are common in light BSE zitbahcontain Group 2 dark BSE zircon but are
fewer and in a more random orientation compare@ddl fractures associated with Group 1 dark
BSE zircon. Radial fractures are completely ab&emh zircon with Group 2 dark BSE zircon.
However within Group 2 dark BSE zircon, thin (<50nonacks form roughly parallel to euhedral
light BSE zircon zoning (Fig. 52a & 52¢) and cansm@a rib-like microstructure. These cracks are

not observed in Group 1 dark BSE zircon.
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Figure 52 BSE images of Group 2 dark BSE zircon

a&b Rounded zircon displaying weak oscillatory zonirithva group 2 dark BSE zircon domain at the
bottom of the image. Group 2 dark BSE zircon doneinibits thin veins that run parallel and perpentiir
to oscillatory zoning. Irregular patches and lobEkght BSE zircon are present in group 2 darkeEB&rcon
(KULM1). c Zircon with euhedral grain edges and large grodar& BSE zircon with irregular domains of
light BSE zircon preserved within. Grain displajight cracking in both light and dark BSE zircaut b
group 2 dark BSE zircon exhibits rib-like veinstthan roughly parallel with light-dark boundary. imvite
xenotime outgrowths are observed along the graijle édULM4). d Zircon fragment with multiple cracks
both in light and dark BSE zircon. Group 2 dark B&teon forms along euhedral boundaries and has
stripped appearance (KULM1g Zircon grain with smoothed margins and light B$€an interior. Group
2 dark BSE zircon forms a partly surrounding ouiler and displays stripes that run parallel witthtiglark
BSE zircon boundary. There is slight cracking witthie grain (L-millG3).f Zircon fragment with euhedral,
oscillatory zoning group 2 dark BSE zircon and iBISE zircon rim (KULM-T). g Rounded zircon
fragment with group 2 dark BSE zircon zones. Grawuark BSE zircon has a mottled appearance

(KULM3).



4.5 Porous zones in light BSE zircon

Spherical to elongate dark BSE pores, <50nm to 80@m diameter, have been observed in
particular growth zones or domains of light BSEair (Fig.53 & 49f). Within these areas, pores
have a relatively even distribution. In darker B&teas of porous zones, thin bright BSE rims
surround some pores. Group 1 dark BSE zircon iasicnally found around the tips of fractures in
porous light BSE zones (Fig. 47d). These poresiandar to those described in Group 1 dark BSE

zircon, section 4.4.1.1.

4.6 Outgrowths on the margins zircon

4.6.1 Zircon outgrowths

Occasional jagged, saw-tooth shaped zircons pr@@ehm-1um from the margins of light BSE
zircon (Fig.54). They have a lower BSE intenditgn the host zircon, similar to dark BSE zircon,
and are present either as a series of serrationsotated euhedral prisms. They have been
identified as zircon by their BSE contrast as tlag too small for chemical determination.
Occurrences of zircon outgrowths are generally (diable 8) however zircon outgrowths are
concentrated in two of the rocks studied (KULM1 &KM3). Both are fine-grained (50-100um)
quartz arenites with a micritic cement and zircaigoowths can be present on upto 15% of the

zircon grains examined in these rocks (Table 8).

Zircon outgrowths have been found adjacent to &tyaof matrix minerals including detrital K-
feldspar (>200pm wide), carbonate cements and #megtains. Outgrowths form on the
outermost face of the host grain and also protfraia the point where internal fractures terminate
at the edge of host zircon (Fig. 54b). Zircon ooighs can often be spatially linked to dark BSE
zircon within the host grain by cracks or fractuireshe light BSE zircon (Fig. 54b, 54c,55a). In

addition, zircon outgrowths are observed on unniedlizircon (Fig. 54d & 54h).
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Figure 53 Images of porous zones in zircon

a-c Fragmented zircon with dark BSE porous core. Gdwndaries of porous zones are parallel with weak
zoning in light BSE zircora&b are BSE images, is SE image. Observe that no charging occursc g
dark BSE pores. (KULM3)d Stripped porous zones in zircoa:-h Porous zone in zircon from Fig.47d
(KULM3). e&f are complementary SE and BSE images respectivelglaow the close association porous
zones have with dark BSE zircog.is a high magnification BSE image illustrating tragied shape of dark
pores.h is an SE image of Fig.47d with stage tilted to &08 shows charging effects. Area definet in
enlarged ire-g. i SE image of porous zircon with xenotime outgrowdhghe margin. Again, note absence

of charging. Insetis complementary BSE image. I(Ki1).
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Figure 54 Zircon outgrowths on zircon

a Minute serrations and blocks of zircon outgrowdhshe margin of alter zircon adjacent to a feddsp

Inset shows area enlarged on the grain. Both B&geés. (KULM4).b BSE image of serrations of zircon
outgrowths that protrude from dark BSE zircon @ileactures. Inset ib is SE image displaying adjacent
micrite cement (cbnt) with showing location on grain where outgrowths occaithis, outgrowths can be
spatially linked to dark BSE zircon zone (KULM3J&e Zircon with minute zircon pyramidal outgrowth on
its margin. Outgrowth is adjacent to carbonatear@nicbnt)d is SE image andis BSE image. (KULML1).
f&g Complementary BSE and SE images respectively sttpminute euhedral zircon outgrowths against a
micrite cement (cbnt) and not against adjacenttgygtz). (KULM1). h& Complementary BSE and SE
images respectively that illustrate the irregulargins of zircon outgrowth structure when adjaderdays.

Feature at the bottom of the grain is not an owttfrdut a topographic feature (KULM3).



4.6.2 Xenotime outgrowths

Xenotime outgrowths are rare, present in only tivthe sectioned rocks studied; a marl (KULM2)
and a fine-grained (50-100pum) quartz arenite ceeaeby calcite (KULM4). Xenotime can be

found on 7% and 15% of the zircons respectivelyibuwtbsent from all other samples (Table 8).
Zircon and xenotime outgrowths do not generally egppin the same polished section and
xenotime inclusions within Group 1 dark BSE zircare typically only found where xenotime

outgrowths are present in the rock.

Xenotime outgrowths form on the margins of zircanimdividual pyramids (Fig. 55), serrated
xenotime (Fig. 55a,56d-i), rounded pyramids (Fi§dAlc), sub-hexagonal and sub-euhedral
blocks (Fig. 56a), circular-shaped grains (Fig.)56u irregular fingers that protrude 0.5-4pm into
the matrix (Fig. 56a). Occasionally, xenotime fermms upto 20um thick on the fragmented
margins of Group 1 dark BSE zircon and this cap ks in the form of a blocky cement around
zircon fragments (Fig.51). The cement exhibitghgliBSE contrast variations unrelated to any
obvious structure. Zircon with large xenotime riglso has cracks across the grain sealed by
xenotime and contain xenotime in irregular-shapestantinuities within Group 1 dark BSE

zircon. No xenotime outgrowths have been obseceedpletely surrounding the host zircon.

Larger xenotime outgrowths are present on smalll@R2matrix zircon (Fig. 56a&b) and often
contain small (<1um) irregularly-shaped inclusi@hsng the boundary with the host. Inclusions
have a low BSE intensity but cannot be identifie ¢b their small size. Smectite grains are also
seen to terminate perfectly where xenotime outgnewiorm (Fig. 55b&c). Dark BSE zircon is
occasionally found between the host zircon and trer@ooutgrowth and can be spatially linked
Group 1 dark BSE zircon within the host zircon (Fipa). The zircon between the xenotime
outgrowth and host is also slightly porous (<100mite) and forms a poorly defined, transitional

boundary with the xenotime. No detrital xenotime baen observed in any of these samples.
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Figure 56 Xenotime outgrowths on zircons. Captionm following page.



Figure 55 Pyramidal xenotime outgrowths on zircon o pagel181

a BSE image of blocky and pyramidal xenotime amdaged zircon outgrowths that can be spatiallyeithk
to dark BSE zircon domain within the host grairsét). (KULM3). b&c BSE images of pyramidal

xenotime outgrowth that is coincident with smechitih. Host grain has internal dark BSE zircon dioisa

(KULM4).

Figure 56 Xenotime outgrowths on zircons on pages&&nd 188

a&b BSE images of euhedral zircon with blocky, subegiral xenotime outgrowths around its margin.
Xenotime can be seen partly encompassing matrirgwgith which it forms euhedral margins. Irregula
fingers of xenotime extend out into a micrite mafdbnt). (KULM4). ¢ BSE image of rounded blocks,
circular and minute euhedral xenotime of the maafinircon. (KULM4). d BSE image of flattened and
elongate xenotime blocks on the margin of zircer. display the various forms of xenotime outgrowehs

zircon.f&g are complementary BSE and SE images respectigedyeha&i . (KULM1)



4.7 Chemistry and EBSD and their correlation with CL &

BSE intensity in zircon

This section investigates the chemistry and criggjedphic properties of zircon in sedimentary
rocks. Initially, chemical data has been analyBedch the whole population to give a general
overview of the trends within data sets and zirtextures. However to obtain a more detailed
understanding regarding the behaviour of some rgcindividual grains have been selected to

identify and highlight particular features or trend

4.7.1 Light BSE zircon

Light BSE zircon generally emits a moderate to higiensity CL signal, although there can be
significant variations from zone to zone (e.g. F88b). Light BSE zircon has a composition of
typical zircon (e.g. Fig. 63f) and EBSD analysidigiit BSE, moderate to high intensity CL zircon

results in high 1Q patterns (orange to red in cnlewy. Fig. 63b) indicating it is fully crystalén

4.7.2 EPMA analysis and results

4.7.2.1 EPMA strategy

Thin sections KULM3 and KULM4 were selected for ERMnalysis because of the relative
abundance and diversity of dark BSE zircon texturBsta was collected by line scan analysis
across seven dark BSE areas selected from sixsiicoKULM3 and multiple spot analyses from
three zircons in KULM4. Line scan analysis wasriear out so that relationships between
chemistry, BSE & CL intensity and EBSD 1Q could &eamined and, where possible, identify
trends. This will be investigated in sections 3through to 4.7.6. Light BSE zircon was analysed
as reference “standard” at the end of each analyriso check any drift in the results. Figure 57

shows analytical spots for each grain.
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Figure 57 BSE images of zircons analysed by EPMA dnthe locations on them where analysis was
collected via line scan analysis (red arrow), spadnalysis (red spots). Beside each grain shows the

symbol that refers to element plots in figures 58&



Although every attempt was made to avoid inclusionghe zircon, the inclusion-rich nature of
Group 1 dark BSE zircon means that some were lglyitorobed during line scan analysis. Most
inclusions obvious in BSE imaging were avoided tredefore the majority of analysed inclusions
are small in size. As such, their influence ondkerall chemistry may be relatively subtle. Even
so, inclusions within the analysed volume give rigesignificant scatter within data set when
plotted. The following section sets out to identjfistify and remove these points from the data se
as they do not represent the chemistry of the aircddditionally, abnormal data points identified
are removed from the data set progressively so sabsequent group of data plots has been
weeded of these inclusions. Each symbol in tha gdhits relates to a different set of analysis.
Light BSE zircon from each analysis set is repre=xeby the same symbol as dark BSE zircon but
with the colour filled. This is so a comparisonvieen the composition of unmodified zircon
(light BSE zircon) and modified zircon (dark BSEczin) can be made. Furthermore, individual
data points have been sequentially numbered tevdlio easy identification and correlation on

different element plots.

4.7.2.2 Anomalous points in EPMA data

Inclusions in dark BSE zircon are typically of sianicomposition to the surrounding matrix as
determined from BSE images and EDX analysis. Theeefuartz, carbonate, feldspar and clays
are likely candidates. Xenotime inclusions in dB&E zircon have also been identified in BSE

images and so are expected in the analysis.

Zr-poor (Fig.58a), Si- and Al-rich (Fig. 58b) pardre highlighted in red and likely to be the resul
of clays or feldspar contamination. On this plig( 58a&b) the point encircled in green probably
represents the influence of quartz. Data points/iheanriched in Y are highlighted in blue in
Figures 58a, 58c-f and likely to be result of xémetcontamination. There are some analyses that
plot between the groups encircled in the blue &addine (Point 7 in red and Point 59 in blue, Fig.
58a-c) and probably represent contamination frommombination of xenotime and clays or
feldspar. Analyses encircled by the dashed lifgignire 58a are unusually Si-poor but do not show

any particular deviation from the overall clustediata in other element plots. It is not clear what
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Figure 58 C.p.f.u. element plots from EPMA analysi®of sedimentary zircons. Points highlighted are

considered to be contaminated or anomalous analyses
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mineral phase may have caused this however thedgsas are unlikely to represent dark BSE
zircon and possibly represent bad analyses. Analyighlighted in the green dashed line in Figure
58e are likely to be caused by FeO contaminatitrerahan clays as they do not show a deviation
in Al-plots. The analyses marked by the goldenngia in Figures 58d&e is likely to be the
influence of contamination by clay while the ana@yshown in the black box (Fig. 58a &e) is
significantly contaminated by FeO. Analyses highiegl in black triangles (Fig. 58a&c) plot along
the predicted trend lines for clays, feldspar ae@® but these same analyses show no Al (Fig. 58b)
or Fe (Fig. 58e) enrichment. It is probable thasalyses are the influence of contamination from

some mineral phase whose main components weranalytsed during EPMA.

With the above analyses removed, the data setdesreplotted. Figure 59a-c reveal two analyses
highlighted in red that deviate significantly fratme overall cluster of data. It is not clear what
mineral phase has caused this but possibly indicatetamination from carbonate or apatite
inclusions. An isolated analysis plots considerablyay from the overall cluster of data in Figures
59b&c (highlighted in yellow) and while it is notear what the composition of the contaminant

mineral phase is, this analysis is unlikely to &eresentative of dark BSE zircon.

All plots and tables referring to the compositidrzimcon from hereon have been constructed with

all the anomalous and contaminated data pointswedo

4.7.2.3 Overall chemistry and trends

The data from sedimentary zircon analysis is ptesemn Table 9 with all anomalous and
contaminated data points removed. This data hes teproduced as weight percent in Appendix
D. Light BSE zircon from both samples reveals anraye Zr/Si ratio 1.23# 0.04) (calculated
from c.p.f.u.), significantly higher than stoichietric zircon. This seems unusual and is potentially
a problem with the Si standard, although this dessm highly unlikely. However if this is an
analytical issue, unlikely though it may be, thidl wnly affect the absolute values for Si but does
not change the relative relationship between It dark BSE zircon. Typically zircon only

contains trace amounts of Fe , yet light BSE zir€eralso varies significantly (0.2-0.6wt%) but
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Sample Analysis No.. Mg Al Si Ca Fe2+ Y Zr Hf Total c.p.fu.  Zr/Si Zr/Hf
Light BSE zircon

KULM3zr6 1 0.002 0.003 0.830 0.004 0.015 0.005 1.022 0.008 | 1888 1.232 | 126.185
KULM3zr7a 11 0.000 0.002 0.829 0.006 0.023 0.002 1.004 0019 " 1883 1.210 53.663
KULM3zr10a 39 0.004 0.006 0.811 0.015 0.014 0.004 1.039 0.015 1.909 1.281 69.293
KULM3zrll 42 0.000 0.001 0.832 0.001 0.009 0.001 1.050 0012 [ 1.906 1.263 89.735
KULM3zrl1 43 0.000 0.000 0.827 0.001 0.009 0.000 1.048 0011 [ 1897 1.266 | 94.405
KULM3zrll 44 0.001 0.001 0.831 0.001 0.009 0.001 1.038 0012 | 1.893 1.250 | 90.261
KULM3zr12 54 0.002 0.000 0.852 0.001 0.015 0.001 1.031 0012 7 1913 1.211 87.381
KULM3zrl2 55 0.001 0.000 0.849 0.001 0.013 0.001 1.032 0011 7 1.908 1.217 90.553
KULM3zr12 56 0.001 0.001 0.834 0.002 0.014 0.002 1.038 0011 [ 1902 1.245 91.061
KULM3zr12 57 0.001 0.001 0.816 0.004 0.012 0.002 1.044 0.016 7 1.895 1.280 66.490
KULM3zr12 68 0.000 0.000 0.846 0.000 0.010 0.000 1.040 0012 [ 1908 1.228 85.213
KULM3zr12 69 0.001 0.001 0.834 0.002 0.009 0.002 1.022 0.012 1.883 1.225 85.175
KULM4zr31 99 0.000 0.000 0.882 0.001 0.011 0.001 1.017 0011 [ 1922 1152 95.000
KULM4zr19 104 0.007 0.011 0.770 0.028 0.019 0.010 0.960 0012 " 1815 1.247 80.664
KULM4zr19 105 0.007 0.011 0.778 0.030 0.019 0.011 0.933 0011 [ 1799 1.199 84.791
KULM4zr19 106 0.007 0.011 0.773 0.031 0.022 0.009 0.964 0012 [ 1829 1.247 81.703
KULM4zrl9 107 0.006 0.009 0.811 0.027 0.019 0.009 0.955 0012 [ 1.848 1.178 81.641
Dark BSE zircon

KULM3zr7a 9 0.001 0.002 0.803 0.010 0.029 0.003 0.997 0018 | 1863 1.242 56.989
KULM3zr7a 10 0.001 0.002 0.815 0.009 0.026 0.003 1.002 0.019 1.875 1.229 54.141
KULM3zr7a 12 0.001 0.005 0.821 0.010 0.020 0.002 1.002 0.020 | 1.881 1.221 51.385
KULM3zr7a 13 0.010 0.015 0.718 0.042 0.029 0.011 0.892 0016 " 1.733 1.242 54.384
KULM3zr7a 14 0.005 0.014 0.770 0.025 0.029 0.008 0.950 0016 | 1817 1.234 57.939
KULM3zr7a 15 0.006 0.013 0.743 0.032 0.028 0.015 0.931 0.016 | 1784 1.253 57.104
KULM3zr7a 17 0.000 0.001 0.827 0.005 0.021 0.002 1.008 0.021 | 1.884 1.218 48.438
KULM3zt7a 18 0.003 0.006 0.796 0.017 0.024 0.008 0.987 0013 7 1.854 1.240 75.351
KULM3zr7b 19 0.007 0.015 0.728 0.039 0.037 0.012 0.915 0022 7 1.775 1.257 41.600
KULM3zr7b 22 0.004 0.009 0.760 0.022 0.029 0.007 0.977 0021 | 1828 1.285 45.850
KULM3zt7b 23 0.008 0.014 0.726 0.039 0.034 0.011 0.938 0.016 " 1785 1293 58.286

Table 9 EPMA analyses of sedimentary zircon containg dark BSE zircon. Presented in c.p.f.u. calcutad to 4(O).
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Zircon and xenotime behaviour during diagenesis
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never drops below 0.2wt%. Such high elevated Freautrations were not observed in light BSE
zircon from greenschist facies rocks (see secti8h Bhich were analysed earlier but during the
same batch of EPMA. The data between the light BB&on in greenschist facies rocks and
sedimentary rocks shows a jump in Fe content ihtliBSE zircon from sedimentary rocks
suggesting that elevated Fe levels are not anaattef EPMA. Light BSE zircon also contains
trace amounts of Ca.0.1wt%) but has an otherwise typical compositiothwdf concentrated in
variable amounts between individual zircons butldb varies slightly between individual growth
zones in the same grain (0.75-1.5wt%). EPMA of tli§iSE zircon in both rocks gives almost
100wt% totals and an average total c.p.f.u. of 1#8804). This is in contrast to sedimentary dark
BSE zircon that shows consistently low wt% totaleraging 95.8% #2.4) and average total
c.p.f.u. of 1.82% 0.05). For the purposes of this section, Growgmd Group 2 dark BSE zircon
are to be considered as one group but comparistwveee these groups will be addressed in the

following sections.

Sedimentary dark BSE zircon is depleted in botta@ad Si and the depletion follows a close 1:1
relationship (Fig. 60a) although dark BSE zircois baZr/Si ratio of 1.26{0.04) that is slightly
higher than light BSE zircon, within error. Thasea relatively wide variation in Hf contents in
dark BSE zircon but individual grains have distinetHf concentrations that vary very little from
the unmodified composition, even despite smallatamms within the parent grain (Fig. 60b). This

suggests that Hf in dark BSE zircon is inheritemhfthe parent composition.

Loss of Zr and Si in dark BSE zircon is coupleatgain in non-formula elements, Ca (upto 0.05
c.p.f.u. (1.1wt%)), Al (upto 0.02 c.p.f.u. (0.25wWipoFe (upto 0.05 c.p.f.u. (1.3wt%)), Mg (upto

0.01 c.p.f.u. (0.15wt%)) and Y (upto 0.02 c.p.{m9wt%)). The paths that analyses depleted in Zr
and Si follow is a relatively well-defined 3:2 stibgtion trend when plotted against the sum of the
non-formula elements (Fig. 60c & d). Al, Ca, Mgda¥i follow general substitution trends with

both Zr (Fig. 60e) and Si (Fig. 60f). These substn relationships are summarised in Table 10.
Despite mostly following these substitution trentltere is some spread in the data but this is

particularly apparent in Si-Al plot. The Zr-Al glehows a much better defined trend (Fig. 60e)



11 T T
10 — —]
Zr
09 -
0.8 L ! 08 ! 1
0.6 0.7 0.8 0.9 0.00 0.01 0.02 0.03
Si Hf
0.8 L 0.6 I
0.0 0.1 0.2 0.0 0.1 0.2

Sum Non-formula elements Sum Non-formula elements

Figure 60 Element plots of dark BSE zircon EPMA anbyses with all anomalous points removed. Units

are c.p.f.u.
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suggesting that a considerable number of pointshstve a very small contamination from clays.
However the variation caused by clay contaminaisovery small, as is their effect on the overall

chemistry, and therefore these data points havee®t removed from the data set.

Despite most non-formula elements having relativedyi-defined trends with Zr and Si depletion,
overall Fe shows considerable spread when plogathst either Zr (Fig. 60e) or Si (Fig. 60f) and
this spread cannot be linked to variations in Hf(FB0g). Individual grains appear to show
distinctive trends on Zr-Fe and Si-Fe plots bubaté a number of different chemical plots
involving non-formula elements (Fig. 60e & f). Thagggests is that individual grains have slightly
different chemistry and may indicate that changeshe local environment affect the chemical

equilibrium in the dark BSE zircon.

The concentration and distribution of non-formulengents throughout dark BSE zircon (Fig. 61)
reveal considerable variation between Ca and feemibst enriched non-formula element. Al and
Y show relatively similar behaviour and are oftemegent in similar quantities. Mg typically

mimics the Al and Y profile but is usually slightlpwer in concentration. Ca displays a similar
pattern to Al and Y although the Ca enrichment figro greatly exaggerated by comparison,
particularly when Al and Y are concentrated abo¥d @.p.f.u.. Fe has the most distinctive profile,
replicating the pattern of the other non-formulaneénts in some cases (zircon KULM3zr7a,
KULM3zrll, KULM4zr19) while in other instances Fepears totally independent of the other

non-formula elements.

In summary, dark BSE zircon in sedimentary rockdeigleted in Zr and Si with a Zr/Si ratio that is
slightly higher than unmodified zircon. Dark BSEczin has a lower total c.p.f.u. than light BSE
zircon and lower total wt%. The gain of non-formel@ments displays a relatively well-defined
substitution relationship with Zr and Si loss witie exception of Fe that shows considerable

variability. Hf appears to remain relatively canrstin light and dark BSE zircon.

In order to establish how chemical variations inkdASE zircon vary, the following sections will

examine the chemistry of individual zircon and hbig relates to the individual properties of these



grains.

4.7.3 Group 1 dark BSE zircon individual grain stud vy

4.7.3.1 Zircon KULM3zr7

Mosaic-like zircons have an overall low CL integsitut do exhibit intensity variations which
mimic the BSE pattern i.e. light BSE = brighter Qkig.62a&b). This is generally considered
unusual for zircon as CL normally shows an oppoadring pattern to BSE (Lee and Tromp,

1995).

In the mosaic texture of KULM3zr7, Group 1 dark B8&on generally has a low EBSD 1Q (blue-
green colour), with light BSE zircon giving a moatr IQ EBSD pattern (predominantly green -
yellow colour, Fig.62c). Small blotches of highawystallinity appear within light BSE zircon
domains but this is not coupled to a change in B&Hkrast or CL intensity. The high 1Q EBSD
patterns (orange to red colour) domains correlatle segmented and strongly luminescent rims.

Fig.62d shows the whole grain is in crystallograpiontinuity.

Zr and Si display very similar substitution relaships when plotted against a variety non-formula
elements (Fig.62e). However, the substitutions livikg Y are poorly defined and there is
considerable scatter in the Fe data where no vedlheld relationship is observed. The poor
correlation between Zr and Si depletion and Ferabably due to the light BSE blocks also

enriched in Fe (Fig.57f).
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Figure 62 Detailed analysis of zircon KULM3zr7. Cagion on page 208.
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Figure 62 Detailed analysis of zircon KULM3zr7

a BSE image of Fig.48a showing light BSE zircondid® within a dark BSE zircon matrix but with high
BSE intensity segmented rim on right hand siderafrg b Complimentary CL image a&f showing very CL
intense rims that correlate to BSE intense segmebtwk BSE zircon has low CL intensity but lighSB
blocks within dark BSE zircon vary from very low taoderate CL intensityc EBSD 1Q map of with key.
Shows strongly luminescent areas correlate to BRBBD 1Q. The central areas to some high IQ domains
that relate to the centres of light BSE zircon k#od is an 1Q-inverse pole figure map from same sctap s
size = 0.1um and shows that the grain has remamnexystallographic continuitye Element plots of EPMA
analyses of zircon ia. f element profile from line scan analysis of throzgigon ina. For line scan location

on grain, see figure 57.



4.7.3.2 Zircon KULM3zr6

Zircon KULM3zr6 has a Group 1 dark BSE zircon damthiat contains small areas of light BSE
zircon (Fig.63a). A porous zone continues fromlibgom end of the grain and round its left hand
side, with the remainder of the grain predominaetiynposed of light BSE zircon. The porous
zone will be considered in section 4.7.6. The zgnih the light BSE zircon is more striking in CL

images which reveals a high intensity rounded soimeounded by low intensity euhedral shaped
zones (Fig.63b). The presence of light BSE ziricotdark BSE zircon areas is also reflected in the

CL signal as bright domains.

EBSD mapping reveals a strong correlation betwhenquality of the EBSD pattern and the CL
intensity (i.e. high 1Q zircon = bright CL zircon)lhe CL image almost exactly matches the black
and white EBSD 1Q map (Fig.63b&c). Group 1 darkBB&rcon has a typically low EBSD 1Q.
Around the central core in the main light BSE zircdomain, lower EBSD IQ zircon (green
colour), which is dark in CL, relates to the light&SE zircon zone (Fig.63d). Where light BSE
zircon is crystalline (orange to red IQ colour, .BRA&e), its margins with Group 1 dark BSE
zircon form sharp and well-defined euhedral boutledar However, where partially metamict light
BSE zircon is in contact with Group 1 dark BSE aircthe margins is more irregular (63d). An

inverse pole figure EBSD map (inset, Fig.63d) shtdvesgrain to be in crystallographic continuity.

EDX element mapping shows Group 1 dark BSE zirsoeniriched in Al and Ca but also slightly
enriched in Fe, Mg and U while depleted in Zr andF3g.63f). Very small Al- and Fe- rich

domains can also be observed.
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Figure 63 Detailed analysis of zircon KULM3zr6. Cation on page 213.
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Figure 63 Detailed analysis of zircon KULM3zr6. Cation on following page.



Figure 63 Detailed analysis of zircon KULM3zr6

a BSE image of Fig.47d, red dots mark EDS analgsists. Group 1 dark BSE zircon dominates the right
hand side of the grain with small domains of unrfiedicrystalline zircon. Bottom of grain is poraziscon
zone.b Panchromatic CL image @ c Black and white EBSD scanned IQ mapaofd Colour coded
EBSD IQ map ot. Step size = 0.15um. Box defines high resolutth@%um) EBSD 1Q map ie. Inset tod

is an 1Q-IPF EBSD map plotted from same saashows well-defined boundary between crystallimear
and dark BSE zircon. Step size = v f EDX element maps ai. Contrast in element maps has been
altered to emphasise various features and therefameentrations are only relative within each iiiisal

map.



4.7.3.3 Group 2 dark BSE zircon individual grain st  udy

In zircon grain KULM4zr31, lobes and elongate firgyef light BSE zircon form irregular margins
with the inwardly penetrating Group 2 dark BSE andFig.64a). CL images identify a high CL
intensity area with zoned euhedral margins, comedimg to light BSE zircon (Fig. 64b). Group 2
dark BSE zircon has a weak CL intensity but dodsbéixslight variations in intensity. Light BSE
zircon that forms irregular margins with Group 2ld8SE zircon has a particularly low CL
intensity, darker than the surrounding dark BSEair EDX mapping of the area defined in
Figure 64a, identifies variations in Zr, Si and tGat correlate with BSE intensity (Fig. 64c). The
dark BSE zircon, enriched in Ca and poor in Zr 8ihds chemically distinct from light BSE zircon
with the elongate fingers of low CL — light BSEain being of similar composition to high CL —
light BSE zircon. Zircon KULM4zr31 was analysed BPMA spot analysis however despite the
lack of visible inclusions in the microstructurenlyptwo data points remain in the data set, one of
which is light BSE zircon. Therefore to determthe composition of Group 2 dark BSE zircon, so
that a comparison can be made with Group 1 dark Bi&fon in section 4.7.5, several grains
containing the former have had to be consideredand Si in Group 2 dark BSE zircon display
identical well-defined substitution trends whenytlaee each plotted against non-formula elements

(Fig. 649). These substitution trends have beemsarised in Table 10.

High magnification (x8000), high resolution (75ntes size) EBSD mapping of the red defined
area in Fig. 64a shows that fingers of low CL istgnrlight BSE zircon have a significantly
reduced EBSD IQ in comparison to both the high @tensity-light BSE zircon domain and the
low CL intensity-dark BSE zircon (Fig. 64d). Asganeral comment, the IQ of EBSD patterns
from Group 2 dark BSE zircon increased consideralsign a step size of <0.1um was used for
EBSD analysis. However, no appreciable increaseBSD 1Q was observed in maps collected

using a step <0.075um.

Inverse pole figure data from EBSD analysis shdvas Group 2 dark BSE zircon shares the same

crystal orientation as the host zircon (Fig. 6&3SD maps of zircon KULM4zr31 show a gradual



21412005 VacMode .
12:16:34 PM|2469x|11.1 mm| 3.4 |20.0 kV|High vacuum|1.9 °/  Mapped area |

3M7/2007 | Mag |Spot 20.0um

2:39:46 PM|[2211x] 4.0 |[12.5mm|12.5kV|0.8 ° KULI\/I;42r31CL

Figure 64 Detailed analysis of Group 2 dark BSE z@on. Caption on page 218




Figure 64 Detailed analysis of Group 2 dark BSE zgon. Caption on page 218.
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Figure 64 Detailed analysis of Group 2 dark BSE z@on. Caption on following page.



Figure 64 Detailed analysis of Group 2 dark BSE zaon

a BSE image of Fig.52c. Shows inward penetratirtgration front forming irregular margins with thin
unmodified laths of zircon. Ribbed fractures pris@ the recovered Group 2 dark BSE zircon. Area
defined in white box is EDX scanned area iand area defined in red is EBSD scanned aré&é b CL
image ofa showing unmodified light BSE zircon laths adjacenGroup 2 dark BSE zircon have a very low
CL intensity, even by comparison to dark BSE zitcdd EDX element scanned mapd.High resolution
(0.075um step size) EBSD 1Q map showing Group X @&BE zircon is structurally recovered while
unmodified low CL, light BSE zircon is metamict.right CL, light BSE zircon has high EBSD IQ pattern

e High resolution (0.075um step size) EBSD inverske ffigure (IPF) map of same area showing Group 2
dark BSE zircon recovery is epitaxial to the pamrton. f Low resolution (0.3um step size) EBSD IQ map
of whole grain ima. The is a strong reduction in EBSD IQ from bottofthe image to the top and this is due

to charging along the top margin of the grajfclement maps of Group 2 dark BSE zircon.



reduction in image quality towards the top of theges (Fig. 64f) and caused by charging along
the top margin where the zircon meets the maffixe euhedral boundary observed in CL imaging
between the high CL intensity-light BSE zircon damand the low CL intensity-light BSE zircon

fingers within the dark BSE zircon, is mimickedthy EBSD IQ pattern.

In contrast to the findings from EBSD analysis ab@ 1 dark BSE zircon, Group 2 dark BSE
zircon produces a high to very high 1Q EBSD patf@mange to red colour). This is an important

distinction between Group 1 and Group 2 dark B3€&oni.

4.7.4 Group 1 and 2 dark BSE zircon

Grain KULM3zr14 has an overall subhedral, slighttynded shape (Fig.65a). The grain contains
a light BSE zircon growth zone that mostly formswahedral margin with dark BSE zircon.
However, in places, Group 1 dark BSE zircon foringdrs or domains that penetrate inwardly
into light BSE zircon, disrupting euhedral zoning.he dark BSE zircon microstructure varies
considerably and contains both Group 1 and GrodarR BSE zircon forms. Some outer dark BSE
zircon domains are inclusion-free and contain tHiscontinuous spines of light BSE zircon. As
such this is Group 2 dark BSE zircon. The coreaiostlarge holes and irregular shaped inclusions
whilst exhibiting a highly disordered complex ofrkldBSE zircon, small and rounded low BSE
intensity inclusions and very small rounded orguiarly shaped domains of light BSE zircon.
This is Group 1 dark BSE zircon. Occasionally thémnants of original euhedral zoning are
preserved within the Group 1 dark BSE zircon. Fg.4s a schematic diagram of the grain
microstructure. CL imaging reveals a highly hegemeous pattern where moderate intensity areas
generally correlate to light BSE zircon (Fig. 65lbjowever, the margins of the zircon display very

CL intense blotches around its margin.

IQ EBSD maps reveal that high 1Q (red colour) anedate to BSE intense areas i.e. light BSE
zircon (Fig. 65c-i). However, not all light BSE @in in this grain produces high IQ EBSD patterns
and this is particularly true of light BSE zircam light BSE-Group 2 dark BSE zircon domains

(Fig. 65d-g). In these areas, light BSE zircordpices low EBSD IQ (green) whereas the adjacent
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Figure 65 Detailed analysis of zircon containing kb Group 1 and Group 2 dark BSE zircon. Caption

is on page 226
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Figure 65 Detailed analysis of zircon containing btb Group 1 and Group 2 dark BSE zircon

a BSE image of zircon KULM3zr14. Red line indicatlegation of EPMA line scan analysis at 2um
increments. Fig 47j shows schematic of features ib CL image of zircon ira showing generally low CL
intensity but with some modest CL intensity in boght BSE zircon areas and Group 1 dark BSE zircon
However blotches in and around the grain have mai@gmnt relation to BSE intensityc IQ EBSD map of
zircon ina with an IQ-inverse pole figure EBSD map is insgiep size = 0.2unt shows that CL intense
blotches relate to areas of high EBSD IQ wkildemonstrates that the grains holds one crystahtaiiond,

f, h are enlarged BSE images of areas defined in Fagwth e, g, i IQ EBSD maps of these areas
respectively.e andi have a step size = 0.07um and step sizg@ i 0.2um. Red arrows id-g point to
metamict zircon. Black arrows id&e indicate crystalline dark BSE zircon. j elementtplfrom EPMA

analysis of line defined ia. k Element profile of data along line of analysis ded ina.



Group 2 dark BSE zircon produce moderate to higlpd@erns (yellow and orange), evidence of
structural recovery. This indicates that light BAEon in Group 2 dark BSE zircon is partially
metamict whereas Group 2 dark BSE zircon itselfasgnts metamict zircon that has undergone
some form of structural recovery. EBSD analysissodup 1 dark BSE zircon domain replicates
the highly disordered structure observed in BSEgim@ (Fig. 65h&i) with the Group 1 dark BSE
zircon “matrix” generates low EBSD IQ patterns ¢l green) but all light BSE zircon within
Group 1 dark BSE zircon areas produce moderateigio IQ patterns (yellow to red). The
crystalline light BSE zircon in Group 1 dark BSEcnin is in contrast to the light BSE zircon in
Group 2 dark BSE zircon which is partially metamicinverse pole figure data from EBSD
analysis shows that the rounded crystalline domairtisin Group 1 dark BSE zircon share the
same crystal orientation as the host grain (ifSgt, 65¢). This implies that the crystalline light

BSE zircon represent parts of the original grain.

In CL imaging, strongly luminescence areas coreelathigh EBSD 1Q areas (Fig. 65b). The rest
of the grain is weakly luminescent but light BSEhederate to high 1Q (yellow-orange) areas have

a moderately intense luminescence.

EPMA analysis through the Group 1 dark BSE zircomdin in zircon KULM3zr14 reveals all
non-formula elements, with the exception of Fe,wsl@ reasonable correlation with Zr and Si
depletion (Fig. 65j). The substitution trends oliedrin KULM3zr14 are the same as those in other
sedimentary dark BSE zircon. However Fe-rich ares\that reveal a 3:2 substitution trend with Zr
and Si in KULM3zr14 (Fig. 65j), are the same anedythat are enriched in all of the other non-
formula elements. Analysis number 74 in Fig. 85fhie most Fe-rich analysis that lies close to a
10:1 substitution trend. However analysis numi@ér#. 76 that plot close to a 3:2 Zr:Fe trend, are
found to cluster with analysis number 74 on oth@m-formula elements plots. This suggests that
the enrichment of Fe in analysis numbers 75 anik #ft at the expense of other non-formula
elements. However, by studying the anomalous aralyemoved from zircon KULM3zr14 (Fig.
58e), it shows analysis numbers 82-84 containee-ach component. and this is likely caused by

inclusions of FeO that is also responsible foruhasual 3:2 Zr:Fe trend. The EPMA data profile



(Fig.65k) shows that where anomalous analyses ficorzi KULM3zrl4 have been removed

coincides with very low BSE intense inclusionshie Group 1 dark BSE zircon microstructure and
these inclusions probably represent minute FeQusnmhs. It would also suggest that enrichment
of those analyses that lie along a 3:2 Zr:Fe dfeStrend probably reflect the influence of very
small FeO inclusions. The effect these relatishall inclusions have on analyses is too small to

be easily identified during the “weeding” processl avas therefore not removed from the data set.

4.7.5 Chemical comparison of Group 1 & 2 dark BSE z  ircon

All sedimentary| Group 1 dark BSE [ Group 1 dark BSE | All Group 2 dark

dark BSE zircon| zircon KULM3zr14| zircon KULM3zr7 BSE zircon
Zr:Al 10:1 10:1 6:1 10:1
Si:Al 10:1 10:1 6:1 10:1
Zr:Ca 4:1 4:1 4:1 4:1
Si:Ca 4:1 4:1 4:1 4:1
Zr:Fe 20:1 20:1 5:1 10:1
Si:Fe 20:1 20:1 5:1 10:1
Zr:Mg 20:1 33:2 33:2 33:1
Si:Mg 20:1 33:2 33:2 33:1
Zr:Y 10:1 10:1 10:1 10:1
Si:Y 10:1 10:1 10:1 10:1

Table 10 Chemical substitutions in Group 1 and Grop 2 dark BSE zircons

The substitution relationships between Zr and S #re non-formula elements in sedimentary
zircon are presented in Table 10. Group 2 dark BB&on has very similar Al, Ca and Y

substitution trends to Group 1 dark BSE zircone host striking difference is the well-defined Fe
trend in Group 2 dark BSE zircon. Group 1 dark EEBEon shows significant scatter in Fe element
plots and may be a consequence of the inclusidnAature of Group 1 dark BSE zircon. Mosaic
zircon containing Group 1 dark BSE zircon appearfotiow an enhanced Al substitution trend
although the reasons for this are unclear. Grodprk BSE zircon typically displays more scatter
in element plots whereas Group 2 dark BSE zircdiovfomuch better defined substitution trends

that is most likely due to the lack of inclusionhe average total c.p.f.u. of Group 2 dark BSE



zircon is identical to Group 1 dark BSE zircon tating that overall chemistry is very similar.

4.7.6 Pores in zircon

Porous growth zones have a low CL intensity altfougually slightly higher than dark BSE
zircon (Fig. 66a,63b). Zones with porous zircomeha low to moderate EBSD 1Q (green - blue)
(Fig. 66b and 58d) although Group 1 dark BSE ziramgas found within these zones have an even
lower EBSD 1Q (Fig. 58d). Chemically, zones witbrgus zircon are enriched in non-formula
elements as determined by EDX analysis but thicclement is usually not as pronounced in Al
and Ca (Y cannot be determined in EDX analysis Uieeat shares the same X-ray peak as Zr)
compared to dark BSE zircon and Mg was not foundédopresent although may be Mg is
concentrated in levels below the detection limitshe EDX. However, Fe does appear to be in
equal concentrations in both porous zircon and &8k zircon (Fig. 66¢). The main chemical
distinction between porous and dark BSE zircomésdoncentration of Zr and Si. EDX elemental
maps show the porous zircon zone has similar i@oncentrations as surrounding unmodified
zircon and this contrasts with significant lossZofand Si in dark BSE zircon (Fig. 58d). Also, a
spot analysis comparison between the porous akdBSi zircon (normalised to Zr levels) reveals

that porous zircon has a significantly lower Zw&io than dark BSE zircon (Fig. 66c).

Figure 66 Detailed analysis of porous zone in zireo Figure on following page.

a CL image of Figh3a with complimentary, high resolution (0. 075ubepssize) EBSD CI-IQ map ib. a
shows porous zone has a low CL intensity that tates to low EBSD IQ irb. Strongly luminescent
domains produce high EBSD 1Q pattera€omparison of points from EDX spot analysis orcair grain in
Fig. 63a. Black unfilled line is spectra from posaone analysis and red filled area is from dark BRBcon

analysis. The spectra has been normalised tortpeak.
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4.8 Interpretation

4.8.1 Group 1 Dark BSE zircon

Textural evidence suggests the margins of Grouprk 8SE zircon have formed sub-euhedral
“outgrowths” (Fig.47k). It is unlikely these outayrth-like features could survive sedimentary
reworking and, as such, must form after the zirég®rincorporated into the sediment. The
production of holes and cavities in Group 1 darleB&con is a demonstration of volume change
and are also linked with the presence of inclusior@roup 1 dark BSE zircon. These features are
related to dissolution-reprecipitation processes ttave also been described in Chapter 3. What
has now been identified as Group 1 dark BSE ziisagimply referred to as dark BSE zircon in
Chapter 3 but they are considered to be effectitlidysame as both have identical properties and

thought to form by the same process.

4.8.1.1 Discontinuities in the grain microstructure

Light BSE zircon that encases Group 1 dark BSEoriften display radial fractures caused by the
swelling of internal metamict growth zones (uptdd8 Zircon grains preserving evidence of

metamict-induced fractures within the rock matnxlicate that fracture development occurred in-
situ and post-dates the incorporation of the zirewo the sediment. Metamict generated features
are likely to form in young, U-rich grains wherentigge has accumulated rapidly. Once the
protecting light BSE zircon has failed, the metangenerated fractures provide a pathway for
fluids to penetrate the metamict layer (Lee andmrpo1995) and contact with the fluid phase

enables the damaged zircon to alter.

The timing of metamict-generated fractures mayrbgoirtant in the developing microstructure of
the dark BSE zircon. There are many variables ¢batrol metamict-induced fractures in zircon
which have been studied comprehensively by LeeTaadhp (1995). If a simple example of a two
shelled zircon, with a metamict inner core, is td&®ed, there are three factors believed to be of

greatest importance: the thickness of the confirgngstalline zircon (@, the thickness of the



metamict zircon (g and the degree of metamictization in the damagéame. The point at which
metamict related fractures propagate through tleerziis related to these factors. If thez, ratio

IS large, the degree of metamictization requireftaoture the confining zircon will be greater than
in a low z/ z,, zircon. Therefore if metamictization can genefedeturing in a high £ z,, zircon,

the metamict domain will alter much more readily exposure to the fluid phase because the
degree of metamictization required to fracturevitl greater than a low£ z, zircon. However,
fracture development is inhibited as confining ptge increases. Fracture generation from
metamict domains at higher confining pressures @.geak diageness100°C), will require a
higher degree of radiation damage and hence theatathich metamict zircon alters may increase.
The rate of alteration is possibly further enhantgdthe higher temperatures at which this

happens.

4.8.1.2 Volume loss in Group 1 dark BSE zircon and  Zr mobility

The shrinkage in volume (upto 18%) of Group 1 dB&E zircon from metamict zircon can
account for the creation of some of the pores awties in Group 1 dark BSE zircon domains.
However in some cases the cavities and pores taestar more than an 18% volume change (e.g.
Fig. 48a). Minute zircon outgrowths on the margahgircon can be spatially linked, by metamict
generated fractures, to Group 1 dark BSE zirconaidosn(Fig.54b&c). Furthermore, the fractures
that link these features have been sealed by d&i& Brcon, evidence that Zr is mobilised on a
microscopic scale from the Group 1 dark BSE zireone to the margin of the grain. Zircon
outgrowths are also observed on the margins of tirip unmodified zircon grains. These grains
are apparently distal to zircons that display ewggeof dissolution implying Zr may also mobilised
over macroscopic scales within the thin sectionveleer, as thin sections only allow a 2-D view of
the rock, it may be in some cases that zirconsdisgiay dissolution lie proximal to unmodified

zircons preserving outgrowths but are not inteesebly the thin section.

Zr transported by the fluid phase from the site difsolution can account for the relative
overabundance in the volume of pores and cavigeemted in dark BSE zircon. However there is

still a striking mismatch between the volume ofites and pores created in Group 1 dark BSE



zircons compared with the low volume of zircon eatghs in sedimentary rocks.

4.8.2 Group 2 Dark BSE zircon

4.8.2.1 Character

Irregularly shaped domains of dull CL-light BSEczin within Group 2 dark BSE zircon produce
low EBSD IQ patterns indicating metamict zircon. &B analysis of Group 2 dark BSE zircon
however gives a high EBSD IQ which is coupled toaest increase in CL. Metamict zircon has
the same chemical signature as surrounding brighfuly crystalline light BSE zircon yet Group

2 dark BSE zircon is enriched in non-formula eletaeand depleted in Zr and Si. The irregular
boundary between the chemically modified but stmadty recovered Group 2 dark BSE zircon
and the chemically unmodified, but metamict, li8E zircon represents the limits of an inward

penetrating alteration front.

Group 1 and Group 2 dark BSE zircon are chemicadly similar. However, Group 1 dark BSE
zircon can vary considerably in microstructure trere are instances where Group 1 dark BSE
zircon lacks porosity resulting in a microstructwrery similar to Group 2 dark BSE zircon.
Therefore a key observation in distinguishing betw&roup 1 and Group 2 dark BSE zircon is the
difference in the EBSD IQ. The different crystallaphic properties of Group 1 and Group 2 dark
BSE zircon suggest they have contrasting mecharo$fiasmation. A further observation is Group
2 dark BSE zircon is only found in domains that arecontact with the matrix, often beside
carbonate cement. As a consequence, Group 2 d&ikzBcon may be exposed to fluids for most

its history in the rock.

4.8.2.2 Process of Group 2 dark BSE zircon formatio n

The perfect preservation of the parent grain shwapige product phase and the complete absence of
inclusions or porosity would suggest Group 2 daBEReircon has not formed from zircon that has

been taken into solution. Therefore it is likelyoGp 2 dark BSE zircon formed from a solid-state



reaction. As Group 2 dark BSE zircon forms frora Hiteration of metamict zircon, it indicates
that the formation of Group 2 dark BSE zircon oscur an environment where metamict zircon
does not readily go into solution. The most likslgenario where this could happen is if the
surrounding fluid phase is saturated with respedr Group 2 dark BSE zircon has exactly the

same total c.p.f.u. as Group 1 dark BSE zirconympglthat hydrous species are again important.

The microstructure, chemistry and crystallograghimperties of Group 2 dark BSE zircon are very
similar to the structurally recovered, non-formel@ment-rich reaction rims in metamict zircon
observed by Geisler et al. (2003a) after experiaiehydrothermal alteration.  Geisler et al.
account for these reactions by the diffusion ofewaiirough the amorphous volume which acts as
the catalyst for the structural recovery procesA. recrystallisation front follows at some
unspecified distance behind whereby the nanoclysabroduct phase incorporates non-formula
elements into unreacted amorphous remnants. Tigpretation is for metamict zircon in
hydrothermal fluid above 200°C. Below 200°C onljnar structural recovery is observed and
simply described as “a structural recovery froi@e(sler et al., 2003a) instead of recrystallisation
Zircon was exposed to hydrothermal fluids for 72uisoin this experiment. A similar diffusion
driven solid-state recrystallisation mechanismikely to generate Group 2 dark BSE zircon.
Although structural recovery in metamict zircon wasy limited in these laboratory experiments
by Geisler et al. below 200°C, these effects tolakce over a period of hours. The presence of
similar features in Group 2 dark BSE zircon frondiseentary rocks would suggest that, over

geological timescales, extensive structural regpoean occur <100°C.

There would appear to be subtle differences betwkenobservations made by Geisler and co
workers in the reaction rims of metamict zircon &rdup 2 dark BSE zircon. Although diffusion
of hydrous species through the amorphous volumikedy, evidence from EBSD analysis of
Group 2 dark BSE zircon and adjacent metamict miramuld suggest that the recovery front
follows closely behind where hydrous species haffesgd. Epitaxial recovery of the crystalline
structure in Group 2 dark BSE zircon dictates tmgstallographic information must be transferred

from the crystalline remnants within the metamitiage. Observation made from moderately



metamict zircon revealed that crystalline islandespnt in the amorphous matrix remain in
crystallographic continuity with the parent (e.gellrum et al., 1998; Salje et al., 1999), however
these papers also state that in more heavily radiatamaged zircon (i.e. where overlap of
amorphous clusters beyond th& percolation point) crystalline remnants may not ibe

crystallographic continuity. This implies that temust remain a sufficient volume of crystalline
structure within the metamict zircon for Group 2kKBSE zircon to develop. These crystalline

remnants will act as nucleation points for recovery

It is likely Group 2 dark BSE zircon is nhanocrytad and this allows the efficient transfer of €ui
along crystal boundaries to the recovery front §@eiet al., 2003a). However, it seems
improbable that non-formula elements in Group 2kdBISE zircon are concentrated into
amorphous remnants within the recovered phase |@Bes$ al., 2007). The presence of non-
formula elements in amorphous remnants within degystallised body indicates that amorphous
domains would be in communication with the fluichph. If this is the case then it is likely that the
non-formula element-rich amorphous domain will ystallise. Therefore it would appear more
likely that the hydrous species diffusing into nmeiet areas drive a cation-exchange process
whereby non-formula elements may be substituteal tim¢ crystal structure of Group 2 dark BSE

zircon.

Once diffusion of hydrous species begins, the atystructure that has recovered provides
protection to the metamict area from dissolutidmerefore once the formation of Group 2 dark
BSE zircon begins in a metamict domain it canndtchwto Group 1 dark BSE zircon. This may
explain that while zircon grains may contain sefgatgiomains of Group 1 and Group 2 dark BSE
zircon, Group 1 dark BSE zircon is not found witl@moup 2 dark BSE zircon. However, if
conditions permit, it seems that it may be posdmeSroup 2 dark BSE zircon to form in Group 1

dark BSE zircon domains.

It is not clear how the diffusion-driven structuratovery cation-exchange mechanism that forms

Group 2 dark BSE zircon operates at an atomic scaleis illustrates the need to analyse the



reaction fronts between metamict zircon and Grougagk BSE zircon using high-resolution

techniques (e.g. HR-TEM) to better understandphisess.

4.8.2.3 Metamict zircon in Group 2 dark BSE zircon

Remnants of irregularly shaped metamict light BS#ndins in Group 2 dark BSE zircon are
evidence of a reaction front and that the altematm Group 2 dark BSE zircon has not reached
completion (Fig. 64, 65). Although, some light BStEpes in Group 2 dark BSE zircon domains
appear to have remained unmodified (Fig. 65), EB&BIysis reveals these stripes have a low 1Q
and, as such, are metamict. Zircon will remain odified if the amorphous volume has not
reached the °1 percolation point as the amorphous clusters are imerconnected. The
interconnection between amorphous areas is comsiderucial to allow the diffusion of the
hydrous species through the metamict area. Peridyes structural recovery happened, the
amorphous volume in the light BSE stripes had mttrgached the®1percolation point whereas
the surrounding body was more radiation-damageis. iStprobably related to the distribution of U
within the original grain: zircon that has formedoGp 2 dark BSE zircon was more U-rich than
the now metamict light BSE zircon. UnfortunatelX scans or spot analysis does not reveal any
variation in U-content between these areas butithjgrobably due to the thin width of (<lum
thick) stripes and low detection limits of EDX. taf structural recovery of Group 2 dark BSE
zircon, damage has continued to accumulate reguhirthe metamictization of light BSE zircon
stripes. It has remained subsequently unmodifiechbse either the fluids that catalyse these
reactions are not available or the rock has reaehéemperature too low for diffusion to be

efficient.

4.8.2.4 Discontinuities in the grain microstructure

The presence of apparently randomly orientatedkerand fractures within Group 2 dark BSE
zircon indicates the recovered volume is strain€this can be explained by the shrinking of the
amorphous volume upon structural recovery as iartsrphous state, zircon can be upto 18% less

dense than crystalline zircon. As the zircon d$tmgcis recovered, the density increases and the



resulting strain creates irregular vein-like digommties within the recovered microstructure.
Strain related discontinuities will probably allonore efficient transport of the fluid phase to the
recovery front. As fluids infiltrate along theseacks in the grain, the recovery front spreads

outward from these cracks and through the damageel (Fig.52a).

4.8.3 Dark BSE zircon — summary and general comment s

The features of Group 1 and Group 2 dark BSE ziesersummarised in Table 11.

Group 1 dark BSE zircon Group 2 dark BSE zircon
Microstructure Inclusions, cavities and holes, domains of Cracks and light BSE stripes
light BSE zircon
Light BSE zircon in Mainly fully crystalline Mostly metamict
dark BSE zircon
Fractures Associated with radial fractures in outer | Cracks generated from internal strain
light BSE zircon
Inclusions Xenotime and matrix minerals composition None
EBSD None to low IQ Moderate to high 1Q
Crystallography Randomly orientated nanocrystalline zircon Epitaxial nanocrystalline zircon
Composition Non-formula element rich Non-formula element rich
Fluid Composition Initially undersaturated in Zr Saturated in Zr

Table 11 Summary of dark BSE zircon properties

Group 1 and Group 2 dark BSE zircon form by différenechanisms but both appear to be
“catalysed” by fluids. The key difference wouldpajar to be the concentration of Zr in the fluid
phase rather than controls relating the propenifethe individual grain (i.e. metamict state).
Solutions undersaturated in Zr will probably favaiteration of metamict zircon via a dissolution-
reprecipitation mechanism whereas solutions sadrat Zr will more likely allow a diffusion-
driven structural recovery cation exchange mechani$he relative absence of Group 2 dark BSE
zircon in greenschist facies metasedimentary roisksfurther evidence that argues local
environmental controls are crucial in dictating Wiich process metamict zircon alters. These
environmental controls will be considered in Chage It is also possible that the polyphase

nature of the original zircon could possibly beoatecolling factor in the production of either Group



1 or Group 2 dark BSE zircon.

The average weight percent total of Group 2 dark Bigcon is 95.9wt%#2.1) and is very similar
to wt% totals in Group 1 dark BSE zircon 96.0wt%2.6). This may indicate that the volume of
microporosity in Group 1 dark BSE zircon is similathe volume of nanoporosity in Group 2 dark
BSE zircon that allows communication of the fluilage with the structural recovery front.
However, the generally low weight percent totaks létely to be due to hydrous species and until
their concentration can be accurately quantified, folume of micro- and nano-porosity in dark
BSE zircon cannot be determined. Due to the heteregus crystal structure of radiation damaged
zircon at mesoscopic scales, crystalline remnartsinvthe amorphous fraction will be more
resistant to alteration by the fluid phase. Thanef it is likely these remnants of original
crystalline zircon will be preserved within the mgstallised body of both Group 1 and Group 2
dark BSE zircon. This is analogous to unreactdlgl tuystalline domains found in Group 1 dark
BSE zircon at the microscopic scale (e.g. Fig. 63mplated amorphous clusters in crystalline

zircon will also be preserved as they are protefrted the fluid phase.

The rate at which forms is worth attention. Altgbuhere is no way to constrain the absolute rate
at which Group 1 and Group 2 dark BSE zircon dqvéiathe natural environment, the absence of
metamict zircon associated with Group 1 dark BSEcor suggests that the dissolution-
reprecipitation process is more efficient than dh#usion-driven structural recovery where
metamict domains persist in and around the margin&roup 2 dark BSE zircon. This may
suggest that if conditions permit, diffusion-drivettuctural recovery is a background process to
Group 1 dark BSE zircon. The fact that diffusion/dn recovery is slower than dissolution-
reprecipitation is not a surprising conclusion ticatarly as diffusion is likely to be sluggishlatv

temperatures in metamict zircon.

4.8.4 Segmented rims on Group 1 dark BSE zircon

Light BSE zircon segmented rims have a high CL aigntensity and are fully crystalline as

determined by EBSD. Light BSE zircon segmented riame occasionally found partially



surrounding the edge of Group 1 dark BSE zircon revhie is connected to the matrix and
especially when the grain is almost completely cosepl of Group 1 dark BSE zircon. These rims
are chemically unmodified, have a high CL sign&kmsity and are fully crystalline as determined
by EBSD. These characteristics suggest it is ayinai feature of the parent grain. Segmentation
would have occurred during the swelling of the meta volume interior. Strongly luminescent

zircon rims are a feature also observed in othaliss (Corfu et al., 2003).

4.8.5 Porous zones in zircon

Pores in zircon are concentrated within individgedwth zones or domains and therefore their
formation must be linked to the original chemistfythat zone. Radial fractures in the outer light
BSE zircon that surrounds pore-rich zones are lystralctured perpendicular to their boundary.
When analysed, porous zones give a low intensitys@nal and low to moderate 1Q EBSD
patterns. These features all suggest that porausszare now metamict. SE images may suggest
that some pores may in fact be inclusions. Duthéoresolution limitations of the SEM it is not
clear whether these are pores, mineral inclusioqossibly fluid inclusions. EDX analysis shows
that porous zones in zircon are composed of ziwitin a very slight enrichment of non-formula
elements and, in particular, Fe (Fig.66c). A featf its chemistry is that porous zircon has g ver
similar Zr/Si ratio to unmodified zircon and is lewthan dark BSE zircon Zr/Si ratio. The BSE
intensity of the zircon between the pores suggesias a typical composition of unmodified light
BSE zircon. This implies that the pores may beatd in Fe and other non-formula elements and

possibly represent inclusions.

Fe enrichment suggests the whole zone becamediiterthe presence of a fluid and for this to
happen it suggests the porous zone was metamicdested by the radial fractures present in
surrounding light BSE zircon and a slight drop B3D 1Q within the porous zone. However, it is
not understood why dark BSE zircon did not fornpdrous zircon formed in low temperature

environment.

How or why porous zircon forms is not clear buséems porous zircon is yet another response to



radiation damage. This seems surprising that zirbas so many different responses to
metamictization. Perhaps porous zircon represectsvery at higher temperatures from previous
metamictization events and the radiation damagee®Ifeatures may suggest it has subsequently
become metamict again. It is clear that the resmiutmitations of the SEM cannot conclusively
determine what porous zircon represents. Furthalyais using higher resolution techniques is

required to identify the compaosition of pores awnteptial inclusions and their mode of formation.

4.8.6 The effect of chemical zoning on zircon behav  iour

In concentric, sector or simply zoned zircon, dA8& zircon usually forms within particular, well-
defined growth zones or domains. This is due fi@mint concentrations of actinide elements in
individual zones. Actinide-rich zones are likelyliecome metamict over time whilst zones with
low actinide concentrations remain fully crystadinThe abrupt boundary between high EBSD 1Q-
light BSE zircon and dark BSE zircon representdnterface between fully crystalline (light BSE)
zircon and what was previously metamict zircon (rdawvk BSE zircon). The patterns by which
alteration occurs in zircon are thereby a conserpi@fh the original chemical zoning in the grain
and light BSE zircon preserved within or aroundkd&SE zircon shares the same crystal
orientation as the host grain (Fig. 65). Thereforgstalline light BSE zircon within dark BSE

zircon represents the original zoning of the pageain.

It is not unusual for cores in zircon to alter frldBSE zircon and they often preserve islands or
contorted laths of unmodified, crystalline light B&ircon which do not replicate the zonation
patterns of outer unmodified growth layers. Ashslcores have a separate growth history to the
encasing zircon implying they are probably inherigth respect to the mantling zircon. Inherited
cores often alter to dark BSE zircon because theyoller and can to have a different actinide
content to the encasing zircon. The complex antotted zonation patterns they commonly
display, is often used as evidence that they formed high temperature regime (Corfu et al.,
2003). The preservation of islands and contor&ids| of light BSE zircon in dark BSE zircon

cores is a consequence of the original convolutethy patterns.



While most zircon containing dark BSE zircon shawedl-defined zoning patterns, some zircons
display no evidence of any well-ordered internalicture. In mosaic-like zircon, EBSD analysis
shows small pockets of fully crystalline zircon Wit domains of partially metamict light BSE
zircon or fully crystalline zircon surrounded byrkldBSE zircon (Fig. 62). The highly variable
crystalline condition of light BSE zircon indicatassignificant heterogeneity in the distribution of
U. Crystallinity loss in light BSE zircon does rfotlow any apparent internal structure and this is
coupled with an equally variable alteration pattde boundary between partially metamict light
BSE zircon and immediately adjacent dark BSE zirdomains may represent the limits of a
reaction front. Alternatively the partially metanilight BSE zircon may not have been
sufficiently damaged to react when the fluid phases present (i.e. amorphous clustering had not
become interconnected) and therefore the more lgesadliation damaged zircon was more
susceptible to alteration (now dark BSE zircon)osislic-like zircons that display these features are
likely to have formed as a consequence of extremetyplex zoning patterns in the parent zircon.
The texture observed in mosaic-like zircon has rkafde resemblance to a resorbed composite
zircon or “cauliflower” zircon described by Corfu al. (2003, Fig. 2.26) from a mafic gneiss.
Zircon grains that have almost entirely altereddaok BSE zircon represent whole grains that were

almost completely metamict (Fig.48b & c).

Zoning patterns in zircon therefore have an impurtale in controlling where metamict zircon
develops and what sort of microstructure formsrduthe production of dark BSE zircon. As a
result, the provenance of a zircon can have a deralle effect on the microstructure that
develops (e.g. the behaviour of an oscillatory domgcon from a granite will contrast with a

contorted zoning structure in a zircon from a gsieis

4.8.7 Outgrowths on zircon

The minute size and fragility of xenotime outgrogvénd, in particular zircon outgrowths, on the
margins of zircon grains, precludes them from siiing sedimentary reworking and hence must be
authigenic. Xenotime is also found forming thiokntenting rims around fragmented zircons,

sealing cracks (Fig.51) within the grain while xém® outgrowths on zircon patrtially enclose



matrix minerals (Fig.55b,56a). This further suppai authigenic origin. The surrounding matrix
has little influence on where xenotime grows onzineon grain (Fig.56b) but does appear to affect
the shape in larger xenotime outgrowths: quartangrgenerate flatter, more cohesive, sub-
hexagonal outgrowths compared to thinner, morgudeely shaped forms when adjacent to a fine
grained matrix (i.e. clays or fine grained carbenagment). Dark BSE zircon, observed between
the host zircon and xenotime outgrowth, impliest tAa was mobile before xenotime growth

started. Zircon and xenotime outgrowths have farfrem separate events as there are no

intergrowths of these two minerals.

The source of Y and P for xenotime growth is nadwn but it has been postulated that it is part
derived from seawater, the decomposition of orgamimplexes, clay particles or reduced Fe-
oxyhydroxies in the matrix and interbedded withlshaminae (Rasmussen, 2005a). However the
complete lack of detrital xenotime within thesek®enay suggest that dissolution of these grains
has provided a source for diagenetic xenotime outtirs. It is also possible that small amounts of

Y and P may be liberated from dissolution of apagitains that may contain trace amounts of Y.

4.9 Minimum reaction temperature of metamict zircon

The minimum temperature at which metamict zircory ralter or experience dissolution has not
yet been constrained. Experiments on the alterationetamict zircon in acidic solutions indicate
that structural recovery of zircon may initiate and 75°C after exposure to the solution for 195
hours (Geisler et al., 2003d). As laboratory ekpents cannot replicate the timescales of
geological processes it therefore seems likelyrietamict zircon in sedimentary rocks experience
alteration at temperatures lower than 75°C. Theralso evidence for dissolution of metamict
zircon on the Earth’s surface (Balan et al., 2004}hile the temperature at which metamict zircon
begins to react to fluids remains unclear, at 100%€ mechanism of alteration and dissolution-
precipitation of metamict zircon are well-estabdidhas the abundance of dark BSE zircon suggests
most metamict zircon has altered to dark BSE zircArtemperature window between 75°C (from
Geisler et al., 2003d) and 100°C (peak temperaitidgagenesis) seems insufficient to account for

all the low temperature features in zircon anddf@e metamict zircon may possibly alter and Zr



be mobile below 75°C.

4.10 Summary

Zircon in sedimentary rocks produces very simigxtures to those observed in greenschist facies
metasediments (Chapter 3). Dark BSE zircon is $eeform in zircon in sedimentary rocks,
however, two groups of textures are noted that faarseparate mechanisms. Group 1 dark BSE
zircon is the dominant form and is also seen inndance in greenschist facies metasediments.
This forms from the dissolution of metamict zircooupled with reprecipitation and is thought to
form in localised conditions where fluids are ursdg¢urated with respect to Zr. Group 2 dark BSE
zircon is not as common and forms by a diffusioivedr structural recovery cation exchange
process. It may be this process occurs as a ra@kldtalised fluids surrounding the grain being
saturated in Zr. Both Group 1 and Group 2 dark BB&on can be observed forming on different
parts of the same grain. The preservation of gaetion between metamict zircon and Group 2
dark BSE zircon may indicate that the rates at Wwhioth forms of dark BSE zircon form are
considerably different. Despite the different meaé formation, both groups of dark BSE zircon

have very similar compositions.

The original zoning in the parent zircon considgrabfluences the microstructure of the altered
grain. Therefore zircon provenance plays a key moleircon behaviour. This chapter presents
evidence that may suggest extensive xenotime disonland mobilisation of Y and P. Evidence
for Zr mobilisation is also observed and thoughs tmay initiate below 75°C. The very low
temperature that this appears to occur at is aecorfor the long-term safe storage of nuclear waste

by encapsulation in zircon ceramics.



Anatomy of zircon outgrowths

5.1 Introduction

EBSD analysis of zircon outgrowths in low-grade egpechist facies slates produces low image
quality (IQ) Kikuchi patterns. This contrasts wildjacent xenotime outgrowths and xenotime
inclusions within zircon outgrowths that producghiQ EBSD patterns (Chapter 3) implying that
zircon outgrowths are amorphous whereas adjacenttixee is fully crystalline. This is
unexpected as zircon outgrowths crystallise withmslates and the most common mechanism for
causing amorphous zircon is through metamictizatiblowever, this seems unlikely as chemical
analysis of xenotime outgrowths, which would actaasink for actinide elements, revealed that
they were relatively poor in U and Th. Therefoirean outgrowths that grew with xenotime seem
unlikely to have U concentrations sufficient to saumetamictization. An alternative cause for low
IQ EBSD patterns from zircon outgrowths was thespmity they were nano-crystalline and
therefore below the resolution of EBSD analysisisTchapter addresses the question: are zircon
outgrowths amorphous? And, if not, what is thedatre and character of zircon outgrowths, and
what are the orientation relationships of zircod aenotime outgrowths with respect to the host

grain? These questions are addressed by detaisdatérisation of a selected outgrowth using a



variety of high-resolution electron microscope tghes. Results show that zircon outgrowths are
in fact crystalline but have formed through mukigdhases of growth. Analysis also reveals that
zircon outgrowths have a complex microstructurenwienotime inclusions and zircon-xenotime

complexes.

5.2 Method technique and sample characterisation

Zircon outgrowths have been imaged using transomssiectron microscopy (TEM) and low
voltage scanning transmission electron microscdpy-STEM). These techniques allow high-
resolution analysis of the microstructures withincan outgrowths. Furthermore, using the
focused ion beam (FIB) microscope, site specifiecteon-transparent cross sections can be
prepared of composite grains for characterisatipfBM & LV-STEM (Wirth, 2004, , 2005; Lee

and Smith, In press).

Thin section BAL1B is from a greenschist faciedeslgAppendixError! Reference source not
found.) containing detrital zircons with abundant zircand xenotime outgrowths. For further
descriptions on the rock and the variety of texduimind in zircon, see Table 1. A zircon grain
was selected from within the thin section that wassidered suitable for preparation using the FIB
microscope and subsequent TEM and LV-STEM analy@i 67). This zircon was chosen with
the following considerations: the area to be pregarsing the FIB microscope had a simplest
composition and microstructure; the outgrowth amtibst zircon was large enough to be sampled
and manipulated using the FIB microscope; the hivsbn and outgrowth were representative of
those found in the greenschist facies slates. él'mesasures were taken to make the sample
preparation as simple as possible as, to the aultmmwledge, preparing electron-transparent foils
have not been previously attempted on zircon udimg FIB microscope. A detailed
characterisation of the selected area was made 8&M BSE and SE images taken on the
polished surface of the thin section before thgpgration of electron-transparent cross section was

carried out.
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HV |Spot| WD 2/4/2006 | Mag |Pressure

20.0kV| 4.0 |110.6 mm|10:44:16 AM|2000x Bal1Bzr8

Figure 67 Characterisation of zircon BAL1bzr8.

a and b are BSE images of zircon BAL1bzr8. a digpthe complex and heterogeneous nature of zirndn a
xenotime outgrowths. Red arrow points to high B8Ensity xenotime grain within the outgrowth. Inseb

a is a high contrast, low brightness BSE image simalvs the tips of outgrowths are BSE intense dleis
mottled BSE intensity area of the outgrowth adja¢erthe host on the leftmost of the grain. b shairson
relationship with the surrounding matrix. ¢ is angmsite EBSD CI-IQ map of zircon in a. The high 1Q
domain towards the outgrowth tip can be seen teetaie with the high BSE intense grain in a (rem\aj.
The higher IQ area of the outgrowth is the zircemetime complex. Black arrow points to spec oftdus

which is identified in the inset SE image.
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The host zircon has four well-defined, althoughyvsfightly curved, margins with a slight
irregularity on the leftmost bottom part of the giarin Fig. 67a. A high contrast BSE image
identifies a 3um wide band of higher intensity witthe host and follows parallel to the right and
left margins of the host (inset, Fig. 67a). Twaalirfractures trace perpendicular from the edge of
the host grain for a distance @by m towards the centre of the zircon (Fig. 67d)e Most zircon is
likely to be fragment of larger grain based on gisize and the sharply defined grain edges, which

indicate little sedimentary reworking. Such fragitsedominate the zircon population in this rock.

Outgrowths surround the host zircon on all four gites but are largest around the top and left
margins in the BSE image of the grain (Fig. 67&utgrowths are adjacent to muscovite and
chlorite (abbreviated to phyllo in Fig. 67b) ondbrsides, while the outgrowth forming on the
remaining side is adjacent to quartz. The outgnopvbjects upto 5um from the host grain at its
largest but averages around 3um. There is signifivariation in the BSE intensity within the

outgrowth particularly around the tips of the ooigth and may be caused by charging. The
outgrowth contains an abundance of very low BSEnsity inclusions that are generally rounded
and range in size <0.1-0.6um. The more BSE intansas of the outgrowth can be seen to form
individual grains (red arrow, Fig. 67a). Besidésthrain, the outgrowth has a band of slightly
higher BSE intensity and many small inclusions afiable BSE intensity. The zircon outgrowth

preferentially polishes down with respect to thethzircon €.<50nm) but the high BSE signal

intensity areas of the outgrowth are flush on thissped surface with the host zircon.

EBSD IQ analysis of the zircon shows that manyhef BSE intense areas of the outgrowth have a
relatively high EBSD IQ whereas the remainder ef dlutgrowth has no EBSD pattern (Fig. 67¢).
As xenotime kikuchi patterns index well in comparigo zircon outgrowths, isolated high 1Q areas
within the outgrowth are likely to be small xenogéirgrains which also fits with their high BSE
signal intensity. The moderate to high EBSD I@aacorrelates with the band of the outgrowth
with a slightly higher BSE intensity which is thduglikely to be a complex of zircon and
xenotime. Orientation relationships in the EBSDpmahow that xenotime outgrowths are

epitaxial with the host zircon (Chapter 3).
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The area of the outgrowth selected for prepardtiadhe FIB microscope is identified in Fig. 67a.
High magnification SE SEM images of this area révea intricate structure of outgrowth (Fig.
68). It has an overall pyramidal shape with shaliodentations along the contact with the
adjacent quartz. The interior of the outgrowth Aatomain that is relatively homogeneous but it is
otherwise dominated by an area with a distinctivelusion-rich and heavily dimpled
microstructure. The homogeneous part of the outtfrdvas a smooth surface and forms a 1um
thick anchor shape that defines an area from thigrauth tip, along the outgrowth edge while
extending into the centre of the outgrowth. Theawilg dimpled area is preferentially polished
down relative to the homogeneous zircon and ish#igfibrous in places (Fig. 68b). The
inclusions are circular to elongate and roundeghiape ranging in size 200-700nm each with a thin
higher BSE signal intensity rim. Some dimples iaregularly shapedc(<300nm) and some low

BSE signal intensity ripple shaped veinlets uptmlpng are also observed.

Figure 68 High magnification images of zircon outgowth microstructure

a&b are high magnification SE imagesis the outgrowth region defined in fig. 67a. dt/eals an intricate
but varied microstructure with pores or inclusiéchrareas (arrows) and more homogeneous anchoedhap
area that has drawn on to aid the eye. Bax defines area of image mwhich reveals the almost dimpled

microstructure and thin low SE intensity veins.igBt spec ora andb is a dust particle.
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5.3 FIB-prepared foil

5.3.1 Method

Two pairs of FIB-produced trenches were cut in® $klected zircon grain (Fig. 69a). The foil
extracted from trench 1 fractured during removaléeer the outgrowth has remained intact and
fracturing has not affected the properties of tleeteon transparent window in the foil (Fig. 69b-d)

As the foil extracted from trench 1 was brokengaosd trench was milled (trench 2, Fig. 69a).
Analysis of the foil from trench 2 revealed thae tharget outgrowth had been missed and
consequently all further reference to a FIB-pregdml will be to that extracted from trench 1.

Although preparing TEM foils by this method enablbe detailed analysis of structures in
minerals at the microscopic and mesoscopic sdadefragility of foils does demonstrate the high

level of operator skill required to prepare andaottthe foils in the FIB microscope.

Placement of the foil in the centre of the TEM ggides a distinct advantage when it is analysed
using LV-STEM. The grid can be placed in one a #ight equally spaced grid holders in the
STEM detector. However, in two of the eight pasis, the grid is supported over the join between
the two detectors. In this instance one of the detectors will form a bright-field image, the athe
a dark-field image in which only scattered elecgroontribute to the image, which is very useful in
LV-STEM work (Lee and Smith, In press). The majomif LV-STEM imaging was carried out

using this setup.

Contrast in LV-STEM images is mainly generated layiations in electron scattering due to
differences in atomic mass (Z), where the thickn#fsthe foil (t) is constant. Contrast in BSE
SEM images of the foil is also created from atomiass (Z) and will also be influenced by t.
Therefore LV-STEM and BSE images should be compigarg. It should be emphasised that
LV-STEM images are produced from a detector undgméhe sample and that BSE images are
collected from the backscattering of electrons detector situated above the sample. Dark-field &

bright-field TEM diffraction contrast images arengeated by variations in electron scattering



Chapter 5 Anatomy of zircon outgrowths

mainly due to Bragg diffraction. Holes in the camtfdm can occasionally be seen through the foil

in TEM and LV-STEM images (e.g. Fig. 69a&c) but ceasily be identified on SEM SE (Fig.

69d).

Figure 69 Foils prepared using the FIB microscope

a BSE SEM image showing FIB trench sites on grairLBBzr8. Arrow points to remnants of gold coating
that remained after polishingo BSE SEM image of trench 1 with SEM stage tiltedB@t. c Bright-field

LV-STEM image of broken foil from trench 1 on carbfiim. d SE SEM image of foil.
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5.3.2 Foil morphology

The foil is composed of opaque areas and an etedtemsparent “window” (Fig. 69¢c). The
leftmost part of the foil is electron opaque angresents one of the two thicker posts which are
required to keep the integrity of the foil whenrexted. The right hand post broke off during
extraction. The base of the foil is darker in htifjeld LV-STEM imaging indicating an increase
in t where electrons have been scattered away froraritet field detector (Fig. 69c). Associated
with this is an increased SE and BSE intensity icanirfig that the scattering in the bright-field LV-
STEM image is due to an increasd (frig. 69d & 70b). The Pt strap at the top of thiéif visible

in dark-field LV-STEM imaging with the Au coatingnderneath the Pt strap (Fig. 70a). The
irregular margin that extends from the base offtlileto the Pt strap is the broken edge generated

when the foil was extracted from the FIB trench.

Image analysis of the foil shows it to be composkd main parts: the host zircon, the outgrowth

region, and the matrix (Fig. 70a).

5.3.3 Host zircon

The host zircon is generally homogeneous but datd-fLV-STEM images show a gradual
darkening in the host zircon towards the brokereeafghe foil (Fig. 70a). This correlates with an
increasing BSE intensity indicating either an imseint or a variation irZ (Fig. 70b) Chemical
zoning in zircon is usually abrupt and well-defirtbdrefore it is more likely that this represent a
slight thickening of the foil. The boundary betwdbe host zircon and zircon outgrowth is poorly
defined using most of the imaging techniques whi ¢xception of dark-field TEM images (Fig.
71b, 71d). The Selected Area Electron DiffraciSAED) pattern of the host zircon (Fig. 74, with

SAED spot defined in Fig. 70a) shows a strong,@efined diffraction pattern.
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Figure 70 Characterisation of the FIB-prepared foil Caption on following page.
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Figure 70 Characterisation of the FIB-prepared foll

a Dark-field LV-STEM image of foil. White boxes deé areas of high magnification images in Fd.
Red circles show areas of SAED patterns taken ukieg EM. White arrows at the top of the foil pairtd
Au coat. The Pt strap is above the Au coat. Aeswdtic diagram of the foil structure helps identifie
structures in the foilb BSE SEM image of foil and shows high BSE intensas within the outgrowth area
and these domains relate to Y-rich and Si-poor diasnia EDX SEM elemental map scans of foilcinrBSE

intense areas of the outgrowth are xenotime.
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Figure 71 Dark-field TEM diffraction contrast images of areas defined in figure 70a.

a image of the zircon outgrowth and xenotime grafurmary with quartz. Reveals flame-like structure
within the quartz adjacent to the outgrowthimage revealing the tiled structure of the zircomgrowth and
shows hole in outgrowth area.shows intricate structure within zircon outgrowth. Some crystalline

component can be determined within image of zicenetime complex.
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5.3.4 Outgrowth

The outgrowth is upte.1.5um wide between the matrix quartz and the hosbrz but isc.3.5um
at its widest between host zircon and muscovitlngthe top of the foil (representing the surface
of the thin section) and directly beneath the guldt, the outgrowth is slightly depressedb@nm

at its maximum) with respect to both the host ziraad adjacent quartz (Fig. 69¢ & 70a).

Dark-field LV-STEM imaging best reveals the feasunwithin the outgrowth (Fig. 70a). The
outgrowth is relatively homogeneous in contrastthute separate low signal intensity laths over
an areac.1x1.2um and a low signal intensity mottled compdex be recognised within the area
adjacent to the host zircon. SEM EDX analysis iifieistthe more homogeneous area is composed
of zircon while the low signal intensity areas e tdark-field LV-STEM image of the outgrowth
correspond to either xenotime or zircon enrichel ifrig. 70c). The three lath shaped low signal

intensity grains in dark-field LV-STEM are revealkedbe xenotime by SEM EDX.

5.3.4.1 Zircon outgrowth

The outgrowth is dominated by zircon, the more hgemmus domain in Fig. 70a. The zircon
outgrowth contains thin and elongate holes, no dighan 300nm in length that have a high
intensity in bright-field TEM images (Fig. 71b).m&ller (<100nm), more irregularly shaped holes
and are also visible throughout the outgrowth iighirfield TEM images (Fig. 71c). Bright-field

TEM and bright-field LV-STEM images reveal the zrcoutgrowth has a tiled microstructure
divided by thin, non-diffracting veins (Fig. 71Ra&b). Elongate and slightly rounded zircon tiles
can be upt@.700nm long but also form 200 x 200nm blocky platesles varying from angular to

irregularly shaped domains 200-500nm wide (Fig. 72)

A SAED pattern of the tiled zircon shows slightlyfaise diffraction spots indicating that there is

some variation in orientation within the selectetlvme (Fig. 74).
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Figure 72. Images revealing the tiled microstructre of zircon outgrowths.

a&b. Bright-field LV-STEM images of host, outgrowthdrenotime platelets. Thin veins of zircon can be
seen between xenotime graiads a high contrast image bf c&d are dark-field LV-STEM and dark-field

TEM diffraction contrast images respectively of éamarea.

5.3.4.2 Xenotime outgrowth

Thin (50nm) bands of fibrous zircon (Fig. 73c) dithe three xenotime laths that have an overall

euhedral shape. The outermost of the three xeast{mith respect to the host zircon) projects into
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the adjacent matrix grains from the zircon outghgwerminating at the boundary with quartz and
muscovite (Fig. 73a). Fig. 73c is a dark-field TENage with the sample tilted slightly off the

Bragg angle of the xenotimes and shows that eacbtixee is a single crystal although they share
a common orientation. These individual crystals lba seen in BSE SEM images of the foil (Fig.

73d). A SAED pattern of the xenotime laths produaestrong, well-defined diffraction patterns

(Fig. 74).

Figure 73. Images identifying microstructural in the outgrowth

a-c. Dark-field TEM diffraction contrast images of guvwth area with xenotime platelets and quartzrgrai
Faint large circles on images are due to the uyigerholey carbon filmc arrows point to zircon veins with
fibrous appearancel&e BSE image of outgrowth with xenotime platelets aixdon-xenotime complexe

shows areas represented in Fidc & d.

5.3.4.3 Zircon-xenotime complex

Dark-field LV-STEM imaging of the outgrowth iderig6 a 700 x 1000nm mottled low signal

intensity domain between the host zircon and tziecbn outgrowth (Fig. 70a). BSE SEM imaging
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reveals a similar structure with a high signal msity, similar to that of the xenotime laths (Fig.
70b). This correlation in structures between dakl LV-STEM and BSE SEM images shows
that, in this instance, the scattering of electreviich controls the contrast variations in daeddi

LV-STEM images, is dominated by changeszinas thet of foil is constant. This means that

Bragg diffraction has little influence on the cast of the dark-field LV-STEM image.

An element Yla EDX SEM map of the foil shows a high signal intgnshat correlates with an
area of low signal intensity in a SIKEDX SEM map (Fig. 70c). Three smaller (200 by r20)
Y-rich can be identified on the YLmap which correlate to a slightly more intensenaign BSE
SEM images than the rest of the complex (Fig. &0ta) a slightly lower contrast in dark-field LV-
STEM image (Fig. 70a). Furthermore, these samesaeghibit thickness extinction contours in
dark-field TEM contrast images where the samplel®en tilted just off the Bragg angle of these
grains (Fig. 71c&d). These individual grains woualplpear to represent small xenotime crystals

within a zircon complex that is also enriched in Y.

5.3.5 Matrix grains

Analysis of dark-field LV-STEM images of the matrshows it is a composite of four separate

grains (Fig. 70a): two quartz; muscovite; a Nasilicate. These were identified using SEM EDX.

The matrix grain at the bottom of the foil showsak®at Na, Ti and Si. SE SEM imaging of the
foil shows that the very base is significantly #&cthan the rest of the foil (Fig. 69c). Na arid T
are not readily found together in minerals and passible that the base of the foil has had fareig
material deposited onto its surface during theingjliprocess. As such, it is ignored for the

purposes of this investigation.

The outgrowth shares a boundary with two quartingraThe grain boundary separating the large
matrix quartz grain (Q1) and the small lath shapedrtz (Q2) is only visible in dark field-LV
STEM imaging (Fig. 70a). It should be noted thas #irea of the quartz-outgrowth boundary lies

partly over a hole in the carbon film (Fig. 69djhe edge of the hole in the underlying carbon film



is also partly coincident with the boundary betw€ghand Q2 and, as a result, slightly obscures

some detail (Fig. 71a).

The zircon outgrowth has a slightly higher BSE msity rim adjacent to matrix grains (Fig. 70b,
73d) but this is also replicated in SE imaging #mefefore most likely caused by charging along
the outgrowth-matrix boundary (Fig. 69d). Q1 foranfairly well-defined, straight boundary with
the zircon outgrowth whereas Q2 has a more transitiboundary with the zircon outgrowth. This
transitional boundary is only apparent in darkefi@lEM diffraction contrast imaging, taken when
the sample is tilted to the diffracting angle ohg&tme laths (Fig. 71a). With the sample titled in
this orientation, the outermost xenotime lath foransharply defined euhedral boundary with Q1.
However the boundary between the xenotime and @Rursed as the xenotime half of Q2 shares
thickness extinction contours with the xenotimeg(Fila). When the sample is tilted slightly away
from the diffracting angle of the xenotime lathsslearply defined boundary can be identified
between the xenotime and both quartz grains (Fg).7 Furthermore this reveals a smeafbQnm)

pyramid of xenotime juts out into the boundary begw Q1 and Q2.

In dark-field TEM diffraction contrast images Q1lhébxits highly irregular, flame-shaped areas of
dark diffraction contrast (Fig. 71a & 73a). Theam elongated away from, and roughly
perpendicular to the boundary between the quadgingrand zircon outgrowth and dissipate away
from the zircon outgrowth-Q1 boundary. Dark ditfian areas range in size from <10-200nm
with larger domains of dark diffraction contrasnhcentrated towards the xenotime lath. Areas of
diffraction contrast appear wispy where Q1 is agljhc¢o the zircon outgrowth and Q1 has a band
of homogeneous contrast within it at the boundarith vithe zircon outgrowth. This band of
homogeneous diffraction contrast runs into the @dike diffraction contrast areas. Coupled with
these dark diffraction contrast areas, dark-fielMT diffraction contrast images also identify
blotches of lighter diffraction contrast within (Eig. 71a & 73a). Lighter diffraction contrast
domains are more subtly observed but are largenand extensive towards the pt-strap end of the
FIB-prepared slice. The variations between lighd dark diffraction contrast within Q1 give a

marbled appearance, reminiscent of textures founigh grade metamorphic rock.



Variations in the diffraction contrast within theaytz grain are only observed in dark-field TEM
diffraction contrast images where the sample tisdiklose to the diffracting angle of the xenotime

laths. This feature is absent in all other images.

5.3.6 SAED

Selected area electron diffraction (SAED) pattéfig. 74, with SAED areas defined in Fig. 70a)
of the tiled zircon have slightly diffuse diffracti spots that show a partial transition into rings.
SAED patterns of the individual xenotime laths afidhe host zircon, show strong, well-defined
diffraction patterns. Analysis of the SAED pattesi®w that the 101 crystal planes of all areas are

parallel or close to parallel.

Host zircon crystal Overgrowth Xenotime

- . L]

200) (101) (002)

(112) (211)

{209 (101) (002)

. ]

(107)

(101) (101)

A single crystal Basically a single crystal with A single crystal whereby
some variation in orientation. {101}, /{1013 i

Figure 74 TEM SAED patterns from an area 600nm in cameter on the host zircon, zircon outgrowth

and xenotime crystals. SAED locations are defineid Fig. 70a.

5.4 Interpretation

5.4.1 Zircon outgrowth

Zircon forms epitaxial outgrowths with its host lbkiere are minor orientation variations within the



zircon outgrowth as determined by the slightlyu# diffraction spots in the SAED pattern. As the
SAED spot lies over several of the outgrowth tildgs mis-orientation may be caused by the
cracks or dislocations between individual tileseTiffuse spots in the SAED pattern are likely to
demonstrate small variations in crystal orientatigithin the individual tiles of the selected

volume. This may further suggest that individudést of the zircon outgrowth have a

mesostructure of slightly mis-orientated nano-a¥isie grains. The zircon outgrowth is polished-
down relative to the host zircon and would suggdsas a different crystalline structure. Both the
mis-orentation of nano-crystallites and the polisiiawn nature of zircon outgrowths make it

unsuitable for EBSD analysis and is why it produogsto no IQ EBSD patterns.

The host zircon displays no evidence of internatiification indicating that Zr required for zircon

growth is supplied from elsewhere. Other zircoairgg throughout the rock display evidence of
dissolution and as zircon is the largest sink fori#Zis likely that Zr is sourced and transported
from such grains. Zr mobilisation is thought to fedated to the episodic release of Zr from
metamict zircon that is exposed fluids. Once Zwsded fluids reach the host zircon, zircon
nucleates and precipitates on the margin. The-oeystalline structure of the zircon in outgrowths

implies that the rate of growth may be relativelpid.

The size of the outgrowth is appreciably largethatbottom of the foil where it is in contact with

muscovite than at the top of the foil, adjacengtiartz. This may possibly be likely related to the
ability for fluids to permeate through the cleavadenes of the muscovite to the host zircon in
comparison to the relatively impermeable quartawelver, in general, zircon outgrowths are not

consistently thicker adjacent to muscovite basetertural observations (Chapter 3).

The inclusion rich nature of zircon outgrowths isused by inclusions becoming enveloped
through absorption by the outgrowing zircon. Tikisnalogous to the inclusion of quartz during
the formation of garnet porphyroblasts. Althougblre are many holes in the FIB-prepared foil of
the outgrowth, it is possible that some represedusions that have fallen out of the outgrowth

during preparation of the foil. Several minute litgletritus within the milled pit may represeng th



fallen inclusions although it is more likely theyeashards from when the foil fractured during

removal (Fig. 69b).

5.4.2 Xenotime phases in outgrowth

Based on the similar euhedral morphology of theokeme laths, it would appear that they were
originally a single crystal. This implies that tkenotime grain formed from a single phase of
growth, nucleating on some pre-existing zircon oaugh. Subsequent fracturing of the xenotime
has separated it into three individual grains aasl &llowed fibrous zircon to grow within these

fractures indicating zircon was the last phaser¢égipitate in the outgrowth.

The development of a relatively large independemtoxime crystal indicates that growth either
occurs at a time of no zircon precipitation or ceteg with and outstrips zircon growth. Zircon-
xenotime complexes suggest that zircon and xenogrogth was synchronous where neither
phase is able to fully develop, forming poorly-defil crystals. As such, the growth of a single
xenotime grain requires a period where no zircopréipitated. Zircon growth is dependant on
the episodic release of Zr from other Zr-rich sesréi.e. metamict zircon) elsewhere in the rock.
Periods where the fluid phase is undersaturatett provide opportunities for xenotime grains to

develop uninhibited. Yet it seems unlikely thattsa relatively large xenotime grain could form

over a prolonged period of crystallisation durinbiethh no zircon precipitates. Thus, for xenotime
grains to develop, crystallisation must be rapid amdependent of zircon growth whilst zircon-

xenotime complexes form as a result of simultaneoystallisation of both phases. This indicates
that the outgrowth formed from multiple phases mivwgh rather than a single and continuous

event.

5.4.3 Sub-domains in quartz and mechanisms accommod  ating

zircon and xenotime growth

Pore space in these metamorphic rocks is negligibtezircon and xenotime are likely to grow at

the expense of the surrounding grains in the mafitverefore as outgrowths grow, they strain the



surrounding matrix grains. Most grains, such agtguare likely to compensate for this strain by
pressure solution where fluids are abundant. Hewete quartz adjacent to the outgrowth in the
FIB-prepared foil reveals some interesting micradtires that indicate an alternative mechanism
for strain relief from the outgrowth. Evidence tbis comes from the flame-like dark diffraction
contrast areas in the adjacent quartz grains. Tteedares are only observed in dark-field TEM
diffraction contrast images of the quartz grainevehthe sample is tilted to diffracting angle dof th
xenotime. This indicates this is a crystallograpfeature because inclusions of a different
composition would be easily identified in BSE SEMIA.V-STEM imaging. The flame-like dark
diffraction contrast areas also share a diffractimgle with the xenotime laths. Consequently,
these areas are likely to represent sub-domairiseirquartz that have recrystallised in a similar
orientation to the impinging zircon and xenotimiglany of the structures and textures identified
here have a similarity to the microstructures olesgrin quartz caused by intracrystalline
deformation at low-temperature, high-strain regimedany of the microstructural features and

nomenclature are summarised in (Passcheir and Ti2006).

In Figure 71a, half of Q2 shows recrystallisatioithwthe same orientation as the adjacent
xenotime. The pyramid of xenotime protruding int@ Quld be an example of low-temperature
grain boundary migration or bulging recrystallisati This occurs when two neighbouring grains
have different dislocation densities and the glainndary may begin to bulge into the grain with

the highest defect density (Hirth and Tullis, 19Passcheir and Trouw, 2005), in this case Q2.

The recrystallisation microstructure of Q1 is qudtéferent in shape from the recrystallised area in
Q2. In Q1, recrystallised areas are elongatedepelipular to the zircon outgrowth boundary. This
would suggest that the strain imposed on Q1 byaimgrowing zircon is sufficient to cause

dislocation creep within the grain. By moving disktions and defects within quartz to a free
surface, this can act as mechanism that reducesizkeand shape of the quartz grain. The
direction of dislocation creep would therefore beards the quartz-zircon boundary. This process
is most dominant at the temperature range of 3@&QPasscheir and Trouw, 2005) but the

presence of a fluid (i.e. @) can dramatically reduce the temperature at wihichoccurs by upto



10C°C (Hirth and Tullis, 1992). The small elongate swlgs and very small solid inclusions only
visible using TEM described by Passcheir and Tr¢2005) are analogous to the features in Q1.
Passcheir and Trouw (2005) state that deformatomellae are particularly common in quartz
where the lamellae have a sub-basal orientations therefore possible that flame-like dark
contrast areas in Q1 represent sub-grain recngsitdin with quartz taking on a preferred
orientation of the adjacent grains, imposed on thbrough strain. Yet Passchier and Trouw
(2005) also point out that how lamellae develop hod they should be interpreted is only partly
understood. It is also of note that these mechanisor intracrystalline deformation and
recrystallisation in quartz are specific to struatugeology and modelled for high-strain tectonic
regimes. The strain imposed on quartz during mirgmed xenotime growth will be greatly reduced
in comparison to high-strain examples. Howevers¢éhcomparisons do appear to provide a model
that describes the development of recrystallisedsain quartz adjacent to zircon and xenotime

outgrowths.

5.5 Model for outgrowth formation

The absolute timing of events and conditions teatllto the formation of the outgrowth in the FIB
prepared foil cannot be constrained at presenteréfare, information regarding the general
conditions and timings, for instance when Zr is itegbhas been based on that established in
Chapters 3 and 4. The conditions and sequenceecot®detailed here does not necessarily apply
to the specific history of the outgrowth in the Ff{Bepared foil. The model that has been
constructed is therefore a characterisation ofréitative events based on the microstructure and
features within the FIB prepared foil (Fig. 75).i9nas been done so that overall impression of
how zircon outgrowths form may be had. For simplicthe muscovite grain is referred to

phyllosilicate in the model.

Stage 1: Zr supersaturated fluids migrate to the margin of Hwst grain.  Surrounding
phyllosilicates may enhance fluid migration. Thietion of metamict zircon may initiate/5°C

(e.g. Hoskin and Schaltegger, 2003) or even belohapter 4), and so Zr may be mobile at this



temperature and outgrowths may begin to form vanyén the “prograde” history.

Stage 2: Rapid precipitation results in nano-crystallinecan nucleating on the host zircon.

Inclusions are incorporated as zircon grows.

Stage 3: Crystallisation of both zircon and xenotime frdhe fluid phase result in a zircon-
xenotime complex. Within this complex small xenws develop. Crystallisation of zircon
continues when xenotime growth becomes unfavouragb@bably related to the availability of Y

or P.

Stage 4: Xenotime crystal grows relatively rapidly betweepisodes of zircon growth. Zircon
growth is then initiated again, continuing to cayse until formation of outgrowth stops due to
reduced availability of Zr during the prograde pafrthe cycle. This is likely to be linked to when
radiation damaged areas become annealed, in theotascon this occurs a250°C (Geisler et

al., 2003a).

Stage 5:Late fracturing causes the xenotime crystal t@kieinto three components. Associated
with this zircon outgrowth breaks up forming til&he fracturing of zircon into these tiles may

occur along the boundaries of different growth glsashich would act as lines of weakness.

Stage 6: Very late zircon precipitation, growing along abstinuities in the xenotime. The stress

from final growth phase causes sub-grain recrysibn in adjacent quartz.



2 Zircon outgrowth
Zircon-xenotime complex
Xenotime

Inclusions Fluids

Figure 75 Model of zircon outgrowth formation



As the model in Figure 75 is a generalised viewhofv zircon outgrowths are formed, the
microstructure of outgrowths will vary greatly beten individual zircons and from rock to rock as
it will be strongly dependent on local conditiorihe most important of these factors is the
availability of Zr and this is related to the metetrstate of individual zircons and temperature,
which is controlled by metamorphic grade. Othertdex that will dictate zircon outgrowth
morphology are the local mineralogy surrounding tticon, fluid composition and fluid

availablility. These concepts will be exploredhe next chapter.

The significant variation in the microstructure aftgrowths indicates that individual outgrowths
form from a number of different stages of growtler Example an outgrowth may form from a
single growth event that is possibly from Zr tramded from the interior to the exterior of a zircon

Xenotime availability also has a significant ratetihe development of the outgrowth: when growth
favours both zircon and xenotime, it results ircair-xenotime complexes, or when xenotime
forms between episodes of zircon growth, xenotimystals may form. Where xenotimes form

large outgrowths on zircon, at least three phatgsowth have been identified (Chapter 3).

5.6 Summary

Zircon outgrowth development occurs in multiplegsts because the mobilisation of Zr is episodic.
As a result, zircon growth is intimately linkedttee metamict state of zircon and how readily Zr is
liberated from it. When zircon growth is favourablapid crystallisation results in a nano-
crystalline tile. In circumstances where both @ircand xenotime growth is favourable,
synchronous growth results in complexes of zircod aenotime. Between periods of zircon
growth, xenotime can form individual, well-definedystals that then become partly surrounded
when zircon growth recommences. Fracturing of themgotimes is evidence of intense, very
localised strain that is created during outgrovattmfation. These fractures are subsequently sealed
by late zircon growth. Such zircon growth may adram fluids that have become supersaturated
with respect to Zr that is most likely to occurtlire retrograde part of the metamorphic cycle. The
result is that development of outgrowths on zireerextremely complex, generating a unique

microstructure on each host zircon.



Zircon behaviour in shallow crustal environments

Crystalline zircon is stable in virtually all lowrmperature environments and therefore the zircons
response to low temperature conditions can be broexplained by the effects that radiation
damage has on crystal structure. However somheololv temperature responses of zircon relate
to particular lithologies (e.g. zircon outgrowtimsslates) and, coupled to the wide range of zircon
microstructures, indicate that processes other thiamply metamictization influence zircon
behaviour. This chapter examines the environmdatabrs and considers how other processes, in
addition to metamictization, may affect zircon babar in low temperature environments. To do
this, the chemical and textural characteristicziofon from mudstones and sandstones will be
compared with their metamorphic equivalents. Tdhiapter will also examine how sedimentary
processing, fluid flow and fluid composition mayeat zircon behaviour. The various factors that
influence zircon behaviour will be interpreted inmadel through a low temperature rock cycle.
This chapter concludes by speculating as to the d¢atlow temperature zircon in higher grade

rocks.

6.1 Metamorphic grade

6.1.1 Textural comparison

Many of the textures and microstructures found @esent in zircon from both sediments and
greenschist facies metasediments (compatde 1 & Table 8). Although the sets of lithologies

examined are broadly equivalent, the sedimentarje slacked a non-carbonate cemented



mudstone.

Dark BSE zircon is abundant in both suites of roekt Group 1 dark BSE zircon the dominant
form. However Group 2 dark BSE zircon is more camnn sedimentary rocks with about four
times as many zircons containing Group 2 dark Bi&Ebz in comparison to zircon in greenschist
facies rocks. Group 2 dark BSE zircon in greersddaicies rocks is rare (Fi§m). Porous zones
in zircon and more unusual textures (e.g. mosa@oaj Fig.9c and Fig.62) are present in rocks

from both grades.

Zircon outgrowths are found in much greater abundaboth in size and number, in greenschist
facies slates compared to rock samples that halyeeaperienced diagenesis. This suggests Zr
mobility is enhanced by temperature and that diggoi rates of metamict zircon increases
appreciably above 100°C (the maximum temperaturehef diagenetic rocks studied). The
discovery of zircon outgrowths in sedimentary ro@Reapter 4) has not been previously reported
in the literature. The zircon outgrowths in Daleadgreenschist facies metasediments observed in
this study bear a very close resemblance to thasgrawths described by Rasmussen (2005) in
metasediments spanning a range of temperaturesS@BC) and localities (Australia, South
Africa, UK). Yet Rasmussen found no evidence thay rxplain the source of Zr for these zircon
outgrowths. Examination of the images publishedRasmussen (2005) however show features
very similar to dark BSE zircon observed in the rBdlan metasediments (e.g. Fig. 3e&h in
Rasmussen, 2005). It therefore seems likely thdiad been mobilised from these altered areas
and precipitated on the margins of unmodified zitcoUtsunomiya et al., (2007) have also
identified natural, secondary low temperature atten textures in zircon from a porphyritic
granite in the Jack Hills, Australia (which thepalrefer to as dark BSE zircon). They observe
similar textural characteristics to those in Gr@ugark BSE zircon. The chemical characterisation
of the altered areas in the Jack Hills zircon révemarkably similar chemistries and substitution
trends to those in greenschist facies dark BSEomiftom the Dalradian. Utsunomiya and co.
workers also found that dark BSE zircon is enrichrec€e which we did not analyse for in our

study. Energy electron loss analysis of Ce reviails tetravalent indicating dark BSE zircon



formed an oxidising environment.

Light and dark BSE zircon have rounded grain edgdsghest grade quartzites.450°C). This
suggests that at these grades, zircon may experigligsolution that is independent of

metamictization as this is significantly above #mmealing zone.

In greenschist facies rocks, the majority of lowperature zircon is thought likely to have formed
during prograde metamorphism when permeability@tl$ is enhanced. In contrast to this, dark
BSE zircon in sedimentary rocks may potentiallyrfaat any stage of the burial and uplift cycle

provided temperature does not exceed the anndalimgerature for zircon.

6.1.2 Chemical comparison

All the low temperature zircon textures from botie@nschist facies and sedimentary rocks have
broadly similar chemical characteristics as all depleted in Zr and Si, with respect to their
unmodified composition, and enriched in non-formelaments (Table 12). While there is some
variation in the element concentration and chensabktitution trends within each texture, mostly
between individual grains, the composition of e&exture follows reasonably defined chemical
trends. It is apparent from these trends howevat the chemistry and the substitution

mechanisms between textures are not all the saime/@).

Zr substitution trends with Al, Ca and Y in sedirtaay dark BSE zircon and zircon outgrowths are
similar although sedimentary dark BSE zircon isidgfty more enriched in all. Zircons from the

different environments have slightly different Za-@nd Zr-Al trends (Fig. 76) but both have a
Ca:Al ratio of 3:1 (Fig. 76). Fe is found in siarlconcentrations in sedimentary dark BSE zircon
and zircon outgrowths but there is significant agrén the data on Zr-Fe plots and therefore no
consistent substitution trend can be identifiedisT¢épread in the data is possibly due to the

inclusion-rich nature of both zircon outgrowths aedimentary Group 1 dark BSE zircon.



Greenschist dark| Sedimentary Zircon

BSE zircon |dark BSE zircon| outarowtts
Zr:Ca 1:1 5:2 ol
S1:Ca 2:1 3:1 12]
Zr:Y 1:1 20:3 20:3
Si-Y 1:1 10:1 10:1
Zr:Al 1:1 20:3 10:1
S1:Al 2:1 10:1 20:3
Zr:Fe 2:1 4:1 1:1-10:1
Ca:Al 1:1 3:1 3:1
Ca:Mg 10:1 5:1 n/a
Si:NFE 1:3 3:2 151
Zr:NFE 1:3 1:1 i |
Total wt% 89.8(+4.3) 96.0(£2.5) 97.4(£2.5)
Total c.p.fu. 1.93(+0.02) 1.82(£0.05) 1.89(+0.02)

Table 12 Comparison of element trends in low tempature zircon.

Metamorphic zircon outgrowths differ from sedimemtdark BSE zircon where the summed total
of the non-formula elements is plotted against 2t &i (Fig. 76). Sedimentary dark BSE zircon
exhibits a 1:1 Zr:Sum of non-formula elements wihsildstitutions in zircon outgrowths follow a

3:2 trend. Further variations between zircon amghs and sedimentary dark BSE zircon are
observed in zircon outgrowths following a 2:3 Sh&af non-formula elements substitution trend,
contrasting with a 3:2 of Si:Sum of non-formulanatmts in sedimentary dark BSE zircon. Si loss
in zircon outgrowths is considerably less thangdisientary dark BSE zircon and the result is very
different Si-non-formula element substitution tren@able 12) and zircon outgrowths having a

lower Zr/Si ratio

Greenschist facies dark BSE zircon is the mostfoamula element enriched low temperature

zircon. Greenschist facies dark BSE zircon is paldrly enriched in Y and Al with respect to



sedimentary dark BSE zircon (Fig. 76). Howevera#d Si in greenschist facies dark BSE zircon
follow the same 1:1 substitution relationship adirsentary dark BSE zircon and the latter also
experiences more Zr and Si loss than greensclusisfaark BSE zircon. This is unexpected as the
most non-formula element-rich phase would alsoredipted to be the most depleted in Zr and Si
(Fig. 76). Thus there is an imbalance between theuat of Zr and Si lost and the amount of non-
formula elements gained in dark BSE zircon. The amof non-formula elements in greenschist
facies dark BSE zircon (3 units) that is greateradmount of Zr and Si lost (2 units). This means
that some of the non-formula elements are probablynterstitial sites within the lattice of
greenschist facies dark BSE zircon. Sedimentary BSE zircon and zircon outgrowths however
have a considerable loss of Zr and Si (5 units)gamed to only 2 units of non-formula elements
(76). This suggests that sedimentary dark BSEaiemd zircon outgrowths are considerably more
hydrated than greenschist dark BSE zircon. Howthetotal weight percent of greenschist facies
dark BSE zircon is considerably lower than sedimsntark BSE zircon (89#.3 and 95.82.4
respectively). A minor deficit in greenschist facidark BSE zircon weight percent totals is
potentially explained by the omission of P duringMA analysis. The uptake of Y in zircon is
often coupled to the substitution of P for Si inhe lattice (Eq. (4), Chapter 1 and Hoskin and
Schaltegger, 2003). As greenschist facies dark B&&n is significantly enriched in Y compared
to sedimentary dark BSE zircon, the amount of P im@yexpected to be higher in Y enriched
zircon. If the uptake for P is coupled to Y and:& &nrichment trend is assumed, the most the
amount of P associated with the most Y rich pofhi (c.p.f.u. which correlates m4wt%) is
c.1.4wt%. Therefore this deficit is does still notaant for the loss in weight percent. What the
loss in the total weight percent in greenschisteladark BSE zircon is likely to represent is the
relative amount of hydrous species present withie structure. However this is a surprising
conclusion because the relatively low concentratibnon-formula elements in sedimentary dark
BSE zircon in relation to the large amount of Zd & loss would be expected to be the result of
more hydrous species but this is not the case. rElaive microporosity could possibly be
responsible for some loss in the weight perceral tedwever the microstructures of greenschist
facies dark BSE zircon and sedimentary dark BSEomirappear similar. As such, although

microporosity may result in reduced weight perdetdls, it is not thought that there is a consisten



variation between the greenschist facies and sedane dark BSE zircon microstructures that
could account for such a low drop in weight perdetdls between the two. Another possibility is
that the different weight percent totals are duewtwere hydrous species are located in the
structures. OHyroups are bound into the lattice would affectridative substitution relationships

of other elements while hydrous species held algraan boundaries in the dark BSE zircon
microstructure will have no affect on the subsiitatrelationships but act to lower the total weight

percent.

The substitution trends between greenschist fagidssedimentary dark BSE zircon are distinctly
different. As it most likely that greenschist faxidark BSE zircon has previously experienced
diagenesis and similar processes to that of sedamedark BSE zircon, then it is reasonable to
expect some substitution trends that reflect thisspite variation in the substitution trends within
individual textures, at no point do these trendscimahose of the sedimentary dark BSE zircon.
There would appear to be two possible answersisoptioblem. The first is that all the chemical
alteration in sedimentary zircon is overprinted sibsequent chemical changes as a result of
greenschist facies metamorphism. The second eaqi@nmay be that chemistry of the altered
zircon is most strongly controlled by the bulk casipion of the host rock. It would be expected
that there would be considerable scatter in thergrehist facies dark BSE zircon substitution
trends if metamorphism overprinted a previous sediary dark BSE zircon history. Instead,
well-defined substitution trends are observed. &fwee, it appears more likely that bulk rock
composition affects the composition of the fluilereby affecting the availability of non-formula
elements. This may also be the case with suclkeregly different compositions between zircon
outgrowths and greenschist facies dark BSE zireamich have been analysed from slate in

comparison to more phyllosilicate-poor lithologrespectively.

It is likely that the most important factor in caoiting the uptake of non-formula elements into the
zircon structure is the metamict state (Geislerakt 2003b). However, variations in the
concentration of cations in the fluid are also lyki impact on the concentration of non-formula

elements in dark BSE zircon and zircon outgrowiitss is probably most applicable to VY, as it



likely to be the least readily available elementh&f cations that substitute into the zircon stmest
the rest being widely available “major” elementsa(®lg, Al, Fe). The strong correlation of Y and
Al enrichment in greenschist facies dark BSE zirfrom psammites and quartzites is not observed
in zircon outgrowths from slates and probably doethhe majority of available Y being
incorporated into xenotime which form as outgrowth§in psammites and quartzites is therefore
taken into the structure of dark BSE zircon pogsiitcause there is less P available to form
xenotime. It is not clear why dark BSE zircon fraliagenetic rock does not follow a similar
pattern to their greenschist facies equivalentstbroty be that xenotime is more readily mobilised

at higher temperatures than the diagenetic rocks bgperienced.

It is not apparent why dark BSE zircon has a higlsi&ignature. Based on the known substitution
mechanism for non-formula elements in zircon, stiigins in the zircon structure should result in
low Zr/Si ratios as Zr is preferentially substiit®r by non-formula elements upto 4:1 from Si in
some mechanisms. U appears to remain concentrittdd @roup 1 dark BSE zircon (e.g. F&R)
and therefore, over time, dark BSE zircon will he airea most likely to become metamict again.
If the uptake of Mg, Al and Fe occurs at interatisites within the lattice, this is likely to strahe
lattice and may facilitate the enrichment of othmimeral phases, like xenotime, which is

isostructural with zircon.

The chemistry of dark BSE zircon and zircon outgtmais varied and the substitution mechanisms
by which non-formula elements enter the latticecmaplicated. A larger data set documenting the
chemistry of low temperature zircon in a wider ramg lithologies and “grades” is required. This
may allow a better understanding of how zircon dsemvaries with the local environment whilst
addressing how the substitution mechanisms involaethese processes operate. This has been

labelled for future work.



Chapter 6

Zircon behaviour in shallow crustal environments
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6.2 Depositional environment

During sedimentary transport zircon is mechanicaltyn down and sorted into sediments based
on their durability, size and density. Crystalliecon is extremely durable and has a remarkable
ability to survive considerable amounts of sedirmgnteworking. Consequently mature sediments
(e.g. quartz arenite) will contain large, well-roleal detrital zircon while fragments broken off as
the grain is rounded, are sorted into the finergrdisediment (e.g. mud). However metamictization
is a common cause of mechanical failure in zircod 0 may play a key role in the break up of
zircon during sedimentary transport (Fig. 77). $eurocks containing metamict zircon or the
generation of metamict zircon whilst in a sedimemy have the metamict and crystalline
fragments reworked into finer-grained sediment$ie Thechanical strength of metamict zircon is
lower than crystalline zircon and therefore metanfiagments may break down further. As a
consequence of metamictization, fine-grained sedin® a sink for U- and Th-rich, strongly
radiation damaged zircon. Mature sediments wilbtavmore pristine zircon with little radiation
damage (i.e. U- and Th-poor) or young zircon, whaselfficient damage has accumulated in the
time elapsed. Muddy sandstones and immature satBnmeay contain a wide variety of zircon
types and potentially lithic arenites can contaghly metamict zircon in clasts that have remained
intact due to protection from sedimentary processiiMetamictization therefore creates a severe

bias in the detrital zircon population in sediments

hetamict zircan

Figure 77 Schematic illustration of zircon grain breakup due to metamictization



As previous stated (Chapters 3 & 4), the necedsitynucleation points on existing crystalline
zircon appears to be key to the precipitation ofan in low temperatures. Without crystalline
zircon around the site of dissolution, there iss$tate for zircon to nucleate on and Zr may remain
in solution. Zircon grains that are entirely meizstrat both the mesoscopic and macroscopic scale
will go into solution without precipitating dark BSzircon as there are no nucleation sites onto
which new zircon can grow (i.e. crystalline zircofhis implies that where no crystalline zircon is
present around the area of dissolution, metamicbai may be stripped from the rock. Without
crystallisation of zircon the fluid phase will batgrated in Zr. Once Zr is mobile in the fluid, the
fluid composition is likely to change due to intetians with other mineral phases. Changes in the
fluid composition may lead to Zr becoming supenssied. Supersaturated fluids will precipitate
zircon on the next suitable nucleation site (irgstalline zircon) as an outgrowth. However, the
presence of only a small crystalline area (e.g t&th of crystalline zircon from the original gnai

in a metamict zircon grain may be sufficient to smawirtually the whole grain to form dark BSE
zircon. Once dark BSE zircon begins to crystallis@lso provides a platform on which more
zircon can precipitate. Metamict zircon will mgshe absent from mature sediments for reasons
discussed above. Entirely metamict zircon graires meferentially concentrated in fine grained
sediments and the removal of these grains may cayssrsaturation in the Zr and is likely to be
responsible for crystallisation of outgrowths. Tésue of Zr supersaturation in the fluid phasé wil

be explored further in the next section.

The great majority of zircon that displays in-sitidial fractures will be found in coarse grained
lithologies. Grains with such features are likadybe relatively young with respect to the timing of
deposition but where the accumulation of radiatiamage has been rapid (i.e. U and Th rich).
This is a further example of how sedimentary prsicgsmay affect the zircon texture that forms in

the rock.

Metamictization in zircon, together with sedimengital processes, create severe biases in the
detrital zircon population at the Earth surfaceowdver, the biases created at the Earth surface

may control the formation of zircon outgrowths inef grained rocks. Therefore sedimentological



processes have a major impact on the behaviouroafrzduring metamorphism.

6.3 Fluids

6.3.1 Fluid permeability

Permeability in sandstones and mudstones will kzively low at the burial depths (2-3km) that
metamict zircon may begin to experience dissolutioDuring diagenesis and metamorphism
transient periods of increased permeability maystediue to dehydration reactions in unstable
clastic and authigenic clays that alter with insieg temperature. Examples of these dehydration
reactions are the formation of illite, silica andter from smectite (usually above depths of 3km
and below 100°C) and koalinite combined with K-ggddr. Significant quantities of chlorite are
also usually produced during the formation ofellitom smectite (Velde, 1992). These reactions
are accompanied by a very strong reduction in fyrtisat are associated with extensive quartz
cementation in rocks (Bjgrlykke, 1997). During nmtaphism, deformation may locally enhance
permeability in metasediments, allowing fluids teract with zircon grains causing dissolution
and rounding of zircon grain edges in the higheatlg rocks (c.450°C). In general, sandstones and
mudstones and their metamorphic equivalents arectaised by relatively low permeability but

with intermittent periods of higher permeabilitysasiated with fluid flux.

6.3.2 Fluid composition

Fluid composition continuously evolves throughoutidl, diagenesis and metamorphism because
of mineral reactions and associated devolatiliratithe nature of the sedimentary succession has
an important control over fluid composition, pauterly the presence of evaporite deposits within
the sedimentary sequence which can affect fluithisal(Yardley, 1997). However there is no

evidence of significant evaporite deposits in ahthe sequences studied.

It has been proposed that,@r but particularly Fions in the fluid phase may be important in the
enhanced dissolution of zircon (Rasmussen, 2008beferences therein) because of the increased

fluorine concentrations found associated with Zrbitity and new growth in hydrothermal



environments. Fluorine has been shown to apprigciatrease the solubility of crystalline zircon
in experiments conducted in melts at temperatuB89°C (Keppler, 1993; Baker et al., 2002). F
may also readily substitute into the crystal stiteiof clays and micas (Robert et al., 1993; Boukil
et al., 2001; Boukili et al., 2002; Rasmussen, B)0&nd therefore may be released from
devolatilization reactions in clays and micas dgrdiagenesis and prograde metamorphism. In
muds and slates, where clays and micas are abuyniiantould potentially form a fluid capable of
enhancing dissolution rates of metamict zircon. €Hects of this are two fold, as both F and

temperature would therefore increase the rate tdmet zircon dissolution.

Experiments on the hydrothermal synthesis of zirbmm fluorinated gels found zircon that
crystallised from acidic solutions was heavily ehdd in F and depleted in Si whereas zircon from
alkali solutions had a normal composition (Valetak, 1998). Although in our study F was not
analysed during EPMA, the analysis of multiple d&&E zircon and zircon outgrowths EDX
spectra show no enhanced F-enrichment, possiblyyingpthat dark BSE zircon and zircon
outgrowths did not crystallise from an acidic fluleixperiments by Valero et al. (1999) indicated
that the morphology of synthetic zircon was strgridgpendent on"Feoncentration. The presence
of F in rocks may therefore have an influence @nrthicrostructure of dark BSE zircon and zircon
outgrowths, not just the rate of dissolution. Hueme on the premise that F is important, the fluid
that metamict zircon is exposed to in sandstonssmmites and quartzites will be less corrosive
than in mudstone and slate as they lack clays acalsm Therefore it may be expected that clay- or
mica- rich bands in sandstones, psammites andzipeartreate locally elevated F concentrations
in the fluid. On examination of zircon grains ayéred rocks however, there would appear to be
little correlation between enhanced dissolutiorhimitor around clay- or mica-rich bands. In such
instances, maybe F concentration is too diluteffeectzircon solubility or perhaps the metamict
state of zircon exerts too strong an influencehenldehaviour of zircon for any appreciable affect
to be observed. However dark BSE zircon has deemonstrated to form in wide variety of rock
types, an indication that metamict zircon is oueqtilibrium with fluids in most low-temperature
environments. This suggests that metamict zircohlikely go into solution provided the fluid

phase is undersaturated in Zr. F, Cl and Br, ammagy other elements in the fluid phase, may



affect dissolution rates of metamict zircon. Howeiteis more likely that these elements are
important in changing the level of Zr saturatiorthie fluid rather than directly affecting the zinco

solubility. Increasing Zr saturation levels in tHaid phase will trigger more dissolution of

metamict zircon until saturation is reached agaili. Zr saturation levels drop, perhaps by
consumption of saturation enhancing elements bwrothineral phases, the fluid will become
supersaturated and dark BSE zircon will precipipateriding a suitable nucleation site is available.
The release of fluids from dehydration reactionsl @ime changing mineralogy during burial,
diagenesis and metamorphism may ensure that flandsin a constant flux between states of
undersaturation, saturation and supersaturatiom rggpect to Zr. The equilibration of metamict
zircon to dark BSE zircon consequently proceedsavigeries of dissolution and reprecipitation

microsteps.

Variations in the chemistry of dark BSE zircon beéw individual grains, particularly those that
formed in greenschist rocks, may be a consequehtte @availability of non-formula elements in
the fluid phase. Therefore the concentration of-fesmula elements in the fluid phase could be

significant in the chemistry of dark BSE zircon.

Zircon behaviour in relation to the concentratidnZo in the fluid phase may be affected by the
rock permeability. Where permeability is higher, flom dissolved metamict zircon can become
diluted. Dilution will trigger more dissolution ahetamict zircon. If dilution is rapid (i.e. when
permeability is high), Zr may be more readily tiamged away from the dissolution site resulting a
cavity-rich microstructure like those observed ircans from sandstone, psammite and quartzite
(e.g. Fig.9 and47). However the opportunity to create cavities ircan is limited as both
sandstone permeability quickly diminishes with Bur{Bjarlykke, 1997) and the solubility of
metamict zircon is low at shallow burial depths.c®meduced, permeability creates more local
fluid conditions that are likely to enhance thesdlstion-reprecipitation process and dark BSE
zircon. The formation of Group 2 dark BSE zircom & diffusion-driven, structural recovery,
cation-exchange process is considered to be a tmagkd) process to dissolution and precipitation.

For Group 2 dark BSE zircon to form, the metamiatan must be exposed to fluids saturated in



Zr for periods long enough to allow diffusion of teaspecies into the structure. These conditions
are most likely to occur where fluid flow rates aregligible. Permeability in early carbonate
cemented rocks will be very low and such rocks nalt experience the same volume of fluid flux
as non-cemented sandstones. This creates an anembrmore favourable for the formation of
Group 2 dark BSE zircon and the absence of a catbaement may explain the relative lack of

Group 2 dark BSE zircon in greenschist facies rocks

The controls that fluid composition and permeapilitave on zircon behaviour have been
generalised greatly. This has been necessanhatsbtme simplified view of zircon behaviour
may be obtained. Other factors that have not bedent into consideration are the lateral
heterogeneities that exist within sedimentary segee This may affect fluid flow and hence
affect how Zr is transported. Faulting is the mefé¢ctive way of increasing permeability in more
deeply buried rocks (Bjarlykke, 1997). Muds and stodes usually remain ductile until the onset
of extensive quartz cementing (>80-100°C (3-4knhlpwever, this study has found no evidence

of Zr mobilisation in quartz veining on microfracs.

The great heterogeneity in the mineralogy on a #eiction scale (e.g. non-cemented domains in
sandstone, carbonate cement areas, mica-rich de)hand the affect mineralogy has on fluid
composition make predicting zircon behaviour inunalt systems difficult. This is also further
complicated by the degree of metamictization in #iveon, which is the overriding factor in
controlling zircon behaviour. The potential to dise metamict zircon and mobilise significant
quantities of Zr in rocks is relatively limited due rapid reduction in permeability with burial and
the low dissolution rates of metamict zircon atllsa depths. Potentially, the textures and
microstructure of zircon as a result of metamidiorza may provide unique information on the

permeability of the rock in the shallow crust.

6.4 Modelling zircon behaviour in the crustal envir onment

It is the purpose of this section to synthesisekthe processes that affect zircon behaviour in low



temperature environments. To illustrate this tekdviour of a population of zircon grains in mud
and sand units will be considered throughout ahjstf sediment transport and deposition, burial
and diagenesis at 100°C, further burial and diagjerag 250°C, low temperature metamorphism at
350°C and exhumation and cooling. Zircon behavisuextremely complex resulting in a wide
variety in textures and features due to the hetareity of the individual grains and the variable
nature of the conditions in which they form. Itoshd therefore be emphasised that this model
(Fig. 78) is simplified in order to demonstrate hitne broad range of controls effect and influence
zircon behaviour. To do this, the zircons thatehéeen modelled have derived from a granite
source rock, as this will contain variably zoneccan with some metamict high U zircon. For
simplicity the genesis age for all the source zirtothe same. Variable U concentrations give rise
to the potential that zircon may go metamict at atage below the annealing temperature of the
modelled history and consequently “skip” earlieems. Zircon populations in the below text refer

to zircons illustrated in Fig. 78.

) Stage 1 - Surface processeXey factors —metamictization and sedimentary

processing Sedimentary transport will concentrate large,ndmd detrital zircon in
mature sediments (population B&C). Metamictizatih a common cause of
mechanical failure in zircon and so plays a keye riml breaking up zircon during
sedimentary transport (Fig.77). This results inlsprgstalline (zircon d) and metamict
fragments (zircons E-G) being sorted into the fin@ined sediment. Therefore as a
consequence of metamictization in zircon at sodnge;grained sediments (mudstone)
are sinks for U- and Th-rich, strongly radiatiom@med zircon and mature sediments
(sandstone) favour zircon with little radiation dage (i.e. U- and Th-poor, zircon C)
or young zircon where insufficient damage has aedatad in the time elapsed to
cause break up. Heavily radiation damaged zircahighprotected within an inclusion
(e.g. quartz) may survive to be incorporated irtarse-grained sediment (zircon A). If
sediment remains passive for prolonged periodmé tbefore metamorphism, in-situ

fractures may be generated as a result of metaaatiictn (zircon B).



Stage 1 - Deposition

Stage 2 — Diagenesis to 100°C

:Stage 3 — Diagenesis to 250°C
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Stage 2 — Diagenesis to 100°®&ey factors -metamictization, fluids, temperature,

protection. Metamict zircon becomes more soluble with inseeh temperature
triggering dissolution (zircon B, E-G). Permealilipidly reduces with burial and so
there is potential to locally saturate the fluidaph with Zr enhancing possible local
precipitation of dark BSE zircon (zircon E). Howeewsandstone units are still more
permeable than mudstone and therefore have giatmmtial for Zr to be lost from the
system (zircon B). Mobilisation of Zr causes snmltgrowths to crystallise (zircon
D). Metamict zircon may remain protected as atusion in a grain or by crystalline

zircon (zircon A).

Stage 3 — Diagenesis to 250°®ey factors -metamictization, fluids, temperature.

Solubility of metamict zircon rises with temperawausing dark BSE zircon reactions
to reach completion (zircon B, E&G). Permeabilityall rocks is low and fluid flow is
characterised by transient periods of increased flue to dehydration reactions
allowing Zr to be mobilised (zircon F). Zircon netes and crystallises as outgrowths
on crystalline zircon from solutions locally supsrgated with respect to Zr (zircon
D&G). Recrystallisation of quartz liberates metammrcon from the grain that

protected it as an inclusion (zircon A).

Stage 4 — Metamorphism to 350°C: Key factors —fluids, temperature,

deformation. Metamictization is no longer an overriding facabove the annealing
temperatureq250°C) however, heavily radiation damaged zircoy mat anneal until
slightly higher temperatures.800°C) allowing dark BSE zircon to still form (zoc
A). Dehydration reactions continue to produce #uillixes. These fluids may still be
important but less so than at low temperaturesilid&lare likely to be undersaturated
in Zr and corrode zircon in quartzites producingnded grains through dissolution of
angular margins (zircon A&B). Slates are relavehpermeable and the amount of
fluid produced can only equal the amount that essapherefore zircon in slates has

much more closed system behaviour allowing fragilerostructures to be preserved



(zircon D, E&G).

V) Stage 5 — Exhumation and cooling: Metamictization begins to accumulate again

below 250°C but the lack of fluid producing rean8cand sufficiently metamict zircon

mean zircon is effectively stable.

In natural examples, there is a huge variatiorh&téextures, microstructures and features formed
compared with those in this model. This is duetlte many variables that influence zircon
behaviour. Zircon provenance is a key part in gativey this heterogeneity. The sediment source
for basins will probably come from a whole rangeratk types. This may include reworking of
sedimentary sequences, erosion of basement rockahapan a range of metamorphic grades and
erosion of igneous complexes. Sediments that edrivm such rocks will likely contain zircon
that represent a wide range of forms, zoning tymesnpositions and ages. If however, the
sediment source is from the erosion of lower gragtasediment basement rock, then the zircon in
these rocks will have a similar record of the l@mperature processes described here. Dark BSE
zircon and zircon outgrowths will be likely to beoken down due their porous and inclusion rich
microstructures. Furthermore, the ability to metaictinide elements during low temperature
alteration, make dark BSE zircon likely to becometamict again. Porous particles of metamict
dark BSE zircon will be sorted into fine-grainedliseent. These may act as source of Zr for
zircon outgrowths but if dissolution and repre@pin of metamict dark BSE zircon occurs, the
result could be an extremely complex microstructurthic fragments in sandstone may harbour
highly metamict zircon that would otherwise brea&wd through sedimentary processing.

Conglomerates may contain a huge variety of differ&rcons with a wide range of characteristics.

Just as metamict zircon can be protected from dlbg encasing crystalline zircon, metamict
zircon as inclusions within grains (e.g. qtz) méoaemain protected. As grains containing zircon
recrystallise during burial and deformation, meterzircon may be released, exposing it to fluids.
If the metamict grain is not released from the @cbihg grain during metamorphism, the metamict

zircon may remain unaltered throughout the entiegamorphic history of the rock. The resultis a



zircon population that spans from crystalline t@isgly metamict states and often this variability

can be replicated at grain scale.

The continual process of zircons being exposelddditid phase throughout the history of the rock
(either by reaching metamictization at th& percolation point, exposed through metamict
generated fractures or becoming liberated fromngrdi was an inclusion in) causes significant
heterogeneity in the timing of formation of dark B3ircon and Zr mobility. However, the flip
side of this is the continual liberation of Zr frametamict zircon may allow fluid flow behaviour
in rocks to be uniquely monitored. This may potahtigive a better understanding of fluid flow in

low temperature rocks, an area of research in Earénce that is rather a “grey area”.

Changes in the fluid composition may also signiftbaaffect whether metamict zircon will go into

solution (fluids undersaturated in Zr) or whetheo@ 2 dark BSE zircon forms (Zr saturated
solution). Changes in the fluids composition witbspect to elements like F may cause
supersaturation resulting in precipitation of zirc@Vithout the presence of a suitable host (i.e.

crystalline zircon) it is unlikely that zircon witrystallise and therefore Zr may be mobilised.

The many factors described have a wide rangingienite as to how zircon behaves once in the

rock.

6.5 Low temperature pseudomorph

The traditional view of zircon is that crystalligat occurs in high temperature regimes (e.g.
magmas and high-grade metamorphism) and that ziscpassive throughout its low temperature
history (Hanchar and Hoskin, 2003). Although thare variations in trace elements and Hf, the
bulk of zircon is composed of ZsOSiO, (€.98%) and therefore has a fairly limited composition
However this limited composition is far from sugng if most of the zircon studied is zircon that
has formed in relatively similar high temperaturevieonments. The widespread alteration of
metamict zircon at low temperatures, that is asdedi with the uptake of non-formula elements

(Speer, 1982; Geisler et al., 2007; Utsunomiyal.e807; this study), suggests that non-formula



element rich zircon is the preferred compositiod state for zircon forming under low temperature
conditions. Thus altered, non-formula element-zafcon is a low temperature pseudomorph of
“normal” zircon and may be far more common tharidsity appreciated. The volume of zircon
that it represents in low temperature rocks is idmnable. The result of this is we may have a
wrongly perceived view that all zircon has the stuge of that formed in magmas or in high-grade
metamorphic conditions where the majority of zirgpowth is typically thought to occur. Very
few studies examine zircon within the context af thck in which it is contained. Crushing and
mineral separation processes destroy low temperaitcon features and therefore create a severe
bias in the zircon population. This emphasisesnibed for a new approach to be taken when

studying the behaviour of zircon.

6.6 Dark BSE zircon and zircon outgrowths in higher

grade rocks

Zircon alteration and Zr mobility seems ubiquitondow-grade metasediments where metamict
zircon has developed. The widespread nature oamiet zircon in low-grade metasediments
means that zircons in equivalent rocks of higheadgrshould have experienced a similar low
temperature history. However SEM analysis of zirdmm several Scottish Dalradian lower
amphibolite facies schists found low temperatureazi forms were absent (T.J.Dempster, personal
communication). This prompts the obvious but crugjaestion, what has happened to these

features?

Radiation damage in zircon will cease to accumuddteve 250°C (Meldrum et al., 1999) and so
metamictization cannot be a key control on zircehdviour in amphibolite facies rocks. Zircon
outgrowths are extremely fragile as they are exceally rare on detrital zircon in mineral
separates (Dempster et al., 2004). Consequendfigrdation in moderate grade regionally
metamorphosed rocks is likely to mechanically buopakzircon outgrowths, dispersing
nanocrystalline zircon particles into the matriie high surface energy of these particles and thei

nanocrystalline structure make them susceptibkeitteer dissolution or recrystallisation to reduce



surface energy. Due to a similar microstructurd eomposition, it is predicted that dark BSE
zircon will be similarly consumed or recrystallisethe discontinuous nature of the dark BSE
zircon microstructure provides opportunities fauidl infiltration. The nanocrystalline structure is
likely to be unstable at these higher temperatdies to the high surface energy. However, the
issue as to whether dark BSE zircon is dissolvedrearystallised remains and these two

possibilities will now be considered.

We will examine the evidence for dissolution of I&SE zircon. Occasional dissolution features
are observed by Dempster et al. (in prep.) in sif¥lDum) light BSE zircon grains from the
matrix of lower amphibolite facies rocks. If ligBSE zircon can be removed from the rock, then it
is likely that dark BSE zircon will undergo simildnut probably more extensive dissolution.
However, it would be expected that dark BSE zirashich forms in particular growth layers or
domains, is preferentially removed while light B&Econ, that commonly encases dark BSE
zircon, remains. Yet, the majority of zircon is albisfrom the matrix of lower amphibolite schists.
Perhaps during dark BSE zircon dissolution, theasimg light BSE zircon is broken down to
smaller fragments. Light BSE zircon cores may liemsmodified but the smaller surrounding
light BSE fragments will be more susceptible tosdlstion as they become dispersed into the
matrix. The absence of zircon in the matrix implisit significant amounts of Zr may be
mobilised during upper greenschist to lower amplitdbdacies metamorphism and the recent
discovery of “micro-zircon” grains preferentiallpmcentrated in garnet and biotite porphyroblasts
(Dempster et al., in prep.) provides good evidaheat supports this hypothesis. Furthermore, the
discovery of micro-zircon may indicate that newcain readily crystallises at these metamorphic

grades without the requirement of nucleation omxsting zircon host.

Despite convincing evidence that zircon experiengissolution and recrystallisation in lower
amphibolite facies conditions, some zircon mustiser intact otherwise large (>50um) zircon
would not be observed in higher-grade rocks. Caqursetly we must consider what zircon may

appear like if it is able to survive beyond lowerghibolite facies metamorphism.



Zircon recrystallising in higher temperature regimis likely to have a “typical” zircon
composition in comparison to low-temperature formBy equilibrating to higher temperature
conditions, the dark BSE zircon effectively repatself through recrystallisation, expelling non-
formula elements. The liberation of non-formulanedsts during recrystallisation may imply some
coupled reaction with other phases such as gamieiotte. Zonation patterns formed in zircon
grains with recrystallised dark BSE zircon may &eturally indistinguishable from many zircons
that preserve other high-grade features (e.g. rgde metamorphic overgrowths) when examined
using conventional imaging techniques (BSE, CL,.SEherefore it is possible that some of the
features interpreted as forming at high temperatmay well be characteristics that were

established at low temperatures.

The amount of zircon grains in which dark BSE zirdwave potentially recrystallised implies
around 20% of the zircon population in quartzitessed on the average percentage of zircon with
dark BSE zircon in greenschist facies quarzitebldd) and around 40% of the zircon population
in pelites (based on the average percentage ofrzmath dark BSE zircon in slates, Table 1)
would have experienced some low temperature ewveatrbck that experienced a similar thermal
history to that of the Dalradian rocks studied.eidfore recrystallisation of low temperature zircon
may not have been previously considered when irgéng features in zircon from higher-grade
rocks. The thickness of many dark BSE zircon zas@gll below the minimum resolution of most
guantitative analytical systeme.X0-20um) and therefore recrystallised zones of &8k zircon

in zircon from higher-grade rocks should be a abersition when analysing these grains. For
example, this may lead to discordance in U-Pb datistems, or cause disruptiond80 values

that may result in misinterpretation.

The fate of low temperature features in zirconighér metamorphic grades is uncertain. Although
it is outwith the scope of this thesis to study biehaviour of zircon in higher-grade metamorphic
rocks, the surprising absence of low temperatuatufes in zircon demands further assessment if

reliable information is to be obtained from anadysi zircon that has experienced such conditions.



Conclusions, implications and further work

7.1 Conclusions

The findings from this thesis contradict the trifial view that zircon remains stable and largely
refractory in the Earths shallow crust (Hanchar Eidkin, 2003). In contrast, this study identified
that secondary low temperature features are abtindaamircon from both sedimentary and
metasedimentary rocks. Such features indicatezttedn is out of equilibrium in low temperature
environments. This is primarily due to the accuatioh of radiation damage in the zircon crystal
below the annealing zone (<250°C). A summary afuies observed follows and the implications

they have for many aspects of earth and matern@hse.

7.1.1 Dark BSE zircon

Radiation damaged zircon readily responds to fluats <100°C through a dissolution-

reprecipitation process to form Group 1 dark BSEEari. However it may also experience
“background” diffusion-driven cation exchange premes that result in structurally recovered
Group 2 dark BSE zircon. The chemistry of Grougndl Group 2 dark BSE zircon is very similar.
The composition of dark BSE zircon is different whabserved in rocks of different grades. The
cause of this may be due to overall changes id fftomposition as a result of the bulk composition

of the rocks in which dark BSE zircon formed rattiem any particular factor that relates to grade.



Chemical zonation patterns as a function of thearld Th content have a strong control over the

resulting grain macrostructure.

The continual accumulation of radiation damage Wwetbe annealing temperature can lead to
zircon grains becoming metamict throughout varietegges of the diagenetic and metamorphic
cycle. How metamict zircon responds to alteratigrfluids at these stages may provide a useful
monitor of fluid behaviour in the shallow crusthig information would be of considerable interest
to hydrogeologists, petroleum geologists and reseengineers who are keen to understand and

predict fluid flow, particularly in sedimentary ik

The findings of this study may be a concern forshée storage of nuclear waste over geological
timescales in zircon ceramics proposed by Ewingl,e1988; 1995). The findings in this thesis
agree other work (Geisler et al., 2003d; Trachegtlal., 2003) that shows zircon readily undergoes
recrystallisation, alteration, dissolution and tlat may be mobilised in response to radiation
damage at low temperatures. The concern is thatian damage affected areas may significantly
degrade the ceramic in which the nuclear wasteied by both volume expansion of amorphous
phase and increased susceptibility to alteratioffilbgls. However, dark BSE zircon’s ability to
retain U and Th and include actinide-bearing phasesh as xenotime and thorite, may actually
provide an alternative mechanism to store nucleastev By recrystallising and incorporating
actinide elements in response to radiation damedgek BSE zircon may provide an effective

mechanisms that “soaks up” radioactive isotopestdrage sites.

Metamictization may also be responsible for themfmion of porous zircon that is observed in

close association to dark BSE zircon which warréunther investigation.

7.1.2 Zircon outgrowths

Extensive Zr mobilisation and crystallisation afczin as outgrowths on unmodified zircon in fine-
grained sedimentary and metasedimentary rocksrngalled by the reworking of zircon during
sedimentary processing at the Earth’s surface.inBwuch processes, radiation-damaged zircon is

sorted in fine-grained sediment making mudstonessétstones a sink for metamict zircon.



Ancient zircons (>4Ga) provide glimpses of conditicon early Earth by analysing the relative
proportions of oxygen isotopes in them. As sudtton has been used to postulate that tectonics
were well established within 200Ma from the forratiof the earth (Valley et al., 2005; Watson
and Harrison, 2005). However some Earth scientiskate that such an explanation is necessary,
arguing that this data may simply be due to eadges alteration of magmatic zircon and not a
result of permanent liquid oceans (Hoskin, 2005nkiein et al., 2006). As the presence of zircon
outgrowths can be related to surface processestifideg zircon outgrowths in ancient rocks
(>4Ga) may also provide an indicator for water lom $urface of early Earth and an indication that
the rock cycle of genesis, erosion, sedimentatimhlaurial was established. Zircon outgrowths in
low-temperature rocks may also potentially be a& toaate low temperature metamorphic events

(see 7.1.6.2).

7.1.3 Xenotime

This study has found that xenotime can form sultisaovergrowths on zircon at <100°C. The

source of Y and P is considered to come from tlesadiition of detrital xenotime due to the

absence of such grains in the host rock. Xenotmgrowths are observed to be far more
abundant in fine-grained greenschist facies metamsads where evidence for greater volumes of
Zr mobilisation is also preserved. Zircon has amiate relationship with xenotime when forming

at low temperatures where xenotime is commonly doas inclusions in Group 1 dark BSE zircon

and zircon outgrowths. When growth is synchronairspn-xenotime complexes form.

Isotopic analysis of xenotime, together with zircamay provide valuable insights into fluid

behaviour and chemistry during diagenesis and &mperature metamorphism.

7.1.4 Zircon provenance

Metamictization causes the breakup of the zircomingon the Earth’s surface. Sedimentary
processing then redistributes the resulting fragmereating a severe bias in the zircon population.
Metamict zircon fragments (U- and Th-rich) will bencentrated in fine-grained sediments while

mature sediments will contain young or U- and Téwerppristine zircon.



Zircon is routinely used in provenance studies étp hreconstruct the palaeogeography of past
continents (e.g. Fedo et al., 2003) and has alea beed to describe the palaeogeography of the
Dalradian (Cawood et al., 2003; Cawood et al., 2@ahks et al., 2007; Cawood et al., 2007).
However such analysis is based on the premisezihain is entirely refractory on the Earths
surface. Furthermore, analysis is typically carr@it on mineral separates. Mineral separates
create a severe bias towards sampling pristinersravhilst removing low-temperature zircon
features. Low temperature secondary features teadlaundant in Dalradian metasediments would
therefore be largely ignored. This may have ingilans in sedimentary provenance studies which
will favour the analysis of U-poor zircon or youmdrcon. U-rich zircon or old zircon may
therefore represent large populations of zircort theve not been considered as part of the
provenance history. This illustrates the necedsignalyse zircon in-situ so that its relationgioip

the rock may be assessed.

7.1.5 Techniques

This study has revealed the huge potential in usiireg FIB microscope to prepare extremely

accurate, site specific electron-transparent fadsresult which is highly desirable to earth

scientists. LV-STEM imaging of FIB-prepared foilashalso been shown to be a valuable tool in
revealing the structure and components of sub-miéeatures that cannot be distinguished using

conventional SEM technology, and may be an altermad TEM.

This study has shown that EBSD is a powerful taotlétermining the crystallinity of zircon and
may be used as an alternative to RAMAN spectroscdpgmodified zircon often displays large
variations in 1Q when mapped using EBSD. Thisa@#8 significant variation in the structural state
(i.e. the degree of structural breakdown due téateeh damage) of single grain zircons that were
not metamict enough to alter during low temperatwents. Low 1Q can be mostly linked with
BSE intense zones in unmodified zircon (e.g. Fi). B an experiment studying BSE intensities in
natural zircon, Nasdala et al., (2006) found th&EBntensity is strongly affected by the structural
state of the zircon. In some cases, BSE intensdg shown to increase with the degree of

radiation damage. Although the results preseirieithis thesis are only preliminary, it would



appear to agree with the observations made by Nastlal. (2006). Furthermore, Nasdala et al.,
(2003) used Raman spectroscopy to identify areatredtural damage in zircon, a well established
technique in distinguishing the degree of radiattamage in zircon. However, the successful
application of using EBSD to determine the crystaidition in zircon demonstrates that EBSD is
also a powerful tool in identifying the structundition of zircon. EBSD maps can identify
varying degrees of metamictization in excellentaden radiation damaged zircon crystals which
have not experienced low-temperature alteratiorS[EBhaps are comparable to those produced by
Raman mapping in identifying crystallinity but EBSBay provide significantly better resolution
than Raman (50nm (Humphreys, 2001) compared to (IJasdala et al., 2003)). EBSD should
therefore be considered as a viable alternativiRdaman spectroscopy when determining the

crystallinity of zircon.

EBSD does have limitations. When analysing the ragstalline domains of altered zircon (dark
BSE zircon) and zircon outgrowths obtaining crystiaphic information is difficult. This may be
due to the random orientation of the crystals mmdhalysed area however until the microstructure
is determined, this will remain uncertain. Anotpeoblem is that determining radiation damage in
zircon using EBSD is not yet a quantitative techeiq Therefore absolute comparisons cannot be
made between individual grains due to small difiees in the setup and operating conditions (e.g.

quality of thin section polish, thickness of carlmmat, working distance).

7.1.6 Suitability of dark BSE zircon and zircon outgrowths for

geochronology

There is presently a lack of suitable mineral cbroaters that have a widespread distribution and
an ability to retain information on the age of ltewaperature events in sedimentary rocks. Zircon
is widely used in geochronology because of its giged stability in its crystalline state. The
widespread occurrence of zircon outgrowths in sfatad is the most abundant sediment on the
Earth) and dark BSE zircon (found in virtually akdimentary rocks) make them potentially
valuable tools in constraining the timing of diageis and metamorphism. The suitability of dark

BSE zircon and zircon outgrowths as a chronometerldw temperature events will now be



considered.

7.1.6.1 Dark BSE zircon

Dark BSE zircon would potentially be an attractbeeget for geochronologists as it can form

domains large enough that can be analysed usingentianal in-situ techniques, such as SIMS or
LA-ICPMS. However, problems arise in obtaining meaful U-Pb ages as dark BSE zircon is

likely to contain small remnants of original sturet due to the nature of metamictization. These
crystalline remnants will likely remain chemicaligable during alteration and retain U, Th and
radiogenic Pb. In contrast, the amorphous matnirosinding the crystalline remnants in metamict
areas will readily alter, potentially losing vari@bamounts of Pb and modifying U and Th

concentrations. The ability to retain U and Thlark BSE zircon makes it susceptible to radiation
damage again. Dark BSE zircon is therefore sudiedb subsequent alteration resulting in Pb
loss and possible disruption to U and Th concedotrat This may overprint previous evidence of
low temperature modification. These characteristitcake dark BSE zircon unsuitable as a

geochronometer.

7.1.6.2 Zircon outgrowths

Zircon outgrowths may provide better potential &ge dating because they are formed from Zr
mobilised by fluids and will therefore not contaelics of protolith zircon. However, the greatest
problem is that few isotopic analysis techniques Gapable of the spatial resolution necessary to
analyse zircon outgrowths. At present, only EPM# achieve this resolution but does not have
the sensitivity required for accurate age datiNgvertheless, recent developments in NanoSIMS
technology provide the tantalising possibility acarate isotope analysis at a spatial resolution of
less than 5um (Sano et al., 2005; Stern et al.5)20@espite such developments, age dating of
zircon outgrowths will not be straightforward andlwe complicated by the likelihood of being U
and Th deficient. Furthermore, a sample strategygtnibe determined that excludes samples
containing xenotime. This is due to the stroninéff xenotime has with zircon in low temperature
rocks resulting in complexes of zircon and xenotand sub micron xenotime inclusions within the

outgrowth domains. This would significantly congalie the microstructure of the zircon



outgrowth and make reliable age determinationaliffi

7.2 Further work

In light of the results described before this smttihe following work is proposed that may help to
further assess zircons suitability as a geochrotemneontainer to nuclear waste but also the
mechanisms by which such secondary features fodrten scales and controls of Zr mobility in

low temperature rocks.

* Determining the microstructure of dark BSE zircamd gporous zircon using the FIB

microscope to create wafers for analysis on the TEMEM and HR-TEM.

* The composition of the fluid phase in which low fErature zircon forms.

¢ Chemical analysis of low temperature zircon via Slk determine P, REE, actinide and
other trace element concentrations. Analysis waidd include the investigation of water
to observe whether this structurally bound. Thiaynalso help to reveal information

regarding the composition of the fluid phase inahhow temperature zircon forms.

e Gain a better understanding for the complex suliistit mechanisms in low temperature

zircon.

¢« Raman analysis of dark BSE zircon and comparatBS[Evs Raman study to reveal the

advantages and limitations of both techniques.

» Assessing the alpha-decay doses from actinide tsnite dark BSE zircon.

« Examine the effects that different cements in robkse on zircon alteration and Zr

mobility.

e More focused study to constrain scales of Zr mgbbly investigating zircon behaviour

across lithological boundaries and the effectsmedtion has on Zr mobility.



» Assessing zircon behaviour in a greater varietook types including immature sediments

and low temperature metamorphosed granites.

« NanoSIMS analysis of zircon outgrowths may help st@in ages on timing of

metamorphism in the Dalradian.

7.3 Summary

As stated at the very beginning of this thesis, dlma of this project was to investigate the
behaviour of zircon in low temperature environment¥he findings reveal an abundance of
secondary low temperature features that form iconras a consequence of radiation damage to the
mineral lattice. These include dissolution of mata zircon and reprecipitation both in-situ and as
zircon outgrowths on the margins of unmodified airc These features have considerable
implications for the safe storage of nuclear wastd acquiring reliable U-Pb ages from zircon

populations. In short, zircon is a fully fledge@tamorphic mineral.



Thin section descriptions of metasediments

KLO1 Medium grained (c.50-100pum) quartzite. Quartprisdominantly monocrystalline with
occasional polycrystalline grains and quartz grairesangular in shape and well compacted with
many grains sharing around 5 grain boundaries. ll¢¥iljcates constitute around 10% of the
overall rock and define a weak cleavage in the .r@iktite upto 200pum long (and 50% of the
phyllosilicates present in the rock), muscoviteoufpOOum (45%) are present. Chlorite upto

200um long (5% of phyllosilicates in the rock) ateering to biotite.

KL02 Medium to course grained (c.100-200um) quartzimposed almost entirely of quartz.
Mostly polycrystalline quartz (90%) with very irngigr grain margins with many grains sharing
boundaries with 5 or 6 grains. Very occasionakdta of muscovite (c.100-200um long) and

patches of carbonate (c.500pm across).

KL03 Medium to course grained (c.100-300um) quartzitdh mm-scale banding and a well-
developed cleavage defined by muscovite. Quarteirtsially all polycrystalline (90%) with
angular and irregular grain boundaries, many fogwgjrain boundaries with 5-6 other quartz grains
between cleavage planes. Matrix is composed of §d%tz and 35% muscovite. Muscovite
mainly ¢.200um long but can be upto 500um longry\ecasional chlorites (c.500um long) are

also present as are large biotite grains (c.50@#0®nNg) within cleavage planes.

KL Banded fine to course grained (c.30-300um) gitartwith bands c¢.500um thick of



muscovite (70%) and biotite (30%) upto 500um lohgttdefine a well-developed cleavage.
Quartz is 50-50 mono- poly- crystalline with anguj@ain boundaries and grains are elongated in

the direction of cleavage. Most quartz has undezgecrystallisation.

KL 05-KL 05light-KL O5heavy Medium to course grained (c.100-300um) quartaitis around

5% feldspar. Quartz is polycrystalline (70%) andnecrystalline (30%) and exhibit angular and
highly irregular grain margins. Boundaries uptgr&ins. Also muscovite (40%) and biotite (60%)
present and constitute around 10% of rock but whreenough abundance can define a cleavage.
Muscovite and biotite are generally50um long but some large biotites are also present
(c.300pm). Largeq.:300um) occasional chlorites can also be seenrajtéo biotite. KLOS5heavy

contains heavy mineral layers and also slightlyerimotite than the other samples.

KLO6 Banded fine to course grained (c.<50-300um) gitartmany layers with an abundance of
phyllosilicate minerals. Muscovite (45%), biotit8506) and chlorite (20%) constitue30%.
Bands of phyllosilicates vary from muscovite-chieririch to muscovite and biotite rich.
Phyllosilicates can be upto 300um long. Calcit@rgr are occasionally present in course grained
quartz-rich bands uptw0.5mm in size. Occasional rounded garnets g@0um across are also
present in finer grained muscovite-biotite rich deg; Quartz is angular and irregular and

predominantly polycrystalline.

BAL1 (a to d) Banded (at mm scale) graphite-rich slate withsésn of predominately

recrystallised moncrystalline quartz (grains 302@0across) that follow parallel to the original
bedding of the rock. Matrix composed graphite-nttyllosilicate (10%, <5um long), muscovite
(40%, 5-10um long) and quartz (50%, 5-20um). Muieodefines weakly defined cleavage.
Pyrite grains form within matrix and range from@fum to 5mm in length with larger pyrites

exhibiting a euhedral grain shape.

BAL3 Graphitic phyllite with mm-scale laminations. Binof predominantly muscovite (70%)
form a strongly defined cleavage with quartz (3@P&)t weave between almost pure quartz bands.

Muscovite (30-400um long) with quartz (30-100umoas) is predominantly non-undulatory and



recrystallised. Quartz bands are composed almdslysaf quartz. Occasional irregularly formed
pyrites have developed throughout the thin sectioth upto 3mm long. Occasionally associated

with muscovite grains in some bands are very thohsamall biotites (c.50um).

E1 Course grained (30-100um) finely laminated gréplsilate with matrix composed of quartz
(50%), muscovite (25%) and chlorite (25%). Cleavageelatively well-defined. Quartz has
undergone recrystallisation and is elongated giighith the cleavage. Large pyrite grains (c.3mm

across) form euhedral margins and thin veins ot@wlso form cross cutting cleavage.

EASL Fine grain (<10um) finely banded slate but wigndicant amounts of carbonate matrix.
Seams ¢.2mm thick) of course calcite (c.200pm, 80%) and-nndulatory recrystallised quartz
(50-100um, 20%) follow between weakly defined chger planes. Pods ¢.7mm long, containing
slightly courser (300um) carbonate (50%) and irfl@gshaped non-undulatory quartz (50%) with
occasional irregular shaped undulatory quartz. iMagrcomposed of very fine grained carbonate

grains (<5um across, 60%) and quartz (10um ac2686) and muscovite (10um, 30%).

Dhl Very fine grained (matrix <5um), graphitic slatéh finely laminated bands (<0.25mm) and
a well-developed and weakly crenulated cleavagetrikldominated by muscovite and chlorite
(c.80%) and quartz (20%) with lenses (c.1mm by 10mihveoy fined (<5um) grained quartz-rich

bands.

Dh2 Graphitic slate that is slightly courser grairthdn Dh1l (matrix grains typicallg.10um

across) and with a strongly defined and weakly wieed cleavage. Matrix is composed of
graphite (20%), muscovite (30%) and quartz (50%uartz is present in the matrix as angular
fragments (10-20um across) but also elongate qgaains aligned to the cleavage (upto 30um in
length). Some very fine grained (<5um), quartz temds (c.1mm thick) that are discontinuous

over the cm scale are also present.

Dh3 Banded chlorite-rich slate. Some very fine-gedirbands contain 60% chlorite (<5pum

across), 30% muscovite.{Oum long) and <5um quartz (10%) and some sligtdlyrser bands



containing 40% chloritec(10pum long), 40% muscovite (10-30pum long) and 20%rigu(10-
30um) present as both angular fragments and elergrains aligned to matrix. Rock contains
bands (3mm thick) of recrystallised course (50-10@9 monocrystalline quartz that follow
parallel to a well developed and slightly crenudatdeavage. Also present is a 3mm thick quartz

seam that cross cuts the cleavage of the rock.

Dh4 Course grained psammite composed of (0.3-3mnycpgatalline (80%) and monocrystalline

(20%) quartz and have an overall well rounded shdygest quartz grains however have irregular
margins some of which are recrystallising to figesined quartz and micas. The rock is matrix
supported and the matrix is composed of 30-50pntz@0%) that are angular with some bands
in the matrix having recrystallised and muscovt8% of matrix) (c.30-300pum) which forms a

reasonably defined cleavage between large quaainggr Rock also contains large (c.2mm in
diameter), well-rounded felsic clasts and there isoéated patches of heavily altered carbonate
cement (upto 2mm in length) that, overall, are tdygrientated to cleavage. Other clasts of well

round fine grained phyllite are also observed milsir size.



EPMA analyses in weight percent

B1 Dark BSE zircon

Sample Analysis No. Mg Al Si Ca Fe Y Zr Hf 6] Total
Light BSE zircon

dh4zr14 2 0.00 0.00 14.62 0.01 0.04 0.04 48.61 1.17 33.95 98.44
dh4zrl4 3 0.00 0.00 14.62 0.01 0.02 0.04 48.47 1.09 33.88 98.13
dh4zr14 4 0.00 0.00 14.55 0.01 0.06 0.04 48.48 1.06 33.80 97.99
dh4zr14 5 0.00 0.01 14.62 0.01 0.05 0.06 48.37 1.16 33.88 98.16
dh4zr40 68 0.00 0.00 15.09 0.00 0.09 0.03 49.08 0.80 34.59 99.67
dh4zr23 75 0.00 0.07 14.85 0.00 0.02 0.05 48.08 1.07 34.05 98.18
dh4zr32 79 0.00 0.00 15.32 0.01 0.08 0.21 49.50 0.88 35.06 101.05
kl05hzr16core 80 0.00 0.00 14.65 0.01 0.11 0.16 49.29 1.07 34.25 99.54
k105hzrl6core 81 0.00 0.01 14.32 0.01 0.09 0.15 49.54 1.14 33.98 99.23
Elzr2 102 0.00 0.01 14.61 0.01 0.22 0.07 50.49 0.79 34.60 100.80
Dark BSE zircon

dh4zrl4 1 0.01 0.05 14.37 0.07 0.07 0.26 47.84 1.11 33.52 97.30
dh4zr14 6 0.06 0.15 13.33 0.30 0.28 1.22 44.88 1.09 31.82 93.13
dh4zrl4 9 0.11 0.49 10.71 0.95 0.65 3.40 39.14 1.04 28.10 84.59
dh4zr14 10 0.14 0.47 11.59 0.95 0.69 1.52 43.35 1.13 30.11 89.94
dh4zr14 13 0.03 0.47 12.07 0.65 0.59 1.41 42.28 0.99 30.01 88.51
dh4zr14 14 0.03 0.47 12.21 0.64 0.58 1.34 42.70 0.94 30.28 89.19
dh4zr14 15 0.03 0.51 12.02 0.66 0.52 1.63 41.72 0.95 29.83 87.88
dh4zrl4 16 0.04 0.53 12.00 0.68 0.56 1.67 41.55 0.90 29.79 87.72
dh4zrl4 17 0.04 0.55 12.10 0.71 0.56 1.66 41.58 0.99 29.96 88.15
dh4zr14 18 0.04 0.54 11.88 0.72 0.57 1.61 41.90 0.90 29.79 87.94
dh4zr14 19 0.05 0.51 11.77 0.76 0.63 1.51 41.67 0.86 29.56 87.33
dh4zr14 20 0.05 0.51 11.91 0.75 0.69 1.60 42.00 0.95 29.89 88.35
dh4zrl4 21 0.05 0.53 11.93 0.75 0.58 1.78 41.98 0.97 29.94 88.49
dh4zr14 22 0.06 0.55 11.87 0.75 0.59 1.87 41.63 1.04 29.80 88.13
dh4zr14 23 0.06 0.58 11.80 0.76 0.59 1.93 41.40 091 29.67 87.69
dh4zr14 24 0.05 0.57 11.83 0.70 0.60 1.92 41.51 1.04 29.74 87.97
dh4zr14 26 0.06 0.55 12.12 0.72 0.57 1.49 42.47 0.89 30.25 89.12
dh4zr14 27 0.05 0.48 12.19 0.70 0.54 1.63 42.44 1.07 30.30 89.38
dh4zr14 28 0.04 0.47 12.26 0.65 0.53 1.62 42.80 0.99 30.45 89.80
dh4zrl4 29 0.04 0.50 12.20 0.66 0.59 1.65 42.41 0.97 30.30 89.31
dh4zr14 30 0.03 0.50 12.11 0.70 0.57 1.71 42.01 1.00 30.08 88.69
dh4zrl14 31 0.03 0.50 12.16 0.69 0.54 1.70 42.10 0.89 30.13 88.72
dh4zr14 32 0.04 0.52 12.12 0.72 0.50 1.75 42.07 0.93 30.12 88.75
dh4zr14 33 0.04 0.55 12.00 0.68 0.51 2.02 41.27 1.03 29.82 87.93
dh4zrl4 34 0.04 0.50 12.25 0.68 0.47 1.70 42.25 1.05 30.31 89.25
dh4zr14 35 0.08 0.47 12.26 0.80 0.56 1.30 43.31 1.07 30.66 90.51
dh4zrl4 36 0.09 0.46 12.33 0.81 0.54 1.46 43.27 1.18 30.78 90.91



Appendix B

Sample Analysis No. Mg Al Si Ca Fe Y Zr Hf (6] Total
dh4zr26 39 0.04 0.14 14.07 0.22 0.36 0.88 45.55 0.87 32.74 94.86
dh4zr26 41 0.06 0.33 12.43 0.56 0.44 2.06 41.45 0.75 30.07 88.16
dh4zr26 42 0.05 0.26 12.31 0.53 0.39 2.36 41.51 0.82 29.96 88.19
dh4zr26 44 0.06 0.31 12.08 0.65 0.48 2.02 41.49 0.82 29.72 87.62
dh4zr26 45 0.06 0.38 11.91 0.69 0.45 1.88 41.65 0.85 29.62 87.50
dh4zr26 46 0.04 0.32 13.04 0.48 0.47 1.71 43.15 0.86 31.24 91.31
dh4zr26 47 0.03 0.19 13.44 0.34 0.42 1.43 44.14 0.81 31.77 92.57
dh4zr26 48 0.03 0.18 13.42 0.41 0.42 1.07 44.83 0.86 31.93 93.15
dh4zr26 49 0.02 0.13 14.24 0.27 0.40 0.92 46.16 0.87 33.18 96.19
dh4zr009 55 0.09 0.81 10.82 0.86 0.65 3.93 36.87 0.98 27.82 82.86
dh4zr009 56 0.07 0.91 11.12 0.82 0.61 3.56 37.36 0.91 28.26 83.64
dh4zr009 57 0.05 0.66 11.25 0.76 0.51 3.30 38.34 0.84 28.39 84.13
dh4zr009 58 0.05 0.52 11.18 0.78 0.45 3.11 39.14 0.88 28.42 84.57
dh4zr009 59 0.04 0.52 10.90 0.78 0.40 3.18 38.54 0.85 27.88 83.14
dh4zr40 64 0.05 0.42 11.24 0.76 0.44 2.68 40.30 0.96 28.70 85.61
dh4zr40 66 0.09 0.52 10.03 1.14 0.57 3.40 3721 1.00 26.76 80.82
dh4zr40 67 0.06 0.51 10.41 0.92 0.45 3.72 37.72 0.88 27.28 82.06
dh4zr23 69 0.04 0.43 12.03 0.59 0.40 2.35 40.57 0.95 29.52 86.94
dh4zr23 72 0.00 0.13 14.71 0.15 0.21 0.45 46.42 1.05 33.60 96.73
dh4zr23 73 0.01 0.16 14.50 0.24 0.25 0.53 46.10 1.00 33.32 96.10
dh4zr23 74 0.13 0.45 11.60 1.07 0.46 1.95 42.23 1.02 29.79 88.69
dh4zr32 76 0.02 0.11 14.57 0.13 0.18 0.46 47.32 0.89 33.69 97.36
dh4zr32 78 0.01 0.17 15.44 0.08 0.15 0.44 49.60 0.90 35.50 102.28
k105hzr16core 82 0.01 0.08 13.86 0.10 0.15 0.49 48.44 1.15 33.28 97.55
k105hzrl6core 83 0.00 0.04 13.68 0.08 0.14 0.26 47.73 1.03 32.69 95.66
kl05hzr16core 84 0.01 0.06 13.44 0.06 0.38 0.31 47.76 1.21 32.56 95.78
k105hzr16core 85 0.01 0.18 12.95 0.21 0.27 0.50 45.43 1.03 31.34 91.92
kl05hzrl6core 86 0.02 0.14 12.92 0.46 0.39 0.60 45.10 0.94 31.30 91.86
k105hzr16core 87 0.01 0.10 13.09 0.19 0.32 0.64 46.04 0.88 31.65 92.92
k105hzrl6core 88 0.02 0.20 12.82 0.29 0.38 0.65 45.07 0.93 31.18 91.54
kl05hzr16¢core 89 0.02 0.38 12.46 0.51 0.61 1.32 42.95 0.87 30.51 89.63
k105hzr16core 90 0.01 0.28 13.32 0.36 0.25 1.17 45.71 0.72 32.12 93.93
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Appendix B

B2 Porous zircon

Sample Analysis No. Mg Al Si Ca Fe Y Zir Hf O Total
dhdzrl7a 1 0.00 0.00 15.12 0.00 0.11 0.14 49.28 0.79 34.73 100.17
dhdzrl7a 0.00 0.00 15.23 0.00 0.13 0.13 49.30 0.94 34.89 100.62
dh4zrl7a 3 0.00 0.00 15.21 0.00 0.10 0.13 49.35 0.87 34.86 100.53
dh4zrl7a 4 0.01 0.01 15.06 0.05 0.16 0.19 49.22 1.00 34.74 100.44
dh4zrl7a 5 0.00 0.00 15.08 0.01 0.14 0.12 49.06 1.15 34.67 100.23
dh4zrl7a 6 0.00 0.01 15.02 0.04 0.34 0.07 48.57 1.20 34.51 99.75
dh4zrl7a 7 0.00 0.01 15.19 0.01 0.19 0.02 49.23 0.97 34.82 100.43
dh4zrl7a 8 0.00 0.00 15.20 0.01 0.22 0.02 49.46 1.07 34.93 100.91
dh4zrl7a 9 0.00 0.00 15.13 0.01 0.25 0.01 49.11 1.08 34.74 100.33
dh4zrl7a 10 0.00 0.00 15.23 0.00 0.25 0.00 49.08 0.94 34.82 100.33
dhdzrl7a 11 0.00 0.00 15.18 0.01 0.28 0.02 49.56 1.08 34.96 101.09
dh4zrl7a 12 0.00 0.00 15.24 0.00 0.30 0.03 49.57 1.06 35.04 101.24
dhdzrl7a 13 0.00 0.00 15.29 0.00 0.32 0.05 49.66 1.11 35.14 101.57
dh4zr17b 14 0.00 0.00 15.15 0.00 0.09 0.06 48.98 0.91 34.65 99.84
dh4zr17b 15 0.00 0.00 15.12 0.00 0.06 0.03 49.04 1.06 34.65 99.97
dh4zr17b 16 0.00 0.00 15.13 0.00 0.05 0.05 48.96 1.23 34.66 100.08
dh4zr17b 17 0.00 0.01 1512 0.00 0.06 0.05 48.88 1.13 34.61 99.86
dh4zr17b 18 0.00 0.01 15.17 0.00 0.06 0.04 48.70 1.21 34.63 99.83
dh4zr17b 19 0.00 0.01 15.03 0.01 0.07 0.05 48.83 1.18 34.51 99.68
dh4zr17b 20 0.00 0.04 14.97 0.03 0.06 0.10 48.76 1.15 34.46 99.58
dh4zr17b 21 0.01 0.13 14.86 0.07 0.16 0.24 48.04 1.00 34.22 98.72
dh4zr17b 22 0.02 0.16 14.81 0.07 0.29 0.21 47.66 0.92 34.08 98.20
dh4zr17b 23 0.00 0.08 14.94 0.04 0.19 0.19 48.02 0.98 34.23 98.66
dh4zr17b 24 0.00 0.03 14.95 0.03 0.14 0.15 48.38 1.01 34.31 99.00
dh4zr17b 25 0.00 0.03 14.89 0.02 0.13 0.15 48.30 1.03 34.21 98.77
dh4zr17b 26 0.01 0.07 14.91 0.03 0.15 0.15 48.19 1.07 34.24 98.80
dh4zr17b 27 0.01 0.09 14.87 0.04 0.13 0.13 47.82 1.01 34.07 98.17
dh4zr17b 28 0.01 0.07 14.85 0.05 0.10 0.17 47.97 1.11 34.11 98.44
dh4zr17b 29 0.01 0.05 14.73 0.05 0.11 0.17 47.89 1.17 33.95 98.14
dh4zr17b 30 0.01 0.03 14.94 0.06 0.11 0.17 48.35 1.18 34.32 99.15
dh4zr17b 31 0.01 0.05 14.84 0.05 0.11 0.22 48.24 1.21 34.20 98.92
dh4zr17b 32 0.01 0.05 14.71 0.05 0.19 0.32 47.60 1.12 33.86 97.90
dh4zr17b 33 0.01 0.05 14.59 0.08 0.27 0.56 47.05 1.27 33.66 97.53
dh4zr17b 34 0.01 0.07 14.36 0.11 0.37 0.70 46.77 1.18 33.38 96.94
dh4zr17b 35 0.01 0.10 14.32 0.15 0.38 0.74 46.05 1.15 33.14 96.05
dh4zr17b 36 0.01 0.10 14.34 0.17 0.39 0.58 46.31 1.23 33.23 96.36
dh4zr17b 37 0.01 0.07 14.54 0.14 0.49 0.34 46.70 1.24 83,53 97.06
dh4zr17b 38 0.02 0.09 14.40 0.22 0.44 0.28 46.97 1.21 33.48 97.11
dh4zr17b 39 0.03 0.10 14.29 0.28 0.38 0.28 46.97 1.18 33.37 96.87
dh4zr17b 40 0.02 0.05 14.77 0.14 0.16 0.17 48.32 1.05 34.17 98.84
dh4zr17b 41 0.00 0.01 15.00 0.03 0.11 0.09 48.95 0.97 34.51 99.67
dh4zr17b 42 0.00 0.01 15.02 0.02 0.14 0.11 48.36 1.06 34.35 99.07
dh4zr17b 43 0.01 0.03 14.86 0.05 0.26 0.15 48.03 1.01 34.13 98.53
dh4zr17b 44 0.01 0.05 14.87 0.07 0.38 0.13 47.43 1.13 34.00 98.06
dh4zr17b 45 0.00 0.06 14.82 0.07 0.38 0.15 47.16 1.03 33.84 97.51
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Appendix B

B3 Zircon outgrowths

Sample Analysis no. Al Si Ca Fe2+ Y Zr Hf O Total

Host zircons

'ballbz8a 1 <0.01 = 15.38 0.01 0.23 <0.03 | 48.22 1.18 34.82 | 99.86
'bal1bz8¢ 2 <0.01 = 15.36 0.01 0.21 <0.03 = 47.94 1.17 34.69 = 99.39
'bal1bz8d 3 <0.01 @ 15.39 0.01 0.22 <0.03 = 48.00 1.12 34.75 | 99.52
'ballbzr23a 16 <0.01 @ 15.60 @ <0.007 0.30 <0.03 @ 47.10 1.63 3480 @ 99.46
'ballbzr23b 17 <0.01 @ 15.60 0.02 0.29 <0.03 @ 46.82 1.62 34.69 @ 99.07
'ballbzr23c 18 <0.01 @ 15.55 0.02 0.25 <0.03 = 46.70 1.66 3458 @ 98.77
'ballbz25-4a 21 0.02 13.64 0.02 0.31 0.07 47.63 1.31 35.06 @ 100.07
'ballbz26a 25 <0.01 = 15.54 0.03 0.19 <0.03 = 47091 1.12 3490 @ 99.72
'bal1bz26b 26 <0.01 = 15.52 0.03 0.16 0.03 47.18 1.15 34.61 = 98.67
'bal1bz26¢ 27 <0.01 = 15.53 0.03 0.21 <0.03 | 47.73 1.13 3483 99.48
'bal1bz28¢c 35 <0.01 = 15.94 0.07 0.24 0.08 46.77 1.25 35.11 @ 99.48
'bal1bz30a 39 <0.01 = 15.53 0.01 0.26 0.16 47.51 1.08 34.89 @ 99.43
'ballbz32a 44 0.01 15.77 0.02 0.44 0.07 47.07 1.47 35.11 = 99.97
'ballbz34a 52 <0.01 @ 15.60 0.01 0.21 <0.03 = 48.28 1.01 35.06 = 100.20
'ballbz34d 55 <0.01 @ 15.45 0.02 0.20 <0.03 = 4791 1.23 3482 99.67
'ballbz34e 56 <0.01 = 15.44 0.01 0.20 <0.03 = 47.86 1.09 34.76 | 99.40
'Ballbz36a 59 <0.01 = 15.43 0.01 0.17 <0.03 = 47.79 1.26 34.74 | 99.43
'Ballbz36a 60 <0.01 = 15.34 0.02 0.23 0.10 47.94 1.17 3476 = 99.57
'ballbz36a 61 <0.01 = 15.36 0.03 0.21 0.11 47.90 1.13 34.78 | 99.52
'ballbz39a 65 <0.01 = 15.68 0.01 0.32 0.06 48.68 1.23 3541 | 101.39
'ballbz39a 66 <0.01 @ 15.57 0.02 0.33 0.04 48.24 1.13 35.10 ' 100.43
'bal1bz39b 67 <0.01 @ 15.64 0.02 0.34 0.07 47.42 1:25 3498 @ 99.74
'ballbz42a 71 <0.01 = 15.51 | <0.007 0.24 0.04 47.85 1.53 34.92 ' 100.09
'bal1bz42b 72 0.03 15.42 0.01 0.26 0.04 48.46 1.58 35.14 | 100.93
'ballbz43a 79 <0.01 @ 15.44  <0.007  0.33 0.09 48.21 1.37 35.04 | 100.49
'bal1bz43b 80 <0.01 | 1545  <0.007  0.30 0.11 47.82 1.40 34.94 | 100.03
'ballbz45a 83 <0.01 = 1547 0.02 0.29 0.08 47.69 1.49 34.89 | 99.93
'ball1bz45b 84 <0.01 = 15.42 0.02 0.29 0.08 48.16 1.44 34.99 | 100.40
'ball1bz45¢ 85 <0.01 = 15.25 0.02 0.27 0.12 47.86 1.47 34.72 | 99.71

'ballbz47a 91 <0.01 = 15.71 0.01 0.16 0.03 48.03 1.05 35.10 = 100.09
'ballbz37a 105 0.01 15.45 0.12 0.44 0.04 47.77 1.31 3493 ' 100.07
'zr8-1d 109 <0.01 | '15.48 0.02 0.48 0.05 47.64 1.24 3486 @ 99.77
zr8-le 110 0.01 | '1547 0.03 0.47 0.05 47.36 1.34 34.80 @ 99.53
'zr13-2a 117 0.01 '15.33 0.02 0.31 0.08 47.34 1.62 34.68 | 99.40
'zr13-1a 120 0.01 '15.05 0.05 0.28 0.31 48.16 1.57 35.36 | 100.80
'zr13-1f 125 <0.01 | '15.32 0.02 0.25 0.13 47.35 1.60 34.75 | 99.42
'zr12-1e 133 <0.01 @ '15.34 0.02 0.46 <0.03 | 48.05 1.48 34.86 | 100.24
'zr12-1f 134 <0.01 @ '15.35 0.01 0.46 <0.03 = 4791 1.51 34.82 ' 100.09
'zr12-1g 135 0.01 15.34 0.02 0.45 <0.03 = 47.71 1.50 34.74  99.80
'zr12-1h 136 0.01 15.29 0.02 0.46 <0.03 @ 47.85 1.53 34.76 = 99.95
'zr11-4a 140 <0.01 @ "5.38 | <0.007  0.35 0.07 48.41 1.21 35.00 @ 100.44
'zr11-4b 141 0.01 15.35 0.02 0.33 0.07 47.99 1.16 34.82 | 99.76
'easzrl-la 147 <0.01 | 15.35 0.01 0.16 <0.03 | 48.03 1.00 34.65 @ 99.19
'Ezrl-1b 148 <0.01 = 15.27 0.01 0.17 <0.03 = 48.56 1.03 34.76 = 99.80
'Ezrl-1c 149 0.02 14.97 0.05 0.14 0.04 47.66 1.25 3422 @ 98.35
'Ezrl-le 151 <0.01 = 15.46 0.03 0.21 <0.03 = 48.34 0.97 3491 @ 99.92
'Ezrl-1f 152 0.01 '15.44 0.03 0.20 <0.03 @ 47.66 1.16 34.70 = 99.20
'Ezr2e 165 <0.01 @ '15.21 0.02 0.23 0.06 47.89 1.11 3455 99.07
'Ezr2f 166 <0.01 ' '15.07 | <0.007  0.23 0.04 48.22 1.11 3448 @ 99.17
'Ezr2h 167 <0.01 | '15.29 0.01 0.25 0.06 48.50 1.18 34.88 ' 100.18
'Ezr4-3a 170 <0.01 = 15.17 0.01 0.26 0.05 47.90 1.56 34.59 | 99.54
'Ezr4-3b 171 <0.01 @ 15.13 0.02 0.24 0.05 47.13 1.66 3428 | 98.51

'Ezr4-3c 172 <0.01 @ 1541 @ <0.007 0.27 0.05 47.08 1.79 34.64  99.26
Ezr5 176 <0.01 = 15.21 0.02 0.29 <0.03 = 48.84 0.86 34.82  100.07
'Ezr1-5a 181 0.01 15.25 0.02 0.44 0.04 47.48 1.34 3456 @ 99.14
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Appendix B

Sample Analysis no. Al Si Ca Fe2+ Y Zr Hf (6] Total

Zircon outgrowths

'ballbz8e 4 0.03 15.43 0.14 0.24 0.13 46.41 1.06 3449 @ 9793
'ballbz10b 9 <0.01 @ 15.46 0.02 0.29 0.24 47.32 1.17 3486 @ 99.35
'ballbzrl6a 13 0.01 1544 = 0.01 0.41 0.19 47.10 0.97 34.72 = 98.86
'ballbzr23d 19 0.06 15.60 = 0.04 0.39 0.05 46.30 1.63 3483  98.89
'bal1bz26d 28 0.01 15.72 0.10 0.23 0.09 47.04 1.09 3495 @ 99.24
'bal1bz26e 29 0.05 15.62 0.24 0.29 0.27 45.42 1.10 34.63  97.63
'bal1bz26f 30 0.13 14.57 0.55 0.46 0.68 42.23 1.16 33.18 | 92.96
'bal1bz28e 37 0.01 15.61 0.11 0.24 0.32 46.27 1.13 34.81 | 98.51

'bal1bz30b 40 0.03 15.29 0.08 0.32 0.18 46.11 1.19 3428 @ 9748
'bal1bz30c 41 0.08 15.11 0.30 0.48 0.30 43.66 1.35 33.66 = 94.94
'bal1bz30e 43 <0.01 = 15.51 0.02 0.30 0.15 47.78 1.08 3496 = 99.80
'bal1bz32b 45 0.11 15.47 0.09 0.59 0.27 45.47 1.31 3491 | 98.22
'ballbz33a 48 0.02 15.49 0.02 0.38 0.10 46.60 1.26 34.58 | 98.44
'ballbz34b 53 0.01 15.61 0.04 0.25 0.04 47.14 1.13 34.76 | 98.97
'ballbz34c 54 0.07 1440 = 045 0.49 0.43 41.70 1.26 3235 @ 91.15
'ballbz34f 57 0.04 14.56 0.18 0.21 0.49 44.92 1.10 3342 | 9494
'bal1bz39¢ 68 0.10 14.55 0.24 0.58 0.44 42.17 1.20 32.82  92.09
'ballbz39d 69 0.11 15.35 0.25 0.49 0.33 44.35 1.20 3434 96.41

'ballbz42g 77 0.02 15.11 0.07 0.33 0.37 45.80 1.48 3422 @ 9742
'ballbz43c 81 0.03 15.63 0.08 0.34 0.41 45.72 1.39 3483 98.42
ballbz43d 92 <0.01 = 15.55 0.01 0.22 0.16 47.27 1.26 3486 @ 99.33
'ballbz47¢c 93 0.01 15.55 0.02 0.24 0.18 47.35 1:23 3493 99.50
'ballbz47d 94 0.03 15.29 0.11 0.29 0.39 46.15 1.23 34.58 @ 98.07
'ballbz47e 95 0.05 15.17 0.07 0.25 0.27 45.92 1.20 3423 97.15
'bal1bz47f 96 0.06 14.43 0.23 0.41 0.60 43.72 1.29 33.19 = 93.91

'ballbz47g 97 0.06 14.59 0.17 0.41 0.55 44.03 1.32 3339 9453
'ballbz47h 98 0.15 14.36 0.35 0.63 0.58 42.50 1.33 3327 @ 93.17
'ballbz46a 100 0.03 15.23 0.12 0.37 0.38 46.56 1.18 34.63 = 98.48
'zr9-3a 112 0.04 | '1544 @ 0.01 0.85 0.08 47.23 1.54 3497 @ 100.17
'zr9-3b 113 0.12 | '14.99 0.01 1.06 0.19 46.71 1.58 3490 @ 99.56
'zrll-1c 115 <0.01 | '5.32 0.03 0.44 0.17 47.94 1.00 3487 @ 99.77
'zr11-1d 116 0.05 14.94  0.16 0.51 0.25 46.04 1.00 34.04 = 97.00
'zr13-2b 118 0.06 14.60 @ 0.24 0.42 0.49 45.21 1:75 3448 @ 97.25
'zr13-1b 121 0.02 15.15 0.07 0.30 0.22 47.30 1.57 3474 = 99.37
'zr13-1c 122 0.04 @ '14.86 0.18 0.36 0.44 45.61 1.48 3452 97.50
'zr13-1d 123 0.12 14.29 0.42 0.46 0.57 41.35 1.40 3293 | 91.53
'zr12-1a 128 0.03 '15.01 0.16 0.50 0.29 47.03 1.49 3497 @ 99.48
'zr12-1b 129 0.02 15.17 0.05 0.46 0.15 47.47 1:52 34.84  99.67
'zr12-1i 137 0.03 | 'l5.14 | 0.07 0.54 0.10 47.11 1.56 34.56 | 99.11

'zr12-1j 138 0.13 | '14.85 0.25 0.76 0.65 42.02 1.39 3431 | 94.37
'zr11-4¢ 142 0.07 | '15.80 | 0.10 0.38 0.25 46.48 1,15 3540 | 99.61
'zr11-4f 145 <0.01 | '15.16 0.01 0.32 0.29 47.72 1.34 35.12 | 99.96
'Ezrl-1d 150 0.11 14.21 0.22 0.23 0.27 45.06 1.36 33.23 | 94.69
'Ezrl-1g 153 0.04 15.15 0.03 0.25 <0.03 = 46.61 1.11 34.12 © 97.34
'Ezr3a 155 0.05 | '14.78 0.14 0.39 0.31 46.55 1.05 3447 @ 97.74
'Ezr3c 157 0.16 | '13.85 0.47 0.54 0.82 43.38 1.02 33.74 | 93.98
'Ezr3d 158 0.15 | '14.49 0.25 0.58 0.59 45.61 1.02 3482 97.50
'Ezr4-3d 173 0.01 1550 @ 0.04 0.28 0.08 46.29 1.82 3451 @ 98.53
'Ezr4-3e 174 0.10 15.08 0.19 0.43 0.40 42.74 1.81 33.92  94.67
'Ezr5b 177 <0.01 | '15.26 0.03 0.41 <0.03 = 48.36 1.42 34.87 @ 100.39
'EzrSc 178 0.02 | '15.27 0.03 0.41 0.03 48.03 1.44 34.79 | 100.03
'Ezr5d 179 0.09 | '15.10 0.16 0.64 0.25 46.86 1.24 3478 © 99.12

Duncan C. Hay

August 2007

308



Thin section descriptions of sedimentary rocks

KULM 1 Pale and dark banded quartz arenite. Bandingnerally on mm scale with bands of
very well sorted and well-compactedl00% angular quartz (30-50pum across). Mud-rich band
contain mud (50%), angular quartz (30%, 30-50pms8)r blobs of bituminous material (c.300pum
long, 10%) and chlorite grains (10% of band and-200um long) aligned to banding. Quartz is
dominantly monocrystalline with grains but haveckhimucky” grain boundaries. Very occasional

feldspar (1%) and lithic fragments are observed/x1

KULM 2 Dark banded mudstone with very fine-grained bg@d3mm thick) composed of very
small (<10-30um) and angular quartz (40%), vere fimained (<5um) carbonate mud (40%) and
very small €.20um) illite grains are present (20%). Courseingi@ bands are 2-3mm thick with
fine-grained (30-50um) angular quartz (30%), vemg fgrained (<5um) muddy carbonate (30%),
illite grains (10% of band, c¢.50um long), with sofagers containing blobs of bituminous material
(c.300pm long and around 10% of these bands) with Bb%¢s and occasional feldspar grains. In

coarser bands monocrystalline (60%) and polyciysta{40%) quartz can be identified.

KULM 3 Pale banded (2-3mm thick), carbonate cementadzjarenite. Bands typically contain

50-100pm monocrystalline angular quartz grains (3084th some quartz rather elongate and



aligned to bedding, supported by a carbonate ceif®86) that is generally very fine grained
(<5um). Occasional illite grain€.6%) are aligned to bedding and around 200-300um &
occasional feldspar (<20um across) is also preseaund 15% lithic fragments also present that
range in size from <100 to 300um composed of varg frained material (too fine grained to
determine). Cement does vary in places from caltiticalcite-mud cemented and some bands also
contain reworked calcitic mud flakes. Amount of lmamate also varies from matrix supported

(band ofc.70% carbonate cement) to grain supported (c.40%ocate).

KULM 4 Dark and pale banded, very fine grained quarénite. Quartz is very well sorted
(c.50um) ranging from angular to sub-rounded inpshand is 70% polycrystalline, 30%
monocrystalline. Quartz ranges from 30-100um aceosl quartz-rich bands are well-compacted
and composed almost entirely of quartz with oceedid2%) illite grains (c.200um long) and
muddy carbonate cement (10%). Banding is definethipgrs of muddy very fine grained micrite
cement (60%), angular quartz (20%) and illite (28f@ c.200um long). Occasional bituminous
blobs are also found in particular layers. Micagment is also found in pockets throughout quartz-

rich areas. Feldspar (c.3%) is also found.

KULM 5 White medium to coarse quartz arenite with qugréins very well sorted (100-200pum
across) and vary from sub- to well- rounded polgtalline (80%) and monocrystalline (20%)
quartz within a matrix supported calcite micritiencent (60%). Some quartz grains have very
small irregularities on their margins. Thin sentis relatively homogeneous throughout with no

banding. Feldspar (3%) and lithics (2%) are algs@nt as matrix grains.

L-MillG-1 White, well sorted and very compacted quartzitgerQuartz is 95% polycrystalline,
sub-angular to well rounded and 0.5-1mm in diamatel rock is grain supported with virtually no
matrix. All grains heavily fractured appearing abh“shocked” and some grains display pressure

dissolution. No feldspar or lithics were observed.

L-MillG-2 Dark and very fine grained organic-rich mudstahat is very finely laminated

throughout. Lithics and feldspar appear absenuritous blobs in the matrix (10-30pum across).



Too fine-grained in places to determine minerald@gurser bands contains a matrix of angular
quartz fragments (40% and upto 30um long) anckilljitains (20%, 20-30um long) within an

matrix that is too fine grained to be identified.

L-MillG-3  Pale, very well sorted 50-100um of approximatedgual proportions of
monocrystalline and polycrystalline quartz with iingsains relatively rounded. Rock is very well
compacted, grain supported with virtually no matard composed of almost 100% quartz.
Although less common, some quartz display multgtiess fractures and some preserve small
(<20um) quartz overgrowths. Occasionally in pascisea matrix €.1%) of course grained calcite.

No lithics or feldspar.

L-MillG-4 Pale and poorly sorted quartz arenite. Quar&ngsize ranges 0.1-3mm of
monocrystalline (70%) and polycrystalline (30%) graf mostly angular grains. Quartz grains
are predominantly angular and some display vernjlsmagularities around its margins, reacting
with carbonate cement. Virtually completely matgupported ¢.60%) although there is no
particular structure or banding within the rockheTcalcitic cement, although mainly micrite does

contain coarser calcite in places. <1% feldspalfithigs.



EPMA analyses in weight percent

D.1 Sedimentary zircon

Sample AnalysisNo.. Mg Al Si Ca Fe2+ Y Zr Hf O Total
Light BSE zircon

KULM3zr6 1 0.02 0.04 14.10 0.09 0.43 0.22 49.36 0.76 33.89 = 99.19
KULM3zr7a 11 0.00 0.02 14.10 0.12 0.67 0.09 48.47 1.76 33.71 | 99.04
KULM3zr10a 39 0.05 0.08 13.79 0.32 0.42 0.19 50.20 1.42 34.11 | 100.85
KULM3zrl1 42 0.00 0.01 14.13 0.03 0.28 0.04 50.71 1.10 3422 | 100.58
KULM3zrll 43 0.00 0.00 14.07 0.02 0.28 0.00 50.61 1.05 34.06 = 100.09
KULM3zrll 44 0.01 0.01 14.12 0.02 0.27 0.02 50.13 1.08 33.99 ' 99.69
KULM3zr12 54 0.02 0.01 14.48 0.01 0.45 0.03 49.80 1.11 34.34 | 100.28
KULM3zr12 55 0.02 0.00 14.42 0.02 0.38 0.03 49.85 1.07 3426 ' 100.09
KULM3zr12 56 0.01 0.01 14.17 0.04 0.40 0.09 50.13 1.08 34.13 | 100.15
KULM3zr12 57 0.01 0.02 13.86 0.08 0.36 0.09 50.42 1.48 33.97 | 100.38
KULM3zr12 68 0.00 0.00 14.39 0.01 0.29 0.00 50.21 1.15 3430 | 100.34
KULM3zr12 69 0.01 0.02 14.18 0.05 0.27 0.07 49.36 1.13 33.85 | 99.02
KULM4zr31 99 0.00 0.01 15.00 0.01 0.32 0.05 49.09 1.01 34.63 | 100.17
Dark BSE zircon

KULM4zr19 104 0.08 0.15 13.08 0.59 0.56 0.47 46.36 1.13 32.34 © 95.39
KULM4zr19 105 0.09 0.15 13.22 0.64 0.57 0.50 45.04 1.04 32.06 @ 93.97
KULM4zr19 106 0.09 0.16 13.14 0.66 0.66 0.42 46.56 1.12 3252 | 9591
KULM4zr19 107 0.08 0.13 13.79 0.58 0.57 0.40 46.13 1.10 3298 | 96.29
KULM3zr7a 9 0.02 0.03 13.65 0.21 0.84 0.15 48.17 1.65 3321 @ 98.11
KULM3zr7a 10 0.01 0.03 13.85 0.18 0.78 0.12 48.37 1:75 33.48 '« 98.73
KULM3zr7a 12 0.02 0.07 13.95 0.21 0.60 0.11 48.39 1.83 33.64 = 99.01
KULM3zr7a 13 0.13 0.21 12.20 0.89 0.87 0.51 43.07 1.55 30.64 = 90.79
KULM3zr7a 14 0.06 0.20 13.09 0.53 0.86 0.37 45.89 1.55 32.33 | 95.43
KULM3zr7a 15 0.07 0.18 12.63 0.69 0.84 0.68 44.95 1.54 31.69 = 94.14
KULM3zr7a 17 0.00 0.01 14.06 0.11 0.61 0.09 48.66 1.97 33.74 = 99.35
KULM3zr7a 18 0.03 0.09 13.53 0.36 0.71 0.36 47.67 1.24 33.09 | 97.54
KULM3zr7b 19 0.10 0.21 12.38 0.82 1.10 0.55 44.20 2.07 31.35 | 93.53
KULM3zr7b 22 0.05 0.12 12.92 0.47 0.85 0.33 47.16 2.01 3248 | 96.82
KULM3zr7b 23 0.10 0.19 12.34 0.82 1.00 0.53 45.32 1.52 31.54 © 94.08
KULM3zr7b 24 0.04 0.06 13.48 0.36 0.98 0.17 48.40 1.76 33.30 | 98.77
KULM3zr7b 25 0.09 0.19 12.29 0.76 0.95 0.55 45.07 1.53 31.35 | 93.51
KULM3zr7b 26 0.09 0.18 12.21 0.81 0.96 0.57 45.88 1.39 31.53 = 94.35
KULM3zr10a 27 0.15 0.27 12.05 1.06 0.74 0.84 43.42 1.58 30.90 = 92.09
KULM3zr10a 31 0.09 0.16 12.83 0.72 0.48 0.47 47.26 1.37 3246 = 96.46
KULM3zr10a 33 0.15 0.26 11.86 1.08 0.62 0.79 44.01 1.49 31.02  92.92
KULM3zr10a 36 0.11 0.22 12.14 0.71 0.57 0.87 45.20 1.26 31.28 | 93.44
KULM3zr10a 37 0.08 0.21 11.76 0.66 1.50 0.62 42.64 1:21 30.03 = 89.56
KULM3zr10a 38 0.05 0.10 14.29 0.33 0.99 0.21 47.58 1.31 3395 @ 99.13



Appendix D

Sample Analysis No.. Mg Al Si Ca Fe2+ Y Zr Hf (6] Total
KULM3zr11 45 0.01 0.05 13.62 0.17 0.41 0.20 49.13 1.03 33.33 98.20
KULM3zrl1 46 0.02 0.07 13.12 0.20 0.41 0.42 49.33 1.03 33.00 98.08
KULM3zrl1 48 0.04 0.14 12.44 0.56 0.59 0.58 45.41 1.11 31.28 92.86
KULM3zrl1 49 0.05 0.17 12.38 0.67 0.64 0.69 45.50 1.15 31.42 93.51
KULM3zrl1 50 0.06 0.14 12.64 0.62 0.62 0.50 46.52 1.05 31.89 94.68
KULM3zr11 51 0.02 0.03 14.00 0.18 0.51 0.14 49.31 1.28 33.84 99.48
KULM3zr12 53 0.13 0.00 14.22 0.02 0.71 0.01 48.76 1.13 33.82 98.82
KULM3zr12 63 0.01 0.03 14.42 0.17 0.28 0.10 48.71 1.44 34.03 99.32
KULM3zr12 64 0.01 0.02 14.15 0.09 0.27 0.05 49.44 1.61 33.93 99.64
KULM3zr12 65 0.03 0.05 13.81 0.24 0.32 0.16 48.94 1.53 33.55 98.82
KULM3zr12 66 0.05 0.06 13.49 0.34 0.38 0.21 47.82 1:27 32.87 96.75
KULM3zr12 67 0.01 0.01 14.44 0.06 0.29 0.02 49.54 1.15 34.18 99.74
KULM3zrl4a 70 0.04 0.05 13.34 0.21 0.39 0.23 48.24 0.93 32.72 96.43
KULM3zr14a 73 0.07 0.17 13.13 0.76 0.43 0.61 46.42 0.93 32.52 95.82
KULM3zrl4a 74 0.09 0.21 12.51 0.90 0.45 0.81 44.73 1.01 31.49 93.21
KULM3zrl4a 75 0.14 0.19 11.86 0.96 1.15 0.66 44.87 0.99 30.93 92.60
KULM3zrl4a 76 0.12 0.16 11.96 0.83 1.37 0.57 44.38 1.02 30.77 91.90
KULM3zrl4a 77 0.09 0.12 12.71 0.63 0.46 0.54 46.58 1.00 31.93 94.70
KULM3zr14a 78 0.09 0.11 12.56 0.59 0.70 0.49 47.00 1.00 31.93 95.07
KULM3zrl4a 79 0.06 0.11 12.37 0.58 0.87 0.55 45.56 0.98 31.26 92.99
KULM3zrl4a 80 0.07 0.10 12.72 0.66 0.50 0.65 46.30 0.97 31.90 94.64
KULM3zrl4a 81 0.08 0.12 12.51 0.65 0.54 0.68 46.23 0.98 31.69 94.26
KULM3zrl4a 85 0.04 0.09 14.12 0.18 0.54 0.16 49.05 1.03 33.98 99.43
KULM3zrl4a 90 0.06 0.10 13.95 0.45 0.37 0.35 47.12 0.96 33.30 97.13
KULM3zrl4a 91 0.03 0.05 14.41 0.22 0.39 0.21 48.41 0.94 34.00 98.92
KULM3zrl4a 92 0.04 0.07 13.58 0.33 0.39 0.28 48.30 0.93 33.12 97.36
KULM3zrl4a 93 0.06 0.10 13.17 0.50 0.43 0.38 47.55 0.91 32.58 96.12
KULM3zrl4a 94 0.02 0.03 13.94 0.21 0.32 0.17 49.32 0.95 33.69 98.86
KULM3zr14a 95 0.08 0.10 13.01 0.59 0.39 0.38 47.33 0.98 32.39 95.73
KULM3zrl4a 96 0.06 0.08 13.33 0.49 0.36 0.30 48.97 0.85 33.16 97.98
KULM4zr31 98 0.08 0.11 13.26 0.47 0.29 0.47 47.59 0.93 32.74 96.52
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